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Abstract

A hexanucleotide repeat expansion (GGGGCC or G4C2) in the first intron of Chromosome 9
open reading frame 72 (C9orf72) is the most common genetic cause for both Amyotrophic
lateral sclerosis (ALS) and Frontotemporal dementia (FTD). The pathophysiology of C9orf72-
ALS/FTD is thought to result from the long-term synergistic combination of C9orf72
haploinsufficiency with gain-of-function mechanisms. These are triggered by the accumulation
of transcriptional and translational by-products of the repeat expansion, RNA Foci and
Dipeptide repeat proteins (DPRs), respectively. Despite decades of research, ALS and FTD
patients are still offered a dramatically small and inefficient list of therapeutic options that fails
to significantly slow down disease progression. This highlights the urgent need for more
targeted and innovative therapies that act directly on the molecular origins of these fatal and

devastating neurodegenerative disorders.

In this context, we proposed to develop and test two new experimental treatments, both
consisting of a highly targeted gene editing strategy using the CRISPR-Cas9 tool, to either

excise the G4C2 expansion or a ~90 bp regulatory sequence located upstream of the repeats.

This thesis describes the rational design of these approaches and their practical application in
proof-of-concepts using relevant cellular and animal models. In particular, we provide detailed
descriptions of the design and cloning of Staphylococcus aureus Cas9 (SaCas9)-based
expression constructs and single-guide RNAs (sgRNAs), as well as a proof-of-concept in a
human cell line. Then, we report using Adeno-associated virus type 9 (AAV9) to deliver the
constructs into cultured neurons, where they mediate reproducible editing of a human expanded
C9orf72 allele and a decrease of RNA Foci and poly-(GP) DPRs. We also describe the testing
of these viral vectors in C9-500 BAC mice, with one of our approaches mediating excision of
the G4C2 expansion and reducing accumulation of poly-(GP) DPRs in the brain. In parallel,
we report a severe background-associated neurological syndrome in our C9-500 BAC colony
that confounds ALS/FTD behavioral assessment. Finally, we demonstrate how strategic
changes to our approaches can remarkably increase their efficiency in vitro and in vivo. In
conclusion, this thesis provides the basis, early development and proof-of-concepts for a new

highly targeted therapy for C9orf72-ALS/FTD.
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1. Introduction



1.1 Amyotrophic lateral sclerosis

1.1.1 Clinical overview of ALS

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative condition also known
as Lou Gehrig’s disease and Charcot disease, respectively referring to the famous baseball
player who died from ALS and to the father of French neurology who was the first to describe
and name the disorder (Charcot, 1874; Rowland, 2001). ALS is a motor neuron disease (MND),
and the two terms are often used interchangeably, but in the UK the term MND describes a
broader group of motor neuron disorders that predominantly affect the upper motor neurons,
lower motor neurons or both (Al-Chalabi et al., 2016). Indeed, MNDs include not only ALS
but also Primary lateral sclerosis (PLS), Progressive muscular atrophy (PMA), Progressive
Bulbar Palsy (PBP), flail arm syndrome, and flail leg syndrome, of which ALS is the most
common (Al-Chalabi et al., 2016; Salameh et al., 2015). Notwithstanding this, it is not
uncommon that an initial diagnosis of the abovementioned MNDs can still later evolve into an
ALS diagnosis, and significant discussion still exits on whether they are separate conditions of
their own or whether they all constitute incomplete forms of ALS (Al-Chalabi et al., 2016).
Such confusion and overlap in the terminology stems from the highly complex clinical
presentation of ALS, which can vary widely between patients. Nevertheless, the core
characteristics that are overwhelmingly common in ALS patients entail dysfunction and
neurodegeneration of both upper and lower motor neurons causing severe muscle weakness
and atrophy, significantly limiting the movements of the patients (Figure 1-1) (Salameh et al.,
2015). On rare occasions, the first symptoms can start to appear before 45 years, but the average
age of onset is approximately 65 years. Being relentlessly progressive, ALS ultimately results
in death, usually from respiratory failure, with only 15-20% of patients surviving beyond 5
years after the disease onset and only a small percentage living more than 10 years (Talbot,

2009).

Although ALS inevitably causes symptoms of both upper and lower motor neuron
degeneration, the first regions to be affected can vary between patients, resulting in different
initial presentations. Considering this, 65% of patients display what is called limb onset ALS,

in which limb signs constitute the initial symptoms of the disease, whereas 30% exhibit



dysphagia and dysarthria as first signs, called bulbar onset, and 5% begin experiencing
respiratory difficulties (Hardiman et al., 2011). Of these initial presentations, bulbar onset is
usually associated with worse prognosis, but most affected individuals invariably end up with
the combination of both upper and lower motor neuron signs that characterize this disorder:
increased muscle tone/ spasticity, hyperreflexia, Babinski/ extensor plantar reflex, dysarthria,
dysphagia and muscle weakness, caused by damage to the upper motor neurons; fasciculations,
cramps, muscle wasting, weakness, flaccid dysarthria, resulting from damage to lower motor
neurons (Kinsley and Siddique, 1993; Taylor et al., 2016). Also, contrary to the common
misconception that cognition is not affected, several different studies consistently found
dysfunctional behavior and cognition in a subset of ALS patients. Indeed, through language
tests and detailed neuropsychological analysis, it was reported that a significant portion of these
patients suffered from impaired word generation, working memory, problem-solving skills,
and personality changes resembling Frontotemporal dementia (FTD) (Lomen-Hoerth et al.,
2003; Portet et al., 2001; Robinson et al., 2006; Strong et al., 1999). These frequent cognitive,
language and social deficits, in addition to the characteristic upper and lower motor neuron
degeneration, indicate a widespread dysfunction of the entire Central Nervous System (CNS)
and led to the reclassification of ALS as a multi-system neurodegenerative disorder, rather than

a neuromuscular one (Crockford et al., 2018; Grossman, 2019; Hardiman et al., 2017).

The symptomatic variability described above, particularly in the early stages of the disorder,
increases the complexity and delay of diagnosis, which usually takes more than one clinician
and at least one year, on average, to achieve (Hardiman et al., 2011; Paganoni et al., 2014;
Talbot, 2009). By lack of a definitive test, diagnosis usually relies on a set of standardized
guidelines known as the El Escorial criteria. Initially published in 1994 (Brooks, 1994), El
Escorial is arguably the system that has gathered the most consensus throughout the years,
initially establishing four levels of increasing diagnostic certainty depending on the
identification of upper and lower motor neuron signs in distinct body regions: suspected ALS,
possible ALS, probable ALS and definite ALS. These guidelines were then revised twice in
2000 and 2008 with the Arlie House (Brooks et al., 2000) and Awaji-Shima criteria (de
Carvalho et al., 2008), respectively, which have introduced changes to improve sensitivity and
include standardized electrophysiological methods such as needle electromyography (EMG)
and nerve conduction studies (NCS). In ALS patients, these methods usually reveal abnormal
motor unit potentials (MUPs) due to decreased motor unit recruitment, as well as decreased

amplitude of compound muscle action potential (CMAPs), detected by EMG and NCS,



respectively (de Carvalho et al., 2008; Joyce and Carter, 2013; JR, 2000). Despite being the
most adopted method, El Escorial is still subject to criticism, and clinicians still rely on the
International Classification of Diseases (ICD) as an alternative, as well as their own personal

method, a situation which has sparked calls for a more unifying, modern and useful

classification (Al-Chalabi et al., 2016).

The broad pathology of ALS is typically characterized by the atrophy of skeletal muscle and
the widespread neurodegeneration found in the motor cortex, brainstem and the spinal cord, as
well as diffuse astrogliosis and microgliosis. Also, similarly to other neurodegenerative
diseases, post-mortem immunohistochemistry revealed the characteristic presence of protein
inclusions, often ubiquitinated, in affected neuronal populations (Taylor et al., 2016). In an
effort to characterize the protein content of these inclusions, Neumann and colleagues
(Neumann et al., 2006) revealed that TAR DNA-binding protein 43 (TDP-43) is a key
component, mislocalizing from the nucleus into the cytoplasm in diseased neurons. This pivotal
work established TDP-43 proteinopathy as a major histopathological hallmark of ALS and is
found in ~97% of cases, but specific ALS subtypes can display additional or different
aggregation profiles (Hardiman et al., 2017). An example of this is ALS/FTD linked to
Chromosome 9 open reading frame 72 (C9orf72), in which RNA Foci (DeJesus-Hernandez et
al., 2011) and inclusions of dipeptide repeat proteins (DPRs) (Ash et al., 2013; Gendron et al.,
2013; Mann et al., 2013; Mori et al., 2013b, 2013a; Zu et al., 2013) can be found in addition to
the TDP-43 pathology. Additionally, Superoxide dismutase 1 (SOD1)- and Fused in sarcoma
(FUS)-linked ALS cases display aggregated SOD1 (Kato et al., 1996; Shibata et al., 1996) and
FUS (Kwiatkowski et al., 2009; Vance et al., 2009) proteins, respectively, instead of TDP-43
(Figure 1-1).
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Figure 1-1. Main symptoms and neuropathology in ALS. The hallmark pathology of ALS is
characterised by degeneration of upper motor neurons projecting from the motor cortex and synapsing
into the brainstem and the spinal cord, as well as lower motor neurons projecting from the brainstem
and spinal cord into the skeletal muscle. Degeneration of the corticospinal tract has multiple and severe
consequences, of which the most critical include progressive dysfunctions in speech and swallowing
(dysarthria and dysphagia), muscle wasting and paralysis and respiratory insufficiency. At the cellular
level, neurons and glia accumulate inclusions of variable protein composition. In ~97% of cases, the
main aggregated species is TDP-43, which is usually hyperphosphorylated and ubiquitinated, but a

smaller subset of patients can instead have aggregated FUS or SODI1, usually caused by mutations in



their respective genes. Cases with mutated C9orf72 also display RNA Foci and DPR accumulation, in

addition to the standard TDP-43 inclusions.

Despite the devastating socioeconomical impact of ALS, particularly on the patients and their
families, there are only two disease-modifying therapies currently approved, Riluzole and
Edaravone, with modest effects on disease progression and a maximum survival extension of
a few months (Abe et al., 2017; Bensimon et al., 1994; Jaiswal, 2019). A pharmacological and
non-pharmacological multidisciplinary approach involving specialised clinicians, therapists
and caregivers can be effective in managing the symptoms of patients, reducing hospital

admissions, improving the quality of life and even extending survival (Hardiman et al., 2017).

1.1.2 Epidemiology of ALS

Several studies throughout the past three decades have tried to ascertain important
epidemiological aspects of ALS concerning its incidence, prevalence, age at onset and risk
factors, among others, in individual regions of the globe (Alonso et al., 2009; Annegers et al.,
1991; Benjaminsen et al., 2018; Bonaparte et al., 2007; Chancellor and Warlow, 1992; Forbes
et al., 2007; Jun et al., 2019; Leighton et al., 2019; Logroscino et al., 2005, 2010; Longinetti et
al., 2018; Mehta et al., 2018a, 2018b; Palese et al., 2019). Systematic reviews that compile and
interpret these individual reports can offer an invaluable worldwide perspective, despite
obvious obstacles such as different diagnosis criteria used and a lack of data from many
countries (Chio et al., 2013; Cronin et al., 2007; Longinetti and Fang, 2019). Additionally,
careful analysis of the differences between these reviews can also reveal interesting global
trends throughout the years. Indeed, the median incidence of ALS was estimated in 2013 to
vary between 0.6 and 2.08 per 100,000 person-years in different continents, whereas the
worldwide prevalence varied between 2.34 and 5.40 per 100,000 people (Chio et al., 2013).
Nevertheless, more recent data reported a worldwide incidence of 0.6 to 3.8 per 100,000

person-years and a prevalence of 4.1 to 8.4 per 100,000 people, suggesting that the number of



ALS cases is increasing (Longinetti and Fang, 2019). This is most likely due to the increase in
the ageing of the world population, particularly in highly populated developing countries, a
trend which is projected to continue until 2040 (Arthur et al., 2016). Data from the
abovementioned studies also suggests epidemiological differences by geographical region,
gender and ethnicity, with European and Asian populations being the most and the least
affected ones, respectively, while caucasian males are the most affected group. Despite their
undeniable importance, these conclusions should be handled with caution, as the number of
existing studies varies greatly in different geographical regions and so does the methodology

employed.

Studying the causes of ALS has proven to be an even more daunting endeavor, and decades of
research have so far failed to determine a definitive cause for most occurrences. Approximately
90-95% of cases do not have an associated family history and are usually termed sporadic ALS
(sALS), which is thought to arise from a combination of genetic and environmental risk factors
that conspire with time to trigger the disease (Al-Chalabi and Hardiman, 2013; Salameh et al.,
2015). Conversely, the other ~5-10% of cases have an identified genetic origin and are
transmitted in a Mendelian manner, commonly referred to as familial ALS (fALS) for
convenience purposes (Salameh et al., 2015). The possible environmental causes associated
with sALS have been the focus of intense research throughout the years, with studies
suggesting links between increased disease susceptibility and smoking (Armon, 2003, 2009;
Gallo et al., 2009), exposure to pesticides (Kamel et al., 2012; Malek et al., 2012) and heavy
metals (Johnson and Atchison, 2009), professional football (Chio, 2005; Chio et al., 2009),
military service (Haley, 2003; Horner et al., 2003; Kasarskis et al., 2009), and many others.
Despite the described efforts, most of these associations have weak evidence to support them
and have been challenged by contradicting reports and intense criticism, highlighting the
extreme complexity of this undertaking (Al-Chalabi and Hardiman, 2013). However,
considering its vital importance for better understanding the pathophysiological mechanisms
of SALS, we share the view that stronger, unbiased population-based studies that take genetic
and environmental risk factors in an integrated manner are urgently needed worldwide (Al-

Chalabi and Hardiman, 2013).



1.1.3 Genetics of ALS

In addition to environmental factors, ALS has an important genetic component, which is not
restricted to the 5-10% of Mendelian-inherited familial cases but also to sporadic ones. Indeed,
in SALS, genetic contribution is still a key component, either through de novo mutations in
critical genes or through an “at risk” genetic architecture that acts in combination with
environmental factors, eventually triggering the disease (Hardiman et al., 2017). In addition to
this, patients initially thought to be sporadic can have Mendelian-inherited variants that might
have not been detected for several reasons including low family size, early death of family
relatives for unrelated reasons, low penetrance of the mutation involved and incomplete family

history, among other factors (Chio et al., 2014).

A search in the Online Mendelian Inheritance in Man (OMIM) database reveals more than 30
genes whose mutations have been reported to either cause or significantly increase
susceptibility to ALS (Table 1.1). We also manually added an additional gene, GLT8D 1, whose
variants were recently discovered to cause ALS (Cooper-Knock et al., 2019). All the genes
identified so far are involved in remarkably diverse biological roles in the cell including protein
quality control and degradation pathways, RNA metabolism, oxidative stress and cytoskeletal
dynamics, illustrating the diversity of pathways that are likely to be involved in the disorder
(Renton et al., 2014; Taylor et al., 2016). Despite this intricate network, pathogenic variants in
only four of these genes contribute to more than 50% of familial cases and more than 10% of
sALS, with variants in other genes being found in a small proportion of cases (Renton et al.,
2014). These major variants are those affecting SODI (Rosen et al., 1993), the first gene
discovered to be associated with ALS, and also TARDBP (Kabashi et al., 2008; Sreedharan et
al., 2008), FUS (Kwiatkowski et al., 2009; Vance et al., 2009), and more recently, C9orf72
(DeJesus-Hernandez et al., 2011; Renton et al., 2011), which will be the focus of this research

project.



Table 1.1. ALS genes. List of genes discovered so far with mutations causally implicated in

ALS.
Gene/locus
Chromosome |Gene symbol Protein Inheritance References
MIM number
(Kabashi et
TAR DNA-binding protein al., 2008;
1p36.22 TARDBP 605078 AD
43 Sreedharan et
al., 2008)
(Miinch et al.,
2pl3.1 DCTNI 601143 Dynactin subunit 1 AD or AR
2004)
(Hadano et
al., 2001;
2q33.1 ALS?2 606352 Alsin AR Hentati et al.,
1994; Yang et
al., 2001)
Receptor tyrosine-protein (Takahashi et
2q34 ERBB4 600543 AD
kinase erbB-4 al., 2013)
) ) (Smith et al.,
2q35 TUBA44 191110 Tubulin alpha-4A chain AD
2014)
Charged multivesicular body (Parkinson et
3pll.2 CHMP2B 609512 AD
protein 2B al., 2006)
Serine/threonine-protein (Kenna et al.,
4q33 NEK1 604588 AD
kinase Nekl 2016)
. (Johnson et
5q31.2 MATR3 164015 Matrin-3 AD
al., 2014)
Sequestosome-1/ Ubiquitin- (Fecto et al.,
5q35.3 SOSTM1 601530 AD
binding protein p62 2011)
Polyphosphoinositide (Chow et al.,
6q21 FIG4 609390 AD
phosphatase 2009)




Guanine nucleotide exchange

(DelJesus-

Hernandez et

9p21.2 C9orf72 614260 AD al., 2011;
CYorf72
Renton et al.,
2011)
Sigma non-opioid (Luty et al.,
9pl13.3 SIGMARI1 601978 AR
intracellular receptor 1 2010)
Transitional endoplasmic (Johnson et
9pl13.3 vce 601023 AD
reticulum ATPase al., 2010)
] (Chen et al.,
9q34.13 SETX 608465 Senataxin AD
2004)
(Maruyama et
10p13 OPTN 602432 Optineurin AD or AR
al., 2010)
) ] (Gros-Louis
12q13.12 PRPH 170710 Peripherin AD or AR
et al., 2004)
Heterogeneous nuclear (Kim et al.,
12q13.13 HNRNPAI 164017 AD
ribonucleoprotein Al 2013)
Kinesin heavy chain isoform (Nicolas et
12q13.3 KIF54 602821 AD
5A al., 2018)
(Cirulli et al.,
Serine/threonine-protein 2015;
12q14.2 TBK1 604834 AD
kinase TBK1 Freischmidt
etal., 2015)
(Elden et al.,
12q24.12 ATXN2 601517 Ataxin-2 AD
2010)
(Greenway et
14ql11.2 ANG 105850 Angiogenin AD al., 2004,
2006)
. (Orlacchio et
15g21.1 SPG11 610844 Spatacsin AR

al., 2010)
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16p11.2

17p13.2

18¢21

20p13

20q13.32

21g22.11

Xpl1.21

22q11.23

22q12.2

3p21.1

FUS

PFNI

ALS3

ALS7

VAPB

SOD1

UBQLN?2

CHCHDI0

NEFH

GLTSDI

137070

176610

606640

608031

605704

147450

300264

615903

162230

618399

Fused in Sarcoma AD or AR
Profilin-1 AD
Unknown AD
Unknown AD

Vesicle-associated membrane
protein-associated protein AD

B/C

Superoxide Dismutase 1 AD or AR
Ubiquilin-2 XD
Coiled-coil-helix-coiled-coil-
helix domain-containing AD
protein 10
Neurofilament heavy

i AD or AR
polypeptide
Glycosyltransferase 8

AD

domain-containing protein 1

(Kwiatkowski
etal., 2009;
Vance et al.,

2009)

(Wuetal.,
2012)

(Hand et al.,
2002)

(Sapp et al.,
2003)

(Nishimura et
al., 2004b,
2004a)

(Rosen et al.,

1993)

(Deng et al.,
2011)

(Bannwarth
etal., 2014)

(Figlewicz et
al., 1994)

(Cooper-
Knock et al.,
2019)

Despite the groundbreaking progress in ALS genetics made in the last three decades and their

vital importance for research, these discoveries do not yet have significant clinical relevance,

for the following reasons. First, most identified variants have incomplete penetrance. Second,
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there is intriguing evidence of several affected families with mutations in more than one of the
four major ALS genes. According to Blitterswijk and colleagues (Van Blitterswijk et al.), these
cases are statistically more frequent than what would be expected by chance, suggesting a basis
of oligogenic inheritance. Finally, despite ongoing gene therapy trials, there are currently no
specific therapies for genetic subtypes of ALS. For these reasons, clinical genetic testing is still
not very informative and can have serious psychosocial consequences to patients if not done
responsibly (Chio et al., 2014). Nevertheless, experts of the field predict that the increase of
genetic data sets available and a greater focus on coding and non-coding rare variants, fueled
by lower costs of whole-genome sequencing will continue to drive the ALS genetics field
forward and into an increasingly central role, not only in research but also in the clinic (Renton

et al., 2014).

1.2 Frontotemporal dementia

1.2.1 Clinical overview of FTD

Frontotemporal dementia (FTD) is a spectrum of neurodegenerative diseases characterised by
progressive neurological symptoms encompassing behavioural changes, executive function
deficits and language impairments, typically caused by degeneration of the frontal and
temporal lobes (Bang et al., 2015). The first detailed report of a patient with FTD is attributed
to Arnold Pick, a Czech psychiatrist that described it in 1892 (Pick, 1892), and the disease is
now thought to be the second most common form of dementia in people under 65 (Hodges et

al., 2003; Sivasathiaseelan et al., 2019).

The FTD spectrum is routinely classified into three main clinical variants according to their
leading symptoms in early stages of disease progression. Behavioural-variant FTD (bvFTD) is
the most common of these presentations, characterised by progressive changes in behaviour,
personality, emotional reactivity and executive skills. The other two variants are designated as

primary progressive aphasias (PPAs), with language impairments as the main signs during the
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first two years after disease onset. According to the aspects of language that are most affected,
PPAs are then classified into non-fluent variant primary progressive aphasia (nfvPPA),
characterised by impaired speech and grammar, or semantic variant primary progressive
aphasia (svPPA), affecting semantic knowledge and naming (Bang et al., 2015; Olney et al.,
2017). Despite the different early presentations, these variants tend to merge at later stages, as
the disease affects larger areas of the frontal and temporal lobes. Additionally, the core FTD
disorders frequently overlap with other FTD-related traits such as ALS, progressive
supranuclear palsy syndrome (PSP-S) and corticobasal syndrome (CBS) (Olney et al., 2017).
In the majority of cases, the first symptoms manifest in middle life, between 45 and 64 years
of age, although approximately 10% and 30% of patients have an earlier and later disease onset,
respectively (Knopman and Roberts, 2011; Snowden et al., 2002). By the end-stage of
progression, most FTD patients have overlapping neurological signs from all the different
variants and have significant difficulties with basic tasks such as eating, moving and
swallowing. Death is usually caused by pneumonia or other infections and tends to happen 6-
11 years after disease onset, although certain variants, such as FTD-ALS, are associated with

worse survival rates than others (Bang et al., 2015; Hodges et al., 2003).

Diagnosing FTD is a long and complex task that requires a differential diagnosis to rule out a
number of overlapping diseases that mirror its symptoms, especially in early stages of
progression, and is aided by published standardised guidelines specialising in each main variant
(Gorno-Tempini et al., 2011; Rascovsky et al., 2011). The diagnostic process includes careful
clinical observation with detailed medical and family history of the patient, as well as
neuropsychological tests, neuroimaging, and laboratory testing of blood or even cerebrospinal
fluid (CSF). The most common examples of misdiagnosis in FTD include bvFTD patients
misdiagnosed with adult-onset psychiatric diseases such as obsessive-compulsive disorder
(OCD) and depression, or PPA-linked language impairments being misinterpreted as caused
by strokes (Bang et al., 2015; Sivasathiaseelan et al., 2019). Additionally, FTD symptoms are
sometimes indistinguishable from Alzheimer’s disease (AD), although CSF biomarkers and
amyloid imaging can be used to differentiate between the two types of dementia (Olney et al.,

2017).

Despite the differences in the initial clinical presentation, FTD variants share the unifying
neuropathologic trait commonly designated as Frontotemporal lobar degeneration (FTLD),
mainly characterised by neuronal loss and gliosis in the frontal and temporal lobes of the brain

(Bang et al, 2015). In addition, similarly to most neurodegenerative diseases,
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immunohistochemistry in post-mortem tissue of FTLD cases also reveals intracellular
aggregates of different protein composition, allowing the classification of FTLD into five
different types of neuropathology (Mackenzie et al., 2009; MacKenzie et al., 2010). In the most
common of these, FTLD-TDP, TDP-43 is the main proteinopathy, becoming
hyperphosphorylated and ubiquitinated with consequent aggregation in the cytoplasm and, less
frequently, in the nucleus (Neumann et al., 2006). The abundance, localization and morphology
of the aggregates allow its subclassification into five subtypes (subtypes A, B, C, D and E)
(Lee et al., 2017; Mackenzie et al., 2011). Importantly, cases of FTLD-TDP caused by the
C9orf72 expansion also display specific histopathology in the form of RNA Foci (DeJesus-
Hernandez et al., 2011) or aggregates of different DPR species (Ash et al., 2013; Mori et al.,
2013b, 2013a; Zu et al., 2013), in addition to the TDP-43 staining. The second most common
FTLD type is FTLD-Tau, in which the microtubule-associated protein tau becomes
hyperphosphorylated and deposits abnormally to form aggregates (Hutton et al., 1998;
Spillantini et al., 1998). The gene encoding for tau, MAPT, can be alternatively spliced, forming
tau isoforms with either 3 (3R) or 4 (4R) repeats of the microtubule binding domain. Similarly
to FTLD-TDP, FTLD-Tau can also be subdivided into distinct subtypes, according to the tau
protein isoform that is predominantly aggregated but also according to their unique
immunohistochemical profiles. The most common of these subtypes are Pick’s disease,
progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) (Josephs et al.,
2011). Approximately 10% of FTLD cases are termed FTLD-FUS, a group of rare diseases
sharing the unifying characteristics of FUS as the main aggregated species but also a
pronounced caudate atrophy detected post-mortem or by neuroimaging (Josephs et al., 2010;
MacKenzie et al., 2011). Similarly to other FTLD types, distinct immunohistochemical
patterns allow the subclassification of FTLD-FUS into three disease entities: neuronal
intermediate filament inclusion disease (NIFID), basophilic inclusion body disease (BIBD) and
atypical FTLD with ubiquitin-only immunoreactive changes (aFTLD-U) (Olney et al., 2017).
The fourth and fifth subtypes are the rarest forms of FTLD, and termed FTLD-Ubiquitin-
proteasome system (FTLD-UPS) and FTLD no inclusions (FTLD-ni). In FTLD-UPS,
inclusions are immunoreactive only to proteins of the UPS such as ubiquitin and P62, and it is
still unclear whether another single major component exists (Figure 1-2) (Holm et al., 2007,
2009; MacKenzie et al., 2010). Finally, FTLD-ni encompasses a few cases of FTLD in which
no aggregates were observed (Bang et al., 2015; MacKenzie et al., 2010).
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Figure 1-2. The diverse neuropathology of FTD. The varied neuropathological changes
associated with FTD are termed Frontotemporal lobar degeneration (FTLD) and typically characterized
by marked neurodegeneration in the frontal and temporal lobes of the brain (red areas, upper panel). At
the cellular level, FTLD is characterized by the presence of protein aggregates of different species, the
composition of which determines its subcategorization (lower panel). In FTLD-TDP, the main
aggregated species is TDP-43, hyperphosphorylated and ubiquitinated. In cases of FTLD-TDP caused
by the C9orf72 mutation, there is the additional accumulation of RNA Foci and DPRs, more frequently
found in the nucleus and cytoplasm, respectively. Hyperphosphorylated Tau and FUS are the main
aggregated species in FTLD-Tau and FTLD-FUS, respectively. In cases of FTLD-UPS, the rarest of
FTLD subtypes, inclusions are only immunoreactive to components of the UPS, including P62 and

Ubiquitin, and it is unclear what other proteins form a part of these aggregates.
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To this day, there is no disease-modifying therapy approved for FTD, with patients and their
families relying on poorly effective treatments to manage some of the symptoms. Among these,
selective serotonin reuptake inhibitors and atypical antipsychotics can improve obsessive-
compulsive symptoms and behavioural abnormalities, respectively. Non-pharmacological
intervention includes specialized training of caregivers, physical exercise and speech therapy

(Bang et al., 2015; Olney et al., 2017).

1.2.2 Epidemiology of FTD

Since the early 2000s, several attempts were made to study the epidemiology of dementias,
including FTD diseases, in different regions of the globe (Bernardi et al., 2012; Feldman et al.,
2003; Harvey et al., 2003; Ikejima et al., 2009; Knopman and Roberts, 2011; Ratnavalli et al.,
2002). Despite these efforts, a worldwide epidemiological perspective on FTD is still an elusive
goal, with the most recent numbers still showing significant variability and considered to be
underestimations. The reasons for these significant difficulties relate to the significant overlap
of FTD with similar disorders, resulting in a high number of misdiagnoses, as well as its low
prevalence in the population and the everchanging classification and diagnostic criteria (Bang
et al., 2015; Coyle-Gilchrist et al., 2016). A 2014 systematic review of early onset dementia
studies (Lambert et al., 2014) estimated the worldwide prevalence of FTD in the population
under 65 years of age to vary between 1 and 15.4 per 100,000 people, with the prevalence in
Japan being significantly lower than that detected in European studies. However, other studies
suggest the numbers in Japan might be much closer to western countries (Wada-Isoe et al.,
2012). Researching the same age group, Knopman and Roberts (Knopman and Roberts, 2011)
estimated the FTD prevalence in the US to be 15 to 22 per 100,000 people, whereas incidence
ranged from 2.7 to 4.1 per 100,000 person-years, showing how the epidemiology of FTD is
similar between the European and US population. Finally, expanding research to all age groups,

a study in two UK counties (Coyle-Gilchrist et al., 2016) used the revised diagnostic criteria
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of the different FTD variants (Gorno-Tempini et al., 2011; Rascovsky et al., 2011) to calculate
an FTD prevalence of 10.8 per 100,000 people across all age groups, and an incidence of 1.61
per 100,000 person-years. Importantly, no gender-associated differences were observed in the

vast majority of these studies.

Despite these important efforts, robust worldwide epidemiological data of FTD is still lacking,
even when compared with equally rare neurodegenerative disorders such as ALS. More studies
using the revised classification criteria and without restrictions to young-onset cases are needed
in different countries, to understand the global burden of the FTD spectrum (Coyle-Gilchrist
et al., 2016).

1.2.3 Genetics of FTD

Similar to many other neurodegenerative diseases, genetic predisposition plays an important
role in the aetiology of FTD. In fact, as many as 40% of FTD patients have family history of
dementia or psychiatric disorders, with at least 10% having a clear autosomal dominant pattern
of inheritance, while the remainder ~60% of cases are generally considered sporadic (Chow et
al., 1999; Rohrer et al., 2009). Interestingly, the heritability of FTD is variable across the
different clinical variants, with PPAs consistently found to be the least heritable while either
bvFTD or FTD-ALS are the most heritable, depending on the cohorts analysed (Goldman et
al., 2005; Rohrer et al., 2009).

A search in the OMIM database revealed 12 genes with variants that have been causally
associated with FTD (Table 1.2). These are involved in several cellular pathways, the
disruption of which is likely to trigger FTD pathogenesis, including proteasomal and
autophagy-mediated turnover, the lysosomal/endosomal pathway, DNA/RNA metabolism and
cytoskeletal stability, reflecting the complex aetiology of FTD (Pottier et al., 2016). On the
reported list (Table 1.2), the majority of genes put together are involved in <5% of cases, but
3 are of particular importance as they are directly implicated in ~60% of all inherited FTD
cases (Mishra et al., 2017; Olszewska et al., 2016): MAPT, GRN, and C90rf72, which will be

the focus of this project. Despite the remarkable advances of the last 10 years in the molecular
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genetics of FTD, there are still a high number of cases with family history of neurodegenerative
disorders that are not dominantly inherited, while several of the mutations reported so far have
incomplete penetrance. This has prompted FTD researchers to use Genome-wide association
studies (GWAS) to identify genetic risk factors that increase the risk of developing the disease
and that might modulate the penetrance of established mutations (Van Deerlin et al., 2010;
Ferrari et al., 2014; Mishra et al., 2017; Taskesen et al., 2017). Perhaps the best studied of these
identified genetic factors is TMEM106B, containing single nucleotide polymorphisms (SNPs)
that alter its expression levels and consequently modulate the risk of FTLD-TDP-causing
mutations in GRN and C9orf72 (Van Deerlin et al., 2010; Nicholson and Rademakers, 2016).
It is expected that the future of FTD genetics will focus on exome sequencing and whole-
genome sequencing in increasingly large cohorts of sporadic and familial patients to identify

new risk factors and genetic modifiers of known mutation carriers (Pottier et al., 2016).

Table 1.2. FTD genes. List of genes discovered so far with variants directly implicated in the

aetiology of FTD.
Gene/locus
Chromosome Gene symbol Protein Inheritance References
MIM number
TAR DNA-binding protein (Kovacs et
1p36.22 TARDBP 605078 AD
43 al., 2009)
i (Smith et
2q35 TUBA4A4 191110 Tubulin alpha-4A chain AD
al., 2014)
Sequestosome-1/ Ubiquitin- (Elisa et al.,
5935.3 SOSTM1 601530 o ) AD
binding protein p62 2012)
(DelJesus-
Hernandez
Guanine nucleotide exchange
9p21.2 CYorf72 614260 AD etal., 2011;
C9orf72
Renton et
al., 2011)
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Transitional endoplasmic

(Watts et al.,

9pl13.3 VCcP 601023 AD
reticulum ATPase 2004)
Serine/threonine-protein (Freischmidt
12q14.2 TBK1 604834 AD
kinase TBK1 etal., 2015)
» (Raux et al.,
14q24.2 PSENI 104311 Presenilin-1 AD
2000)
(Van
Langenhove
l6pl1.2 FUS 137070 Fused in Sarcoma AD etal., 2010;
Yan et al.,
2010)
(Baker et
al., 2006;
17921.31 GRN 138945 Progranulin AD
Cruts et al.,
2006)
Microtubule-associated AD; (Hutton et
17q21.31 MAPT 157140
protein tau Multifactorial |al., 1998)
Coiled-coil-helix-coiled-coil-
(Bannwarth
22q11.23 CHCHDI0 615903 helix domain-containing AD
etal., 2014)
protein 10
(Deng et al.,
Xpl1.21 UBQLN2 300264 Ubiquilin-2 XD 2011)
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1.3 C9orf72-linked ALS/FTD

1.3.1 The hexanucleotide repeat expansion of C9orf72

The discovery of the C9orf72 mutation as a common genetic cause for both ALS and FTD was
a decades-long endeavor, involving several research groups and seminal findings. As
mentioned above, while some cases of ALS do spare cognitive function, there were early
studies reporting that up to 50% of patients ended up suffering from symptoms that include
personality changes and impaired executive function consistent with an FTD spectrum disease
(Ferrari et al., 2011; Lomen-Hoerth et al., 2003; Strong et al., 1999). These observations were
strengthened by neuroimaging studies identifying frontal and temporal lobe anomalies in ALS
patients, suggesting a clinical overlap between both disorders (Abrahams et al., 1996; Strong,
2008; Talbot et al., 1995). In 2006, a pivotal study by Neumann and colleagues (Neumann et
al., 2006) uncovered a common neuropathological hallmark to both diseases, in which TDP-
43 is the main component of ubiquitinated inclusions in CNS tissue from both FTD and ALS
patients, while being apparently absent in aggregates of other neurodegenerative traits (Arai et
al., 2006; Neumann et al., 2006). In addition to the clinical and neuropathological overlap,
reports of families with relatives having either ALS, FTD or both, in what appeared to be a
Mendelian dominant pattern of inheritance, suggested a common genetic origin for both
disorders as well (Gunnarsson et al., 1991; Hosler et al., 2000; Majoor-Krakauer et al., 1994).
A series of genetic linkage studies and the advent of Next-generation sequencing (NGS) traced
this genetic origin to several loci (Gijselinck et al., 2010; Hosler et al., 2000), with the most
common one locating in chromosome 9p (Morita et al., 2006; Vance, 2006), although the exact
gene and the nature of the mutation involved still eluded experts. Finally, in 2011, two
independent groups identified a hexanucleotide repeat expansion (GGGGCC or G4C2) in the
intronic region of the C9orf72 gene as the most common genetic cause for familial and sporadic
cases of both ALS and FTD (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Indeed, a
cross-sectional study from 17 regions worldwide estimated that the C9orf72 mutation is present
in ~37% and ~6% of familial and sporadic ALS cases, respectively, as well as ~25% and ~6%
of familial and sporadic cases of FTD, respectively (Majounie et al., 2012). Importantly,

though, this study also detected significant geographical variation of this mutation, possibly
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due to founder effects, being common in patients from Europe or of European ancestry but

very rare in Asian populations (Majounie et al., 2012).

The exact number of G4C2 repeats above which an individual develops ALS and/or FTD
remains unclear, as individuals with small expansion sizes in the range of 20-30 repeats can
either develop the disease or remain asymptomatic throughout a normal life span (Balendra
and Isaacs, 2018). Nevertheless, the vast majority of the population has up to 10 repeats of the
G4C2 sequence, while most patients often possess up to hundreds or even thousands (Beck et
al., 2013). Importantly, the number of repeats detected in a certain individual should be
interpreted with caution, as the intrinsic instability of the G4C2 repeat expansion frequently
results in somatic mosaicism, observed between different cell types but also within the same
tissue (van Blitterswijk et al., 2013; Ebbert et al., 2018; Nordin et al., 2015; Suh et al., 2015).
This characteristic might help to explain the age-dependent incomplete penetrance of this
mutation, with some expansion carriers being asymptomatic even in their ninth decade of life,
which raises significant challenges to the design of clinical trials and genetic counselling

(Majounie et al., 2012; Murphy et al., 2017).

According to the ENSEMBL database (Yates et al., 2020), the C9orf72 gene is ~38 kilo bases
(Kb)-long and spans a total of 11 exons (10 of which are protein coding), with the G4C2 repeat
region located between the non-coding exons 1a and 1b (Figure 1-3). The gene is alternatively
spliced, forming 3 main annotated transcripts (V1, V2 and V3) which encode for either a long
(CY9orf72-L) or a short (C9orf72-S) protein isoform (Balendra and Isaacs, 2018; Haeusler et
al., 2016). Both the transcripts V2 and V3 encode for the long isoform, with 481 amino acids
(aa), although they are regulated by different promoters. Indeed, while V3 is regulated by a
promoter located within exon la, V2 expression is driven by an alternative endogenous
promoter located in the first intron of the C9orf72 gene (DeJesus-Hernandez et al., 2011). With
222 aa, C9orf72-S is encoded by transcript V1, which is regulated by the same promoter as

V3, and contains the first 5 exons of the gene, 4 of which are protein coding (Figure 1-3).
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1.3.2 The biological role of C9orf72

The ubiquitous cellular function of the C9orf72 protein was largely unknown for a long time,
even after the discovery of the pathogenic expansion, until several studies divulged compelling
evidence for a central role in the regulation of vesicular trafficking. This role has been studied
in particular detail in the context of macroautophagy (herein termed autophagy) (Webster et
al., 2016a). Being crucial for cell homeostasis and survival, autophagy is a recycling process
in which damaged organelles and misfolded proteins are transported to the lysosome for
degradation, and its dysfunction has been associated with numerous neurodegenerative
diseases, including other subtypes of ALS (Mizushima and Komatsu, 2011; Ramesh and
Pandey, 2017). The first clues for this role of C9orf72 protein came from bioinformatics
analysis, identifying a homolog of the ‘differentially expressed in normal and neoplastic cells’
(DENN) module, a group of conserved domains that confer the characteristics of GDP-GTP
exchange factors (GEFs) (Levine et al., 2013; Zhang et al., 2012). Proteins with DENN
domains are able to activate Rab GTPases by inducing their dissociation of Guanosine
diphosphate (GDP) and consequent binding to Guanosine triphosphate (GTP). In this way,
DENN-containing proteins can regulate several Rab-dependent pathways mainly related to
endocytosis and membrane trafficking, including autophagy (Marat et al., 2011). These
bioinformatic predictions were corroborated experimentally, showing that C9orf72 co-
localized with several members of the Rab family and co-migrated with lysosomal vesicles,
while its depletion dysregulated autophagy in cell lines and primary neurons (Farg et al., 2014).
Expanding on these results, several independent teams then gradually uncovered a complicated
web of interactions and biological functions of C9orf72, exposing its increasingly central role
in regulating different aspects of the autophagy-lysosomal pathway (Figure 1-3). Indeed,
Webster and colleagues (Webster et al., 2016b) showed that C9orf72-L and, to a lesser extent,
C9orf72-S, were crucial in the translocation of the Unc-51-like kinase 1 (ULKI) initiation
complex to the phagophore by acting as an effector for Rabla. In parallel, other groups first
reported how C9orf72-L formed a complex with Smith-Magenis Syndrome Chromosome
Region candidate 8 (SMCRS) and WD repeat-containing protein 41 (WDR41) (Sellier et al.,
2016; Sullivan et al., 2016; Xiao et al., 2016; Yang et al., 2016). The C9orf72-SMCR8-WDR41
complex was shown to also regulate the initiation of autophagy through its interaction with the

ULKI1 complex and was shown to act as a GEF for Rab8a and Rab39b, regulating in this way
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the autophagic flux (Sellier et al., 2016; Sullivan et al., 2016; Yang et al., 2016). The GEF
activity of C9orf72-SMCR8-WDR41, however, is still not universally accepted, as recent work
now suggests that the complex might actually function as a GTPase activating protein (GAP)
for Rabs, namely Rab8a and Rabl1a (Tang et al., 2020b, 2020a). Despite the uncertainty still
surrounding the precise function of this complex, the key role of C9orf72 in autophagy is now
undeniable and was also demonstrated in vivo. Indeed, C9orf72 knockout (KO) mice do not
develop ALS or FTD, but show autoimmune and inflammation phenotypes similar to what has
been observed in autophagy-deficient mice (Atanasio et al., 2016; Burberry et al., 2016;
Koppers et al., 2015; O’Rourke et al., 2016; Sudria-Lopez et al., 2016; Sullivan et al., 2016).
Also, autophagy and lysosomal proteins such as Microtubule-associated protein 1 light chain
3 (LC3), Lysosomal associated membrane protein 1 (LAMP1) and P62 were found to
accumulate in the liver and spleen of some of these animals. This reinforced the idea that the
aberrant macrophage and microglial function observed might result from dysfunctional
autophagy (O’Rourke et al., 2016; Sullivan et al., 2016). The biological function of C9orf72 is
not strictly restricted to autophagy, though, having been shown to also regulate endosomal
trafficking, while lowering its expression levels reduces endocytosis (Farg et al., 2014).
Expanding on this, Aoki and colleagues (Aoki et al., 2017) have demonstrated that this
regulation is at least partially dependent on the interaction with Rab7L 1, and the KO of C9orf72
in mice reinforced this role as it resulted in impaired endosomal trafficking in vivo (Figure 1-

3) (O’Rourke et al., 2016).

Therefore, significant evidence now exists that C9orf72-L is required for normal intracellular
vesicle transport and is particularly important in the regulation of endocytosis and the
autophagy-lysosomal pathway. The shorter C9orf72-S isoform, despite having also been
implicated in this pathway (Webster et al., 2016b), has been considerably less studied than the
long isoform, and was shown to locate in the nuclear membrane, possibly regulating

nucleocytoplasmic transport (Figure 1-3) (Xiao et al., 2015).
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Figure 1-3. The genetics and cellular functions of C9orf72. Schematic representation of the
C9orf72 gene and its transcripts, and the main biological roles that the protein product plays in the cell.
The C9orf72 gene is represented in the nucleus, with a length of approximately 38 Kb spanning a total
of 11 exons, 10 of which are protein coding (not to scale), and is regulated by two different promoters.
Depicted in yellow, the more upstream promoter is located within exon la and drives expression of
both transcripts V1 and V3 through alternative splicing, whose sequence contain the G4C2 repeat
region. The smaller V1 transcript encodes for the shorter isoform, C9orf72-S, with 222 aa, while the
V3 encodes for the larger isoform, C9orf72-L, with 481 aa. Alternatively, transcription of the gene can
be driven by an endogenous promoter located within the first intron of the C9orf72, depicted in blue,

driving the expression of transcript V2, which also encodes for C9orf72-L.

In the cytoplasm, a schematic representation is shown that depicts the main cellular pathways that the
C9orf72 protein is involved in, namely the autophagy-lysosome pathway, endocytosis and possibly
nucleocytoplasmic transport. Both C9orf72 isoforms regulate the initiation of autophagy through their
interaction with Rabla and the ULK1 initiation factor, while C9orf72-L forms a complex with SMCR8
and WDR41. This complex regulates the autophagic flux by acting as a GEF or a GAP to regulating
Rab proteins. C9orf72-L was also shown to regulate endocytosis, at least partly by interacting with
Rab7L1 and regulating endosomal trafficking. C9orf72-S is a less studied isoform that was shown to

locate to the nuclear membrane, where it is thought to regulate nucleocytoplasmic transport.

1.3.3 Pathophysiological mechanisms of C9orf72

The molecular mechanisms through which the G4C2 expansion in the C9orf72 triggers
neurodegeneration has been the subject of intense studies and debate since its discovery
(Balendra and Isaacs, 2018; van Blitterswijk et al., 2012; Gendron and Petrucelli, 2018;
Gendron et al., 2014; Gitler and Tsuiji, 2016; Haeusler et al., 2016; Heutink et al., 2014;
Mizielinska and Isaacs, 2014; Rohrer et al., 2015). Three main mechanisms have been
proposed that have garnered substantial support, including a loss of protein function and the
gain-of-function mechanisms associated with expanded RNA toxicity and the accumulation of

DPRs.
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Suspicions about a loss of function mechanism arose from early qPCR experiments reporting
a significant reduction at the transcript level in C9orf72 patients (DeJesus-Hernandez et al.,
2011; Gijselinck et al., 2012), which was later validated at the protein level through western-
blot of post-mortem frontal cortex tissue (Waite et al., 2014). The loss-of-function hypothesis
was also supported by experiments on simple animal models, including a gene KO and
knockdown in C. elegans (Therrien et al., 2013) and zebrafish (Ciura et al., 2013) respectively,
which induced behavioral deficits and motor neuron pathology. In addition to this, reduced
protein levels of C9orf72 in human induced motor neurons was shown to be sufficient to trigger
neurodegeneration levels comparable to that of patient-derived cells (Shi et al., 2018).
Considering these results in light of the important regulatory role of C9orf72 in vesicle
trafficking and autophagy, as well as the frequent mutations in other autophagy-associated
genes causing ALS (Mizushima and Komatsu, 2011; Ramesh and Pandey, 2017), it was
plausible that loss-of-function could be the predominant mechanism (Figure 1-4). However,
conflicting evidence has been presented that demonstrates how loss of function alone is not
sufficient to explain many key features of the C9orf72-linked ALS/FTD. Among this evidence
is the recognition that homozygous human patients do not display more severe symptoms than
heterozygous (Fratta et al., 2013) as well as data from several mouse models of C9orf72 loss-
of-function. Indeed, in these studies, reduction or complete ablation of mouse C9orf72 levels
was insufficient to trigger neurodegeneration characteristic of ALS/FTD, despite some of these
models presenting with inflammation and autoimmune phenotypes linked to autophagy defects
(Atanasio et al., 2016; Burberry et al., 2016; Jiang et al., 2016; Koppers et al., 2015; Lagier-
Tourenne et al., 2013; O’Rourke et al., 2016; Sudria-Lopez et al., 2016; Sullivan et al., 2016;
Ugolino et al., 2016). The disparity of results obtained in mice when comparing with simpler
animal models can be explained by the considerably higher degree of homology between
human and murine C9orf72 than that of orthologues from zebrafish and C. elegans (Haeusler
et al., 2016). Taking all this into consideration, loss-of-function is not likely to be the primary
pathogenic mechanism of C9orf72-linked neurodegeneration, and gain-of-function paradigms

must also be taken into account.

RNA-mediated toxicity was proposed as a possible pathogenic mechanism of C9orf72-linked
neurodegeneration in the very first reports of the hexanucleotide expansion (Delesus-
Hernandez et al., 2011; Renton et al., 2011), with authors showing evidence of repeat-expanded
RNA forming nuclear Foci in post-mortem patient tissue. These RNA Foci were also shown to

accumulate in disease models, including induced pluripotent stem cells (iPSC)-derived neurons
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from affected individuals (Almeida et al., 2013; Dafinca et al., 2016; Donnelly et al., 2013;
Sareen et al., 2013). Considering the well-studied toxicity of RNA derived from other non-
coding pathogenic repeat expansions (Li and Jin, 2012; Udd and Krahe, 2012), it was
hypothesized that the accumulation of expanded C9orf72 transcripts can also hijack multiple
RNA-binding proteins (RBPs), including key splicing components. This can then lead to
aberrant mRNA splicing and processing, ultimately resulting in a global dysregulation of
cellular pathways (Figure 1-4) (Todd and Paulson, 2010). Expanding on this hypothesis, a
series of different studies identified multiple RNA-binding proteins which were shown to
interact with C9orf72 transcripts both in vitro and in patient’s tissue, with some of these hits
confirmed to co-localize with RNA Foci by immunohistochemistry (Cooper-Knock et al.,
2014a; Donnelly et al., 2013; Haeusler et al., 2014; Mori et al., 2013c; Sareen et al., 2013; Xu
et al., 2013). Although they differed according to the study, overlapping all the interactomes
identified the protein family of heterogeneous nuclear ribonucleoproteins (hnRNPs), involved
in splicing and gene expression (Geuens et al., 2016), as an overrepresented interactor,
strengthening the RNA-RBP hypothesis (Haeusler et al., 2016). Also, in addition to aberrant
splicing and nuclear stress, impaired nucleocytoplasmic transport is another toxic consequence
of expanded CO9orf72 transcripts (Figure 1-4). Indeed, RanGAPI, crucial for the active
nucleocytoplasmic shuttling of nuclear localization signal (NLS)-containing proteins, was also
identified as a strong interactor of G4C2 RNA and as a potent suppressor of C9orf72-mediated
toxicity (Donnelly et al., 2013; Zhang et al., 2015). Despite this mounting evidence,
comparative studies in Drosophila melanogaster (Mizielinska et al., 2014; Tran et al., 2015)
as well as mouse models created with a bacterial artificial chromosome (BAC) (O’Rourke et
al., 2015; Peters et al., 2015) do not support a key toxicity role for G4C2-containing repeat
RNA. Indeed, these animal models successively reproduce the appearance of RNA Foci while
consistently failing to induce motor phenotype or neurodegeneration. Although a recent BAC
mouse model with ~500 hexanucleotide repeats reports severe motor impairments, neuronal
loss and decreased survival alongside Foci accumulation (Liu et al., 2016), the previous studies

highlight that the repeat RNA alone is not sufficient to trigger ALS/FTD.

Repeat associated non-ATG-translation (RAN) was first described as a new pathophysiological
pathway in Spinocerebellar ataxia type 8 (SCAS8) and consists of a non-canonical mechanism
in which a nucleotide repeat expansion can be translated in the absence of an ATG start codon.
In SCAS, this meant that the CAG expansion of the ATXNS gene is translated into toxic

polyserine and polyalanine peptides in addition to the canonical polyglutamine protein (Zu et
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al., 2011). In C9orf72-ALS/FTD, this mechanism was first identified by two independent
groups that reported the aggregation of RAN dipeptide repeat proteins (DPRs) in patient’s
tissue, consisting of a long peptide stretch containing two alternating amino acids: poly-(GP);
poly-(GA); and poly-(GR) (Ash et al., 2013; Mori et al., 2013a). These aggregated repeat
peptides are, with some exceptions, mostly cytoplasmic and are the result of translation in all
the three reading frames of the C9orf72 repeat expansion, without an ATG start codon, which
is consistent with the definition of RAN translation. Later on, several groups also described the
presence of DPRs derived from antisense RNA molecules (a product of bidirectional
transcription) in post-mortem tissue from patients: poly-(PA); poly-(PR); and poly-(GP), which
is translated from both the sense and antisense strands (Gendron et al., 2013; Mann et al., 2013;
Mori et al., 2013b; Zu et al., 2013). These studies generated tremendous excitement for the
possibility that DPRs might be the main driver of neurodegeneration in C9orf72-ALS/FTD, a
hypothesis backed by a multitude of experiments in animal models. Indeed, many different
research groups worldwide used models of zebrafish (Ohki et al., 2017; Swaminathan et al.,
2018), D. melanogaster (Freibaum et al., 2015; Mizielinska et al., 2014; Xu and Xu, 2018) and
mice (Choi et al., 2019; Schludi et al., 2017; Zhang et al., 2018) to show how expression of
DPRs, particularly arginine-containing species, can cause neurodegeneration, in many cases
resulting in various behavioural deficits. These and other studies also uncovered a remarkably
complex network of pathogenic pathways elicited by the different DPRs that are behind this
toxicity. The most commonly found and aggregation-prone, poly-(GA), is known to sequester
several important protein targets, of which the most common are components of the UPS such
as HR23A and HR23B (Zhang et al., 2016). Possibly through this sequestering, poly-(GA)
DPRs cause proteasomal inhibition and, consequently, accumulation of misfolded proteins in
the Endoplasmic reticulum (ER), also causing ER stress (Figure 1-4). Interestingly, ER stress
inhibitors protect against poly-(GA)-induced neurotoxicity (Zhang et al., 2014). Expanding on
the consequences of poly(GA)-mediated sequestration, the transport factor Unc119, involved
in neuromuscular and axonal function, was also found to bind poly-GA DPRs. This
sequestering was shown to cause loss-of-function of Unc119, which in turn inhibits dendritic
branching and causes neurotoxicity, while restoring Unc119 expression partially rescues poly-
(GA)-induced toxicity (Figure 1-4) (May et al., 2014). Interestingly, poly-(GA) can also
sequester proteins involved in nucleocytoplasmic transport, a major mechanism whose
disruption has been frequently associated with CO9orf72-mediated neurodegeneration
(Freibaum et al., 2015; Zhang et al., 2015, 2016). In addition to these proposed pathways, poly-

(GA) DPRs were also shown to induce R-loop formation and cause defects in the ATM-
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mediated DNA repair signalling, precipitating C9orf72-mediated DNA damage in vitro and in
vivo (Figure 1-4) (Walker et al., 2017). Despite the important pathogenic mechanisms
uncovered for poly-(GA), the most toxic species of DPRs are still considered to be arginine-
containing ones, namely poly-(GR) and poly-(PR). In two elegant studies, these were shown
to bind to RBPs and proteins with low-complexity domains (LCDs), which regulate membrane-
less organelles such as nucleoli, nuclear pore complexes and stress granules (Lee et al., 2016;
Lin et al., 2016). Importantly, these DPRs were shown to alter the liquid-liquid phase
separation (LLPS) properties of the LCD-containing proteins, disrupting in this way the
function and dynamics of these membrane-less organelles (Lee et al., 2016; Lin et al., 2016).
To the affected cells, the toxic consequences of this disruption are numerous, including
impaired ribosome biogenesis, altered nucleocytoplasmic transport, and a global dysregulation
of translation (Figure 1-4) (Freibaum and Taylor, 2017). Interestingly, poly-(GR) and poly-
(PR) DPRs were also shown to trigger DNA damage in mammalian cells through R-loop-
independent mechanisms (Figure 1-4) (Farg et al., 2017; Lopez-Gonzalez et al., 2016). As for
the remaining DPRs, poly-(GP) and poly-(PA), these were found to be non-toxic, although the
biochemical characteristics of poly-(GP) make it a powerful disease biomarker with important
implications for monitoring therapeutic benefit in future clinical trials (Balendra et al., 2017;
Gendron et al., 2017; Lehmer et al., 2017). Despite the substantial data pointing towards a
major role of DPRs in the pathophysiology of C9orf72, there are arguments against this
interpretation. One of the issues that warrants consideration is that the majority of these studies
use overexpression paradigms, which is likely to result in expression levels higher than what
would be found in patients. Expanding on this, models in which expression levels are actually
more physiological, such as some of the BAC transgenic mice, display DPRs without an
obvious motor phenotype or neurodegeneration (O’Rourke et al., 2015; Peters et al., 2015). In
addition to this, post-mortem observations that most DPR inclusions do not co-localise with
neurodegeneration, excellently reviewed elsewhere (Balendra and Isaacs, 2018), also cast

doubt over the actual severity of DPR toxicity in C9orf72-ALS/FTD patients.

Finally, studies in iPSC-derived neurons from patients also revealed dysregulated Ca®*
signalling as a pathogenic mechanism linked to the C9orf72 expansion as well as TARDBP
mutations, caused by altered stoichiometry of proteins regulating the mitochondrial Ca?*
uniporter (MCU) (Dafinca et al., 2016, 2020). This results in decreased expression of the MCU
and impaired mitochondrial Ca?" buffering from the cytosol as a consequence (Figure 1-4).

Nevertheless, it is still unclear whether this mechanism results from loss or gain-of-function
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consequences and whether it might be driven by expression of RNA Foci or DPRs (Dafinca et

al., 2016, 2020).

All in all, recent years have witnessed tremendous progress in uncovering the pathogenicity of
C9orf72-linked ALS/FTD and the evidence gathered so far suggests that single, isolated
mechanisms are insufficient to trigger disease. Instead, the loss and gain-of-function events
synergising with ageing are likely to be co-conspirators in driving the neurodegeneration
characteristic of these diseases. Recently, in vitro and in vivo evidence has been put forward
that convincingly supports this hypothesis, demonstrating how the consequences of C9orf72
haploinsufficiency exacerbate gain-of-function mechanisms (Boivin et al., 2020; Shi et al.,

2018; Zhu et al., 2020).
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Figure 1-4. The pathophysiology of C9orf72-linked neurodegeneration. Schematic
representation illustrating the pathological mechanisms associated with C9orf72 neurodegeneration.
Haploinsufficiency leading to reduced C9orf72 expression can result in dysfunctional endosomal
trafficking and impaired autophagy, exacerbating gain-of-function mechanisms. Accumulation of
G4C2 expansion-containing transcripts can sequester RBPs, resulting in aberrant splicing and RNA

metabolism, as well as impaired nucleocytoplasmic transport. RAN translation of these transcripts can
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form 5 different species of DPRs, of which poly-(GP) and poly-(PA), labelled as P(GP) and P(PA), are
not considered to be toxic. The highly aggregation-prone Poly-(GA), labelled as P(GA), can induce
DNA damage in addition to sequestering protein targets, which has toxic consequences ranging from
proteasomal inhibition, ER stress and inhibition of dendritic branching. Poly-(GR) and poly-(PR),
labelled as P(GR) and P(PR), can cause DNA damage and disrupt the dynamics of membrane-less
organelles such as stress granules, but also nucleoli and nuclear pore complexes. This results in toxicity
by impairing crucial cellular mechanisms such as ribosome biogenesis, regulation of translation and
nucleocytoplasmic transport. In addition, or in parallel, to these pathways, dysregulated Ca®" signalling
is another major pathogenic mechanism identified in C9orf72- and TARDBP-associated

neurodegeneration, at least partly caused by impaired Ca*" buffering by the mitochondria.

1.3.4 Small molecule- and antibody-based therapies for C9orf72-ALS/FTD

As mentioned above, ALS and FTD patients suffer from devastating diseases but the list of
therapeutic options offered to them is still dramatically inefficient in slowing disease
progression or extending their life expectancy, despite decades of research. This situation
reflects the complex aetiology of these disorders and highlights the difficulty in developing a
global treatment that will benefit patients across the entire spectrum of ALS and FTD.
Uncovering the pathophysiology of these diseases, however, allows the development of more
targeted therapies that might prove more efficacious. Although only 10 years have passed since
the discovery of the G4C2 expansion of the C9orf72 gene (DeJesus-Hernandez et al., 2011;
Renton et al., 2011), numerous treatments have been developed that target either the expansion
itself, its transcriptional and translational by-products or its downstream mechanisms (Balendra
and Isaacs, 2018; Mis et al., 2017). Small molecules that disrupt the G-quadruplex structures
formed by expanded RNA have been successful in preventing sequestration of RBPs,
decreasing RNA Foci and DPR accumulation as well as alleviating toxicity (Simone et al.,
2018; Su et al., 2014; Zamiri et al., 2014; Zhang et al., 2015). Alternatively, small molecules
that inhibit the ER stress frequently associated with C9orf72 neurodegeneration have also
shown promise in ameliorating poly-(GA) toxicity in primary neurons (Zhang et al., 2014).
Recently, the Food and Drug Administration (FDA)-approved drug metformin was reported to
decrease DPRs and improve behavioural and neuropathological aspects of C9orf72-ALS/FTD

32



in vivo by inhibiting RNA-dependent protein kinase (PKR) (Zu et al., 2020). In addition to
these, passive and active immunization are other approaches that have shown benefit in other
neurodegenerative diseases characterised by protein aggregation such as AD, Parkinson’s
disease (PD) and FTLD-Tau (Valera and Masliah, 2013). In C90orf72-ALS/FTD, poly-(GA)-
specific antibodies were successful in reducing the accumulation and spreading of these DPRs
in vitro, while its use in transgenic mice reduced microglial activation, neurodegeneration and
improved behavioural aspects of the models (Nguyen et al., 2020; Zhou et al., 2017, 2020).
Despite encouraging results with small molecules and immunotherapy, the majority of the
treatments developed for C9orf72-ALS/FTD so far, including the ones closest to clinical

application, have been gene therapies and will be discussed in the next section.

1.4 Gene therapy

1.4.1 Gene therapy vectors for neurodegenerative diseases

Gene therapy is the term conferred to a broad group of treatments in which nucleic acids are
used as the therapeutic molecule. It generally consists in expressing a transgene to restore a
defective protein or express therapeutic genes that intervene in the disease mechanism.
Alternatively, gene therapy can also involve the silencing or editing of a toxic allele using
molecular techniques such as RNA interference and gene editing (Anguela and High, 2019).
Since it was first idealized, gene therapy has captivated the imagination of scientists due to its
potential to treat or even cure genetic disorders, for which symptom management and palliative
care are often the only course available to patients (Goswami et al., 2019). Despite considerable
setbacks throughout the years, the development and optimization of more reliable and efficient
delivery systems in recent years has resulted in some successful clinical trials and brought the
topic back to the spotlight of the scientific community (Naldini, 2015). Indeed, the clinical
benefit of gene therapy holds tremendous promise, with potential treatments being constantly
developed for a wide array of diseases including, but not limited to, cardiac diseases, cancer,

hepatic disease and neurodegenerative disorders, which is the focus of this project (Ishikawa
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et al., 2018; O’Connor and Boulis, 2015; Piccolo and Brunetti-Pierri, 2015; Saadatpour et al.,
2016). Indeed, neurodegenerative diseases, particularly those with a defined genetic mutation
at its origin, are ideal targets for gene therapy development since they usually have few
therapeutic alternatives and there is striking potential for alleviating the suffering of patients.
A remarkable example of this potential is the significant therapeutic benefit of Zolgensma, a
gene therapy treatment which was successful in slowing down the progression of spinal
muscular atrophy (SMA) (Mendell et al., 2017). In this trial, treated children had dramatically
improved survivability upon a single intravenous injection and were able to reach neurological
and developmental milestones that would have been otherwise impossible, leading to the recent

approval of this therapy for clinical use (Hoy, 2019; Mendell et al., 2017).

A crucial step when developing a new gene therapy is choosing the most suitable delivery
system to allow adequate expression of the transgene in the target population of cells while
keeping immunogenicity and off-targets to a minimum (Maguire et al., 2014). The available
vectors for the nervous system are commonly grouped in one of two categories, non-viral and

viral, each one having important advantages and downsides.

As the name implies, non-viral gene therapy consists in administering nucleic acids as a
therapeutic strategy without relying on viruses. This can mean either the administration of
naked DNA/RNA such as antisense oligonucleotides (ASOs), or their combination with
various biomaterials to aid in the transport across the cellular membrane, among which the
most common are lipid-based nanoparticles, polymeric materials, surfactants and carbon
nanostructures (Foldvari et al., 2016). Among these candidates, ASOs have proven to be
particularly promising for neurodegenerative disorders, with an FDA-approved product to treat
SMA and several other treatments having reached human clinical trials for ALS, SMA and
Huntington’s disease (HD) (Schoch and Miller, 2017; Talbot and Wood, 2019). Delivered into
the CSF through intrathecal or intraventricular administration, ASOs can modulate gene
expression in the CNS, either by inducing mRNA degradation via RNAse H recruitment,
modifying alternative splicing or by microRNA (miRNA) sequestration (Schoch and Miller,
2017). In addition to this, naked molecules and non-viral vectors in general have a high safety
profile and affordable costs of production. These successes and advantages, however, are
counterbalanced by a decreased transfection efficiency when compared to viral vectors
(Ingusci et al., 2019; Yin et al., 2014a), as well as the need for sustained administration. The

challenges associated with the low transfection are varied and include the degradation of the
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nucleic acids by endonucleases in the extracellular space, but also difficulties related to

endosomal escape, vector unpacking and transport to the nucleus (Yin et al., 2014a).

Viral gene therapy harnesses the natural capability of viruses to introduce and express their
genomic information in the nucleus of infected cells. Several types of viral vectors are currently
used to develop gene therapies for neurodegenerative diseases including adeno-associated
viruses (AAVs), retroviruses, lentiviruses, adenoviruses and Herpes simplex virus (HSV)
(Jayant et al., 2016). Of these, lentiviruses and AAVs have been the undeniable frontrunners
due to their efficiency and low toxicity, which led to their wide usage in both pre-clinical and
clinical studies (Choudhury et al., 2016). Indeed, not only can they transduce dividing and non-
dividing cells with high efficiency, but they also allow for a robust expression of the transgene
that can last for years or even decades (Choudhury et al., 2016). Lentiviruses were the chosen
vectors in numerous pre-clinical and some clinical studies to treat ALS, SMA, HD and PD
thanks to their low immunogenicity, reasonable transgene packaging capacity (~8 kb) and
simplicity in producing high titers (Nanou and Azzouz, 2009). As disadvantages, lentiviruses
have a low volumetric spread upon injection, limited to 400-600 pm, which results in fewer
cells being transduced, and they integrate their genetic material in the host genome, with
oncogene activation as an uncommon but daunting consequence (Kotterman et al., 2015; Osten
et al., 2006). In contrast, recombinant AAVs have a wider volumetric spread (1-3 mm) (Kells
et al., 2009) and the transgene is kept in an episomal state rather than being integrated in the
host genome, bypassing the potential complications of insertional mutagenesis associated with
lentiviruses (Mulcahy et al., 2015; Murlidharan et al., 2014). Also, despite concerns of adverse
inflammatory reactions resulting from AAV delivery in non-human primates (NHP) and
humans (Hinderer et al., 2018; Mueller et al., 2020), these are generally well managed with
adequate immunosuppression, and AAVs continue to maintain a good safety profile overall.
Moreover, some recently reported serotypes like AAV9 (Duque et al., 2009; Foust et al., 2009),
AAVrh10 (Hu et al., 2010; Zhang et al., 2011), and AAV PHP capsids (Chan et al., 2017;
Deverman et al., 2016) are able to cross the blood-brain barrier (BBB) upon systemic delivery.
This constitutes a major advantage that opens the door for less invasive and systemic
administration, illustrated perfectly by the success of Zolgensma, which used AAV9
administered intravenously to achieve remarkable therapeutic benefit in the CNS (Mendell et
al., 2017; Saraiva et al., 2016). For these reasons, AAVs are the prime choice nowadays
concerning gene therapy applications to the clinic and they will also be the ones used in this

project. However, like every other vectors, AAVs present with disadvantages, among which
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the most pressing are the following: the limited packaging capacity (~4.7 kb), which hampers
the delivery of larger transgenes; the accumulation in the liver after systemic delivery, with the
potential for hepatotoxicity; the existence of serum-circulating anti-AAV neutralizing
antibodies in several species, including humans, which can seriously inhibit systemic gene
delivery (Balakrishnan and Jayandharan, 2014; Saraiva et al., 2016). These highly specific
neutralizing antibodies can exist as a result of childhood exposure or previous administration
of AAV viral vectors and represents one of the most significant challenge to AAV-mediated

gene therapy.

1.4.2 Gene therapeutic strategies for ALS and FTD

ALS and FTD are some of the many diseases whose patients could benefit greatly from gene
therapy. Indeed, as mentioned above, disease-modifying drugs Riluzole and Edaravone have
been approved for treating ALS (Abe et al., 2017; Bensimon et al., 1994; Jaiswal, 2019), but
their impact on disease progression and life expectancy of patients is marginal, while FTD
patients rely only on symptomatic management. Therefore, a successful gene therapy could

revolutionize the treatment of these devastating disorders.

For ALS, a great many number of strategies have been developed so far in pre-clinical studies,
either focusing on less specific strategies that could benefit all affected individuals, or targeting
the precise causative mutations responsible for familial and some sporadic cases (Tosolini and
Sleigh, 2017). A gene therapy-based global ALS treatment could theoretically be achieved by
overexpressing neuroprotective genes and even by silencing a major secondary gene or disease
pathway which, if successful, would benefit patients with different subtypes of the disorder.
Several research groups have pursued such strategies, and a compilation of these approaches
has been thoroughly reviewed (Scarrott et al., 2015). Briefly, this research avenue was explored
by overexpressing neurotrophic factors such as vascular endothelial growth factor (VEGF)
(Azzouz et al., 2004; Dodge et al., 2010; Krakora et al., 2013; Storkebaum et al., 2005; Wang
et al., 2007), glial-derived neurotrophic factor (GDNF) (Krakora et al., 2013; Suzuki et al.,
2008; Wang et al., 2002), hepatocyte growth factor (HGF) (Kadoyama et al., 2007), insulin-

36



like growth factor-1 (IGF-1) (Dodge et al., 2008, 2010; Kaspar et al., 2003) and granulocyte-
colony stimulating factor (Henriques et al., 2011; Pitzer et al., 2008), to promote
neuroprotection. Other groups have reported some interesting alternative approaches, like
overexpressing anti-apoptotic genes (Azzouz et al., 2000; Yamashita et al., 2002) and
downregulating intermediary pathogenic messengers like miRNAs (Koval et al., 2013), genes
involved in calcium-mediated excitotoxicity (Rembach et al., 2004) and apoptosis (Locatelli et
al., 2007; Scarrott et al., 2015). Nevertheless, the beneficial effects of the above-mentioned
treatments are usually modest, and they are more likely to produce secondary effects, due to

their non-specific nature.

With the advancement of ALS genetics and the creation of transgenic models, however, more
targeted therapies started to emerge. In this regard, the greatest progress has undoubtedly been
achieved in ALS with mutations in SODI (SOD1-ALS), probably due to it being the first and
best studied genetic origin of this disease, and the approaches have mainly focused on
downregulating SOD1 using ASOs or interference RNA. The first proof-of-concept with ASOs
was successful in reducing mRNA levels of SOD1, extending the lifespan and improving motor
performance of SOD16%34 rats (Smith et al., 2006), paving the way for a phase I clinical trial
in patients with SOD1-ALS to assess the toxicity of this treatment (Miller et al., 2013). In this
trial, the therapy was administered intrathecally to a total of 21 participants and was deemed
well tolerated, without any significant adverse effects, but it failed to reduce SOD1 protein
levels in the spinal cord and CSF of patients (Miller et al., 2013). This prompted researchers to
develop new, more potent ASOs that significantly extended survival and even reversed
compound muscle action potential (CMAP) signatures in SOD19%4 ALS rodent models
(McCampbell et al., 2018). Excitingly, these next-generation ASOs are currently being tested
in human clinical trials and have already been shown to reduce SOD1 levels in the CSF by up
to 33 percentage points, following regular intrathecal delivery into patients with SODI1

mutations (Miller et al., 2020).

As for interference RNA approaches, these have been delivered by viral vectors, first using
lentiviruses to express a short-hairpin RNA (shRNA) and significantly improving symptoms
and survival of SOD19%3** transgenic mice (Ralph et al., 2005; Raoul et al., 2005). However,
further developments of the safer AAV viral vectors, in particular the neurotropic serotypes
AAV9 and AAVrhl0, prompted important proof-of-concept studies in which delivery of
shRNAs (Foust et al., 2013; Iannitti et al., 2018; Thomsen et al., 2019) or artificial miRNA
(Borel et al., 2016; Keeler et al., 2020; Stoica et al., 2016) delayed disease progression and
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prolonged survival in SOD1 mouse models. Importantly, experiments in NHPs validated the
clinical potential of these approaches (Borel et al., 2016; Foust et al., 2013; Thomsen et al.,
2019), leading to the recent treatment of two SOD1-ALS patients with AAVrh10 delivering an
artificial SODI1-targeting miRNA, considered safer than shRNAs (Mueller et al., 2020).
Delivered through a single intrathecal injection, the treatment was considered relatively safe
for use in humans, although immunosuppression was deemed necessary to prevent an adverse
inflammatory response (Mueller et al., 2020). Despite decreased levels of SOD1 detected in
the spinal cord of one patient, no assertions can be made about the clinical benefit of this
therapy, which will need to be determined by a larger study. Other approaches have been
proposed to treat SOD1-ALS using gene editing, which will be discussed below.

Despite being discovered almost two decades after the first SOD/ mutations, the
hexanucleotide expansion in the C9orf72 gene is the most frequent genetic origin of ALS and
FTD, which prompted scientists to develop new targeted gene therapy approaches at increased
speed. Of these, ASOs binding to the C9orf72 gene are by far the most advanced, having been
shown to consistently inhibit accumulation of expanded transcripts and, consequently, decrease
RNA foci in iPSC-derived neurons (Aoki et al., 2017; Donnelly et al., 2013; Lagier-Tourenne
et al., 2013; Sareen et al., 2013). In addition to this, ASOs were successful in downregulating
C9orf72 in vivo, decreasing G4C2 by-products and, in some cases, rescuing disease-associated
pathways and behavioural deficits in D. melanogaster (Zhang et al., 2015) or mouse models
(Jiang et al., 2016; O’Rourke et al., 2015). These successes motivated the design of a human
clinical trial which is now ongoing (NCT03626012) to assess the safety, tolerability, and
pharmacokinetics of the ASO therapy. As an alternative to ASO approaches, however, AAV-
mediated delivery of artificial miRNAs has also proven successful in reducing RNA Foci and
poly-(GP) DPRs in primary neurons (Peters et al., 2015), and reducing Foci in iPSC-derived
neurons and in a transgenic C9orf72 mouse model (Martier et al., 2019a, 2019b). In addition
to these strategies, gene editing has been explored as a potential therapeutic tool for C9orf72-

ALS/FTD and will be discussed in more detail below.

For other genetic subtypes of ALS, gene therapy approaches are considerably less advanced.
A young patient with a fast-progressing form of ALS caused by a FUS mutation has been given
a tailored ASO treatment (Arnold, 2019), perhaps paving the way for other personalised FUS-
targeting strategies. Also, in an exciting study, Becker and colleagues (Becker et al., 2017)
used ASOs targeting a gene modifier of TDP-43, ATXN2, to treat TDP-43 transgenic mice,

observing remarkable improvements in motor performance and survival of these animals. This
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report raises hopes for a future gene therapy treatment for ALS with 7ARDBP mutations and,
considering how TDP-43 aggregation is a feature in ~97% of cases, it might even have broader

applicability to other fALS and sALS cases (Becker et al., 2017).

Due to the significant genetic overlap between ALS and FTD, the gene therapy approaches
mentioned above that target the C9orf72 gene, TARDBP, and FUS would also be applicable
for patients suffering from FTD. In addition to these, AAV1-mediated gene replacement of
GRN was successful in increasing progranulin in the brain and reversing FTD-like behavioural

+/—

aspects in Grn™~ mice (Arrant et al., 2017). Excitingly, a phase 1-2 clinical trial is set to start
recruiting this year to test an AAV9-based gene therapy to increase progranulin levels in the

brain, following a one-time intra-cisternal injection into the CSF (NCT04408625).

In summary, the significant progress and milestones described above raise hopes that patients
afflicted with these devastating and fatal diseases might soon be offered more efficient
therapies that could slow their disease progression, extend survival and improve their quality
of life. In addition to the strategies mentioned above, however, new possibilities are arising
fast with the advent of gene-editing technologies such as zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENS), meganucleases, and the clustered
regularly interspaced short palindromic repeats (CRISPR)-Cas. Indeed, these technologies are
now significantly complementing the gene therapy toolkit by offering unprecedented access to
directly correct disease-causing genomic mutations (Maeder and Gersbach, 2016). Due to its
simplicity and versatility, though, the CRISPR-Cas system has particularly stood out among
the other editing techniques and will be discussed in more detail bellow, focusing mainly on

the highly successful CRISPR-Cas9 tool.

1.4.3 CRISPR-Cas9 therapeutic gene editing

CRISPR is a bacterial adaptive “immune system” against bacteriophages in which chunks of
the viral genome, termed spacers, are introduced in a specific bacterial locus - the CRISPR-
Cas array - allowing to “memorize” the invading genome for future infections. In the class 2

system, of which we will focus on the type II CRISPR-Cas9, this array is composed by the

39



following elements: the CRISPR array, where the spacers can be inserted in several different
sites, all of which intercalated by repeat sequences; the CRISPR-associated (Cas) operon,
located upstream, which codifies to the effector Cas nuclease responsible for introducing
breaks in the invading DNA, Cas9, as well as Casl, Cas2 and Csn2 proteins, important for the
spacer acquisition step; and the tracrRNA, upstream of the Cas operon, which is crucial for
maturation of the precursor CRISPR RNA (pre-crRNA) (Doudna and Charpentier, 2014; Hsu
et al., 2014). Following the transcription of the CRISPR array into pre-crRNA, the tracrRNA
forms a duplex with the complementary repeat sequence of the precursor molecule, which is
stabilized by Cas9. Then, upon a subsequent infection by the same virus, the Cas9 protein is
guided by the tractrRNA:crRNA duplex into the complementary viral sequence and introduces
a precise blunt double-stranded DNA (dsDNA) break, disrupting in this way the viral infection.
The dsDNA break is exerted by the two catalytic domains of the Cas9 nuclease — RuvC and
HNH - and is dependent upon the presence of a protospacer adjacent motif (PAM) contiguous
to the targeted DNA sequence (Hille and Charpentier, 2016; Mali et al., 2013a). The PAM is
comprised of a nucleotide string that varies according to the Cas9 orthologue, with the most
common ones being ‘NGG’ for S. pyogenes Cas9 (SpCas9); ‘NNGRR(T)’ for S. aureus,
‘NNAGAAW’ for S. thermophilus, NNNNGATT for Neisseria meningitides, among others.

Despite the existence of alternative types of bacterial adaptive immunity, including the class I
and class III CRISPR systems, the simplicity of CRISPR-Cas9 makes it more appealing to
employ in gene editing projects. A major step forward in this direction was taken by
engineering a chimera, termed single-guide RNA (sgRNA), with two major components: a
double stranded RNA molecule composed of the 3’ end crRNA linked to the 5° end of the
tractrRNA by a synthetic stem loop, called the sgRNA scaffold; and the 5’ end of the crRNA
containing a variable ~20 nucleotide string, complementary to the targeted DNA sequence
(Jinek et al., 2012). This ‘upgrade’ bypasses the need for a dual-gRNA system and opened the
door to turn CRISPR-Cas9 into an effective tool capable of inserting cuts in the DNA with
remarkable precision in vitro (Jinek et al., 2012), and one year later in mammalian cells (Cong
et al., 2013; Mali et al., 2013b), revolutionizing the field of genome editing. The potential
applications are exceptionally diverse, encompassing many fields of fundamental biology, but
also agricultural research, disease modelling and medicine (Hsu et al., 2014). Indeed, the
introduction of plasmid DNA encoding for Cas9 and a U6 promoter-driven sgRNA in almost
any kind of cell, whether it is by means of viral or non-viral transfection, is sufficient to

introduce a dsDNA break in a precise region of the host genome, which the cell then tries to
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repair by one of two methods: non-homologous end joining (NHEJ) or homology directed
repair (HDR). The first is error-prone and often results in insertions/ deletions (indels) and, if
the cutting takes place in an exon, the introduction of stop codons that disrupt the expression
of the gene (Ran et al., 2013a). Conversely, HDR is highly reliable and accurate. By co-
delivering a homology repair DNA template of choice with the Cas9-sgRNA complex, it
becomes theoretically possible to introduce any type of nucleotide sequence (up to 1 kb at least)
in a desired genomic location (Ran et al., 2013a), although the efficiency of this process is

usually low in most cell types (Figure 1-5).
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Figure 1-5. CRISPR-Cas9-mediated gene editing. A stable complex formed by Cas9 and a
sgRNA is directed to a targeted genomic region with sequence complementarity to the spacer and a
PAM sequence. Presence of the PAM is necessary for the edit and its sequence varies with the Cas9
orthologue, the most common one being ‘NGG’ for SpCas9. The two catalytic domains of Cas9 then

introduce a dsDNA break at 3-4 bp from the PAM, represented by black scissors, which the cell repairs
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by either NHEJ or HDR. Being error-prone, NHEJ results in random small indels forming in the cut
site which, if directed to an exon, can introduce premature stop codons and disrupt the expression of a
specific gene. If, however, a donor template with overlapping arms is supplied, the highly reliable but
low-efficiency HDR can happen, allowing to introduce almost any desired edit, from single base

changes to indels.

Despite its versatility, efficiency and simplicity, a major concern arose soon after the first
CRISPR-Cas9 reports: the off-target effects. Indeed, three independent studies confirmed that,
even with sgRNAs possessing up to 5 mismatches with the targeted sequence, Cas9 is still able
to introduce dsDNA breaks in human cells (Fu et al., 2013; Hsu et al., 2013; Pattanayak et al.,
2013). Although the efficiency of this off-target activity is considerably reduced when
comparing with the on-target, it became evident that much refinement and optimizations still
had to occur before considering the use of this technology for commercial and biomedical
applications. Owing to the astonishingly fast pace of the field, however, remarkably elegant
and creative solutions have already been put forward to increase the specificity of this tool, or
to bypass some of its potential off-target deleterious effects. Of these upgrades, we will mention
the most impactful ones, starting with the creation of search algorithms, most of them as freely
accessible software, that allow to select sgRNAs with the least computationally predicted oft-
target cut sites (Bae et al., 2014; Haeussler et al., 2016; Montague et al., 2014; Ran et al.,
2013a). Several approaches focused instead on creating high-fidelity variants of the Cas9-
sgRNA complex. This was achieved by either modifying specific aa residues of the Cas
nuclease (Chen et al., 2017; Kleinstiver et al., 2016; Slaymaker et al., 2016), leading to better
discrimination between on-target and off-target activity, or by introducing chemical
modifications in the sgRNAs that significantly reduce off-target binding (Ryan et al., 2018). In
addition to these improvements, the relentless expansion of the CRISPR toolkit recently
allowed new editing applications that, although still generating off-target effects, do not
directly rely on blunt dsDNA cutting, thereby minimizing the danger of unwanted gene
disruptions and chromosomal rearrangements. These upgrades were achieved by using Cas9
variants with engineered mutations in the catalytic domains of the nuclease. One of these
variants was created by mutating both catalytic domains, forming a catalytically-dead Cas9
(dCas9) which still retains its ability to bind DNA in a sgRNA-mediated programmed manner

(Jinek et al., 2012). This dCas9 was then used as a core component to engineer new molecular
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tools in recent years, including CRISPR interference (CRISPRi). This interesting technique
complements interference RNA by using dCas9 alone or fused to effector domains that either
repress or activate transcription, becoming a powerful tool to regulate gene expression (Figure
1-6 A) (Gilbert et al., 2013; Qi et al., 2013). In addition, several authors demonstrated how the
CRISPR-Cas9 system can also be repurposed to bind, track and cut RNA in a programmed
manner, either by the use of PAM-presenting oligonucleotides (PAMmers) or by fusing dCas9
to an RNA endonuclease domain (Figure 1-6 B) (Batra et al., 2017; Nelles et al., 2016;
O’Connell et al., 2014). Another interesting approach, however, consisted in mutating only one
of the catalytic domains of Cas9 (RuvC) which, instead of dSDNA breaks, is only capable of
introducing single-stranded DNA breaks (ssDNA breaks) in the host genome, easily repaired
by the cell machinery. By combining this mutated Cas9 with a pair of sgRNAs targeted at both
the sense and antisense strands of the DNA, in a method named ‘double nickase’, Ran and
colleagues (Ran et al., 2013b) were able to artificially introduce dsDNA breaks in the desired
location while decreasing the off-target cutting by a factor of several hundred-fold (Figure 1-6
C). Also, as an alternative application to the ones mentioned above, a new technique first
developed in 2016 by Komor and colleagues revolutionized the field once again by allowing
programmable base changes from a C-G pairing into T-A, without effecting dsDNA cuts
(Komor et al., 2016). This creative solution, named ‘base editing’, was conceived by fusing a
RuvC-mutated Cas9 nickase with a cytosine deaminase enzyme that converts cytosine to
Uracil, which has the base-pairing properties of thymine (T). The complex was then also fused
with a uracil glycosylase inhibitor (UGI) to prevent the reversing of this reaction and, by
nicking the non-edited DNA strand, this cytosine base editor (CBE) favors in this way the
correction of the U-G mismatch into the desired T-A pairing (Komor et al., 2016). The base
editing toolkit was eventually upgraded to allow the programmed conversion of A-T pairing
into G-C, by using a similar principle but instead fusing the catalytically impaired Cas9 to an
artificially evolved adenine deaminase, creating adenine base editors (ABEs) (Figure 1-6 D)
(Gaudelli et al., 2017). Finally, a recently developed technique, termed prime editing, promises
to take the gene editing field even further in the quest to correct almost all pathogenic mutations
(Anzalone et al., 2019). Indeed, this innovative tool is capable of introducing insertions,
deletions, and any base-to-base conversions in a programmable manner, without requiring
dsDNA breaks or donor DNA templates. To achieve this, a nickase Cas9 fused to a reverse
transcriptase (RT) domain is guided to the targeted sequence by a prime editing guide RNA
(pegRNA), where it synthesizes a small DNA fragment from a template, located within the
pegRNA, containing the desired edit (Figure 1-6 E) (Anzalone et al., 2019).
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Figure 1-6. CRISPR-Cas9-based alternative editing tools with increased specificity.
Alternative CRISPR-Cas9 gene editing tools have been developed based on Cas9 variants with
mutations in its catalytic domains, preventing blunt dsDNA cuts and reducing safety and ethical issues
of translational applications. (A) Catalytically dead Cas9 (dCas9), created by mutating both catalytic
domains, can be used alone or fused to a transcription activator/repressor domain to bind target DNA
in a programmed manner. Although not strictly an editor in itself, this tool allows for controlled
regulation of gene expression by activating or repressing transcription. (B) dCas9 can also be fused to
an RNA endonuclease, being able to cleave target RNA molecules. (C) The ‘double nickase’ technique
uses a catalytically impaired Cas9, or nickase Cas9, created by mutating only one of its catalytic
domains, resulting in the nuclease introducing only ssDNA breaks, which are easily repaired by the
cell. Combining the nickase Cas9 with a pair of sgRNAs binding close to each other can artificially
create a double-strand break with long overhangs on each cleaved end instead of a blunt cut. This allows
for gene disruption and HDR-based editing with remarkably increased specificity. (D) Base editing can
be achieved by fusing nickase Cas9 with a cytosine or an adenine deaminase, allowing to directly
convert target bases without dsDNA breaks. (E) Prime editing also uses nickase Cas9, but instead fused
to a reverse transcriptase domain. This complex is guided by the pegRNA to the target sequence, where
it allows for the introduction of any desired small indel without dsDNA cut, by reverse transcribing a

provided template.

As well as many other scientific fields, the CRISPR-Cas9 system holds great promise for gene
therapy, opening the door to new approaches such as correction of genetic defects with
remarkable precision, instead of just overexpression or silencing paradigms (McMahon and
Cleveland, 2016; Xiao-Jie et al., 2015; Xue et al., 2016). The first attempts at editing disease-
causing mutations were made in vitro, particularly in the zygote of a mouse harboring a
dominant deletion in the exon 3 of the CRYGC gene, which causes cataracts. Through HDR,
the mutant allele was successfully repaired with minimal off-target effects, and the zygote was
capable of originating viable, gene-corrected progeny (Wu et al., 2013). Following this first
proof-of-principle, some impressive works were also reported in other diseases, of which we
will mention a few examples: the correction of the F508 deletion in the CFTR gene, responsible
for cystic fibrosis, in intestinal stem cells from patients (Schwank et al., 2013); the introduction
of the natural occurring CCR5A32 mutation in iPSCs from healthy individuals, conferring
resistance to the HIV virus after differentiation into monocytes/ macrophages (Ye et al., 2014);

the multi exon-skipping of a large region of the DMD gene (exons 45-55) in myoblasts from
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people with Duchenne muscular dystrophy, with the consequent restoration of dystrophin
expression (Ousterout et al., 2015); the allele-specific disruption of mutant Huntingtin in
various cell lines from human patients (Shin et al., 2016); the germline correction of the
nonsense mutation in the DMD gene of mdx mice, creating viable progeny with significant
recovery of dystrophy expression and mitigation of dystrophic muscle phenotype (Long et al.,
2014). Despite these early exciting advances in vitro, however, the utopic concept of
therapeutic gene editing has long been the ability to edit the genome in vivo, although the ideal
delivery system has continuously eluded scientists, as discussed above (section 1.4.1). Hao and
colleagues took advantage of the hydrodynamic tail vein injection of naked DNA, a procedure
known for its ability to transfect liver cells in mice, to establish the first demonstration of an in
vivo gene editing experiment in adult animals (Yin et al., 2014b). The authors of this study
injected Cas9 with a sgRNA targeted to the F’4AH gene in a mouse model of a fatal liver disease,
hereditary tyrosinemia type I, along with a repair template to allow for homologous
recombination. This experiment was successful in inducing FAH" hepatocytes at
approximately 30 days after treatment, in addition to reducing liver damage and attenuating the
weight loss associated with the disorder. Despite this elegant approach, the transduction of
other organs and tissues demands the use of a suitable vector, among which AAVs stand out
as both safe and efficient for human gene transfer. Their packaging size limit, however, renders
these viruses impractical for delivering both Cas9 and a sgRNA in a single construct, for which
reason Swiech and co-workers (Swiech et al., 2014) relied on a double-injection paradigm,
with the sgRNAs being delivered in a separate batch of viruses. In 2015, the same research
group published a significant breakthrough by characterizing a Cas9 orthologue from a
different species, Staphylococcus aureus (herein, SaCas9), with equivalent cutting efficiency
and a smaller size (~3.2 kb) than the standard S. pyogenes orthologue (Ran et al., 2015). The
authors then validated the use of this SaCas9 in vivo by targeting the murine Apob gene in the
liver, upon intravenous injection of C57BL/6 mice with recombinant AAV serotype 8. Finally,
three independent groups went one step further and reported a successful exon skipping
strategy for Duchenne muscular dystrophy, using different AAV serotypes (AAV8 and AAV9)
with either SpCas9 or SaCas9 delivered through various systemic routes (Long et al., 2016;
Nelson et al., 2016; Tabebordbar et al., 2016). Indeed, by delivering sgRNAs specific to the
flanking regions of the mutated exon 23 of mdx mice, the authors were able to excise that exon

and still obtain an apparently functional version of the dystrophin protein.
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Countless other therapeutic proof-of-concept studies have been done using CRISPR-Cas9, and
have been reviewed elsewhere (Karimian et al., 2019; Xiao-Jie et al., 2015), but we will briefly
mention the ones relevant to ALS and FTD, namely the proof-of-concept therapies for SOD1-
ALS and C90orf72-ALS/FTD. For SOD1-ALS, the first attempts used intravenous (Gaj et al.,
2017) or intracerebroventricular (ICV) (Duan et al., 2020) injection of AAVs delivering
SaCas9 to create disruptive indels in mutant SOD1, inhibiting its expression, resulting in
delayed disease onset and increased survival of SOD19%*A mice. Using the same mouse model,
Lim and colleagues (Lim et al., 2020) recently employed an alternative base editing approach,
using a CBE split across two AAV viral vectors. Upon intrathecal delivery, this dual-vector
approach was successful in introducing a nonsense-coding substitution into the mutant SOD1
gene, improving survival and slowing down disease progression (Lim et al., 2020). For
C90orf72-ALS/FTD, CRISPR-based therapies were first explored by using RNA-targeting Cas9
to cleave G4C2 expanded transcripts in a cell line, promoting a reduction of RNA Foci
accumulation (Batra et al., 2017). Finally, a different strategy was also reported in which the
direct targeting of G4C2 DNA with dCas9 can block the transcription and, consequently, the
RAN translation of the hexanucleotide expansion, and was shown to decrease poly-(GP) DPRs
in vitro (Pinto et al., 2017). However, considering that repetitive G4C2 DNA or RNA
sequences abundantly exist in the human genome, the two approaches mentioned above would
probably result in considerable off-target genomic and transcriptomic effects by directly
targeting Cas9 to these sequences. Therefore, additional innovative ideas and strategies are

urgently needed for treat C9orf72-ALS/FTD.

1.5 Introduction to PhD project: aims and objectives

As a consequence of being heterogeneous, polygenic syndromes, difficult to diagnose and with
a high variability of symptoms and outcomes, patients diagnosed with ALS and/or FTD are
still offered a dramatically small and inefficient list of therapeutic options. Indeed, as
mentioned above, the treatment of FTD still relies on symptoms’ management while Riluzole
and Edaravone remain the only disease-modifying treatments currently approved for ALS, with

very modest effects on disease progression and survival. However, the last few years have seen
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remarkable advances in the investigation of these devastating disorders, much owing to
increased media attention and public awareness, as well as increasingly powerful technologies
such as next-generation sequencing. As a result, the discovery of the hexanucleotide repeat
expansion in the C9orf72 as the major genetic origin for both ALS and FTD (Delesus-
Hernandez et al., 2011; Renton et al., 2011), and the ongoing venture to understand its
pathophysiology, disclosed a major part of the mystery link between both diseases. Perhaps
even more importantly, however, these discoveries have suddenly opened a new horizon of
possibilities for more targeted therapies, which are in urgent need, considering the failure of

both drug-based and gene-based therapies aimed at a global treatment.

It was in this context that we proposed to develop and test two new experimental treatments,
both consisting of a highly targeted gene editing strategy, using the CRISPR-Cas9 tool. Our
first approach focuses on expressing SaCas9 through an AAV delivery viral vector together
with a pair of sgRNAs that cut in the flanking regions of the hexanucleotide expansion, excising
the repeats and allowing the re-ligation of the gene (C901, Figure 1-7). Excision of the repeats
was successfully done by others to create control isogenic lines (Ababneh et al., 2020; Abo-
Rady et al., 2020; Dafinca et al., 2020; Selvaraj et al., 2018), but its use in the context of a
therapeutic application has, to the best of our knowledge, never been explored. If successful,
this approach has the potential to tackle all the C9orf72-related pathological mechanisms
mentioned previously, including the haploinsufficiency of C9orf72 protein, RNA-mediated

toxicity, and RAN translation resulting in the accumulation of DPRs.

Our second strategy focuses mainly on the presence of DPRs as a pathological pathway.
Indeed, the second therapeutic construct contains two sgRNAs designed to introduce a deletion
in the sequence immediately upstream of the expansion, eliminating a Kozak consensus with
an alternative start codon necessary for the occurrence of RAN translation (C904, Figure 1-7).
Indeed, it has been demonstrated by others that expressing G4C2 repeats with mutated versions
of this alternative codon significantly reduces DPR formation in vitro (Cheng et al., 2018;
Green et al., 2017; Tabet et al., 2018). We hypothesized that transduction with our viruses will
eliminate this highly regulatory region and might reduce the accumulation of C9orf72-derived
DPRs. If successful, this second approach should theoretically act only on the products of RAN
translation, as opposed to the first strategy. However, considering the highly pathogenic nature
of these dipeptides, a significant reduction of their expression could be enough to alleviate the
neurodegenerative phenotype of C9orf72-ALS/FTD. In addition, our second strategy involves

deleting a considerably smaller sequence of DNA, approximately 90 base pairs (bp) in contrast
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with the thousands of the repeat expansion, which might significantly increase the efficiency

of the editing.

Therefore, the goals for this project can be structured into four main objectives/aims: a) design
and prepare single or dual pAAV constructs capable of expressing SaCas9 and any pair of U6-
driven sgRNAs to create targeted deletions in any region of the genome. Design and clone
different sgRNA sequences that target the human C9orf72 gene according to our two
therapeutic strategies and validate these approaches in a human cell line with 3xG4C2 repeats;
b) produce AAVY viruses and test whether these viral vectors can edit patient-derived
expanded C9orf72 in primary neurons, and whether this editing alleviates C9orf72-specific
pathological hallmarks; c) evaluate the capability of our two experimental therapies to edit the
human C9orf72 gene in vivo and whether they ameliorate the phenotype of a BAC-transgenic
mouse model with C9orf72-linked neurodegeneration and decreased survival; d) introduce
modifications to the strategies used, such as AAV capsid with improved CNS tropism and
stronger promoter, to optimize the delivery and expression of the therapeutic cassettes and test

whether these modifications maximize the efficiency of our proof-of-concept.

The highly innovative nature of this project has the potential to widen the spectrum of CRISPR-
Cas9 applications in molecular medicine, consisting of two new approaches to the treatment of

C9orf72-ALS/FTD, with potential applicability to other nucleotide repeat expansion disorders.
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Figure 1-7. Schematic representation of the two therapeutic strategies designed and
detailed in this project. Schematic outline of our two therapeutic strategies, containing the initial
portion of the C9orf72 gene, with the hexanucleotide repeat region between the non-coding exons la
and 1b and the scissors representing the cut sites for the different sgRNAs tested. The C901 treatment

cuts on either side of the expansion to mutate the flanking sequences and facilitate excision of the G4C2
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repeats. C904 treatment disrupts the sequence directly upstream of the repeats, promoting the excision
of'a ~90 bp fragment that contains a strong Kozak consensus sequence. Red arrows represent C9_ OUT

primers.
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2. Materials and methods
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2.1 Materials

Throughout this thesis, the term ‘vector’ refers to the plasmid DNA or it can be used in specific
sections to ambiguously designate both the plasmid DNA and the viral particle that packages
it. When used exclusively in the context of the viral vector, the term ‘viral’ is included in

addition to ‘vector’.

2.1.1 Plasmid DNA

Table 2.1. Plasmid DNA. List of plasmid DNAs used in this project.

Plasmid Obtained from:

pX601 pX601-AAV-CMV::NLS-SaCas9-NLS-3xHA-bGHpA;U6::Bsal-
sgRNA was a gift from Feng Zhang (Addgene plasmid #61591;
http://n2t.net/addgene:61591 ; RRID:Addgene 61591) (Ran et al.,
2015). Sequence available in Addgene.

LentiCRISPR V2 lentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid #
52961 ; http://n2t.net/addgene:52961 ; RRID:Addgene 52961)
(Sanjana et al., 2014). Sequence available in Addgene.

pX601::dual sgRNA | Cloned in-house (see 2.2.1.7 Cloning of the pAAV-CRISPR-Cas9

cassette single-vector). Sequence available in appendix 1.

pX601::EFS1a::dual | Cloned in-house (see 2.2.1.7 Cloning of the pAAV-CRISPR-Cas9

sgRNA cassette single-vector). Sequence available in appendix 1.

pAAV-CRISPR- Cloned in-house (see 2.2.1.7 Cloning of the pAAV-CRISPR-Cas9

Cas9 single-vector | single-vector). Sequence available in appendix 1.

pC901 Cloned in-house (see 2.2.1.2 Cloning of sgRNAs). Sequence

available in appendix 1.
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pC902 Cloned in-house (see 2.2.1.2 Cloning of sgRNAs). Sequence
available in appendix 1.

pC904 Cloned in-house (see 2.2.1.2 Cloning of sgRNAs). Sequence
available in appendix 1.

pHelper Stratagene; Stockport, UK

AAV9 Rep-Cap Kindly provided by James Wilson, University of Pennsylvania

AAV PHP.eB Rep-
Cap

pUCmini-iCAP-PHP.eB was a gift from Viviana Gradinaru
(Addgene plasmid # 103005 ; http://n2t.net/addgene: 103005 ;
RRID:Addgene 103005) (Chan et al., 2017). Sequence available in
Addgene.

2.1.2 Viral vectors

Table 2.2. Viral vectors. List of viral vectors used in this study.

Virus

Produced:

AAV9 C901

In-house (see 2.2.1.11 AAV production)

AAV9 C901 (2)

In-house (see 2.2.1.11 AAV production)

AAV9 C902 In-house (see 2.2.1.11 AAV production)
AAV C902 (2) In-house (see 2.2.1.11 AAV production)
AAV9 C904 In-house (see 2.2.1.11 AAV production)

AAV9 C904-CHOP

Children’s Hospital of Philadelphia clinical vector core
(CHOP)

AAV PHP.eB CMV-GFP In-house (see 2.2.1.11 AAV production)

53



AAV PHP.eB pX601 Ctrl3 In-house (see 2.2.1.11 AAV production)

AAV PHP.eB pX601 T4l In-house (see 2.2.1.11 AAV production)
AAV PHP.eB pX601 T4D In-house (see 2.2.1.11 AAV production)
AAV PHP.eB pX601 T5B In-house (see 2.2.1.11 AAV production)

2.1.3 gBlocks

Table 2.3. gBlocks sequences. The sequences of the gBlocks used in this project, as they

were ordered from IDT.

Name

Sequence (5°-3°)

L-gBlock

CAGTCAGTCGTCTCACACCAGGGTACCTGAGGGCCTATTTCCCAT
GATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGAT
AATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAA
ATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTT
TAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTT
GAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGAC
GAAACACCGGAGACCACGGCAGGTCTCAGTTTTAGTACTCTGGA
AACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTC
AACTTGTTGGCGAGATTTTTGCAGAGACGATCTAGCA

R-gBlock

GATACGTACGTCTCCTTGCCTGAGGGCCTATTTCCCATGATTCCTT
CATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGA
ATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTG
ACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATT
ATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTA
TTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACAC
CGGGTCTTCGGATCCATGCGAAGACCTGTTTTAGTACTCTGGAAA
CAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAA
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CTTGTTGGCGAGATTTTTGCGGCCGCCGTGGTTTTGAGACGATTC
AGATG

2.1.4 DNA oligonucleotides

Table 2.4. List of DNA oligonucleotides. The sequences of PCR primers, sequencing primers

and sPoly(A) oligonucleotides as they were ordered from Sigma.

Name Sequence (5’-3°)
UG6F ACTATCATATGCTTACCGTAAC
SV4F GAAGAGAATAGCAGGCATGCT
T4BF GAAACACCGCGGGGTCTAGCAA
T4IF GAAACACCGCTTGCTCTCACA
Ctrl1F GAAACACCGATCAGTTCGACG

C9 OUT 7 Fwd CGTCATCGCACATAGAAAACAGA

C9_OUT_7 Rev ACCAGTCGCTAGAGGCGAA

C9 OUT 2 Fwd | TTCGCTAGCCTCGTGAGAAAA

C9_OUT_2 Rev CCAGTCGCTAGAGGCGAAAG

SV3F GAAACACCGGAGACCACGGCA
SV3R GCCGTGGTCTCCGGTGTTT
SVSF GATCCATGCGAAGACCTGTT

EFSla Fwd

AGACGTCGTCTAGAGGCTCCGGTGCCCGTCAG
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EFSla Rev

CTGAGCATCCATGGCCTGTGTTCTGGCGGCAAAC

Prm Rev

GCCCAGGATGTAGTTCCGCTT

sPoly(A) sense

AATTCAATAAAAGATCTTTATTTTCATTAGATCTGTGTGT
TGGTTTTTTGTGTGCGGTAC

sPoly(A) antisense

GATACGTACGTCTCCTTGCCTGAGGGCCTATTTCCCATGA
TTCCTTCATATTTGCATAT

SPAF GGATCCTACCCATACGAT
MI13 Fwd GTAAAACGACGGCCAG

C9 _INT 1 _Fwd GGTGTGGGTTTAGGAGGTGT

C9 INT | Rev CGACTCCTGAGTTCCAGAGC

C9 EXT 3 Fwd | TGCGGTTGCGGTGCC

C9 EXT 3 Rev CTCCTGGGAAAGTGCAGGAC
C904_INT 14 Fwd | GCTAGCCTCGTGAGAAAACG
C904_INT 14 Rev | TAGCGCGCGACTCCTG

Cas9 Fwd ATCGACTACGAGACACGGGA

Cas9 Rev CTGGATTCTATGCCGCCTCC

21238 CTGTCCCTGTATGCCTCTGG

21239 AGATGGAGAAAGGACTAGGCTACA
35766 TCGAAATGCAGAGAGTGGTG

35767 CTTCCTTTCCGGATTATATGTG
GE_Cut_Fwd CTCACAGTACTCTGGGTGAGT
GE_Cut_Rev CAAGGAAGAGGCCAGATCCC
GE_Ctrl Fwd ATCCAGCAGCCTCCCCTAT
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GE _Ctrl Rev

CCAAAAGAGAAGCAACCGGG

MRX-F FAM-
TGTAAAACGACGGCCAGTCAAGGAGGGAAACAACCGCA
GCC

MRX-MI13R CAGGAAACAGCTATGACC

MRX-R1 CAGGAAACAGCTATGACCGGGCCCGCCCCGACCACGCCC

CGGCCCCaGececaa

2.1.5 Single guide-RNAs

Table 2.5. Single guide-RNA sequences. The sequences of the different sgRNAs used in this

project are listed bellow. ‘NNGRRT’ was the PAM sequence used to design all the sgRNAs.

Name Sequence (5’-3’)-‘NNGRRT’
T4UT4U CTTGCTCTCACAGTACTCGCT
T4B CGGGGTCTAGCAAGAGCAGGT
T5B GGCGCAGGCGGTGGCGAGTGG
TSI GCATCCTGGCGGGTGGCTGTT
T71 GAACCCCAAACAGCCACCCGC
T4D CTGTAGCAAGCTCTGGAACTC
Ctrll GATCAGTTCGACGCGATACGGA
Ctrl2 GCGATCCGAATAGCTCGATGC
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2.2 Methods

2.2.1 Invitro experimental methods

2.2.1.1 Design of sgRNAs targeting C9orf72

The sequence of the human C9orf72 gene was retrieved from the ENSEMBL database (Yates
et al, 2016) and used as template for the software Breaking-Cas
(http://bioinfogp.cnb.csic.es/tools/ breakingcas/) (Oliveros et al., 2016). Although SaCas9 still

has appreciable cutting with ‘NGRRN’ PAM sequences, its nuclease activity is maximal with
‘NGRRT’ as PAM (Ran et al., 2015), for which reason this was the sequence selected by us.
One of our two therapeutic approaches focuses on excising the hexanucleotide expansion,
allowing the re-ligation of the gene. Considering this, we designed two sgRNAs cutting
upstream of the expansion (T4B and T4I) and 3 cutting downstream (T5B, T51 and T7I), chosen
based on minimal predicted off-target effects and proximity to the G4C2 sequence (Table 2.5).
For our second therapeutic option, we designed one sgRNA cutting upstream of the targeted
‘CUG’ start codon (same sequence as T4l sgRNA, but denominated T4U when mentioning
this approach) and a second sgRNA cutting downstream, only a few bp away from the

expansion (T4D) (Table 2.5).

The sgRNAs were ordered as single-stranded DNA oligonucleotides and were posteriorly

annealed and cloned into vectors containing the appropriate cloning cassettes.

2.2.1.2 Cloning of sgRNAs

The AAV plasmid expressing SaCas9 and one sgRNA cassette (pX601) was a gift from Feng
Zhang (Ran et al., 2015) and the cloning of sgRNAs into this vector was adapted from a
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previously published protocol (Ran et al., 2013a), with some changes. Briefly, the ssDNA
oligonucleotides designed in silico were annealed and phosphorylated in a single step, using a
thermocycler and the T4 Polynucleotide Kinase (T4 PNK, NEB). The thermocycler program
used consisted of an initial incubation at 37°C for 30 min and a second step at 95°C for 5 min,
after which the annealed oligos were diluted in nuclease-free water (1:200). The vector was
digested with Bsal-HF (NEB) and the free overhangs were dephosphorylated with Calf
intestine phosphatase (CIP, NEB), to prevent re-ligation of the vector. Phenol-chloroform
extraction of the digested plasmid was employed, alternatively to band cutting and DNA
extraction from agarose gel. Overnight ligations were prepared for each sgRNA (annealed
DNA oligo) at 16°C, using the T4 DNA ligase (NEB). Then, ligation reactions were
transformed in Stable Competent E. coli (NEB) and grown in Carbenicillin plates to form
individual colonies. Finally, 2 to 3 colonies were picked from each plate and the correct
insertion of the sgRNAs was verified by digesting with Bsal-HF enzyme. A final confirmation

was made by Sanger sequencing using a primer annealing to the U6 promoter, U6F (Table 2.4).

Cloning into the single vector was done sequentially in the same way, although one of the
sgRNA cassettes contains a Bbsl-cloning site, instead of Bsal site. So, sgRNA1 was inserted
using the protocol described above, and the second one was inserted afterwards with the same
strategy but using Bbsl enzyme (NEB) instead of Bsal-HF. As the U6 primer has two binding
sites in this single-vector, Sanger sequencing of cloned oligos was done with SV4F for the
upstream sgRNAs, while the downstream ones were sequenced with primers matching the

upstream sgRNAs: T4BF, T4IF and Ctrl1F (Table 2.4).

2.2.1.3 Cell culture

HEK293T cells (Human embryonic kidney cell line) were obtained from ATCC and used for
screenings of sgRNA activity and AAV productions. HEK293T cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM with 4.5 g/l Glucose, L-glutamine, without
sodium pyruvate, Sigma), supplemented with 10% FBS and 100 U/ml of penicillin and 100
pg/ml streptomycin (Lonza).
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For primary cortical neuron culture, E16 embryos were dissected from Wild type (WT)
pregnant females after crossing with transgenic C9-500 BAC Tg males. DNA was isolated
from embryos and genotyped for sex and the presence of the transgene. Further details about
this colony and the genotyping are provided bellow (section 2.2.2.1 Breeding and genotyping
of C9-500 BAC mice). Transgenic or non-transgenic female embryos were then used for
further processing. Briefly, the cortices were dissected and digested in 0.25% trypsin in HBSS
without calcium or magnesium (GIBCO) at 37°C for 15 minutes and dissociated manually in
triturating medium by using three fire-burnt Pasteur pipettes with successively smaller
openings. Dissociated cortical neurons were then plated on poly-D-lysine (Sigma) coated plates
at a density of 4°500°000 cells/ plate and maintained in Neurobasal medium (Life
Technologies) supplemented with 2% B27 (Life Technologies), 0.5 mM GlutaMax (Life
Technologies) and 100 U/ml of penicillin and 100 pg/ml streptomycin (Lonza). Cortical neuron
dissection and plating for this project was primarily done by Dr Claudia Bauer with assistance

from Dr Christopher Webster or myself.

2.2.1.4 Transfections in HEK293T cells

HEK293T cells of low passage number (18-30 passages) were maintained as described in the
previous section (2.2.1.3 cell culture) and were seeded onto 24-well plates or 6-well plates at a
density of 75,000 or 300,000 cells per well, respectively. Approximately 24 h after plating,
cells in 24-well plates were co-transfected with 250 ng of each plasmid, using Pei as a
transfection reagent in a 3:1 ratio (Pei:DNA). Transfections of the single-vectors were done
with the same protocol but using 500 ng of the plasmid DNA per well. In 6-well plates, a total
of 2 ng of DNA was used per well, also maintaining a 3:1 ratio of Pei:DNA. The cells were
harvested 48 hours after transfection and processed for either genomic DNA extraction with

Quick-DNA™ Miniprep Kit (Zymo Research) or protein extraction for Western-blot.

60



2.2.1.5 Amplification of exon la, intron I and exon 1b of C9orf72

The Primer-BLAST from NCBI (Ye et al., 2012) was used to design the highly specific
C9 OUT 7and C9 OUT 2 primer pairs, spanning the exon 1a, first intron and exon 1b of the
human C9orf72 gene (Table 2.4). The first attempts to amplify this genomic region were made
through conventional PCR reactions using the FirePol mastermix (Solis BioDyne), 200 nM of
each primer and 1ng/ul of gDNA. The thermocycler program consisted in the following: 95°C
for 2 min, followed by 30 cycles of 95°C for 20s, 58°C for 20s and 72°C for 30s. A final
extension was done at 72°C for 3 min and the PCR product was visualized on a 2% agarose
gel. The failure to amplify this region was due to the GC-rich nature of the sequence, which
promotes the formation of DNA secondary structures that hamper the progress of the
polymerase. To overcome this issue, we added 10% DMSO to the PCR reaction to promote the
denaturation of GC-linked secondary structures. After several troubleshooting steps, we came

up with the optimal conditions for the amplification of this region of interest (Table 2.6):

Table 2.6. PCR reaction to amplify C9orf72 region of interest. List of PCR reagents and

their working concentrations and volumes to amplify exon la, intron 1 and exon 1b of C9orf72.

Reagents Working concentration Final volume used
ddH20 to final 50 pl volume
C9 OUT 7/2 Fwd 0.2 uM 1 pl of 10 uM primer stock
C9 OUT 7/2 Rev 0.2 uM 1 ul of 10 uM primer stock
FirePOL 5x RTL 7.5 Ix 10 pl of 5x stock
DMSO 10 % Sul
DNA Final quantity: 50-150 ng To final quantity 50-150 ng

The thermocycler program is the following:
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Initial denaturation

95°C 3 minutes
Cycle 35x

95°C 30 seconds

57°C 45 seconds

72°C 40 seconds
Final elongation

72°C 10 minutes
Hold

10°C

The PCR product was then visualized on a 2% agarose gel.

2.2.1.6 PCR amplification and sequencing of G4C2 flanking regions

The intronic sequences flanking the G4C2 region of the C9orf72 gene were PCR amplified in
gDNA from 3 different C9-500 BAC mice (Liuetal., 2016). C9 INT 1and C9_EXT 3 primer
pairs (Table 2.4) were designed with Primer-BLAST (Ye et al., 2012) for amplification of the
upstream and downstream flanking sequence, respectively. Conventional PCR was used with
FirePol mastermix, 200 nM of each primer and 150 ng of template DNA (or 1 pl of
QuickExtract gDNA from mouse ear clips). The program used for C9 INT 1 pair was the

following:
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Initial denaturation

95°C 3 minutes
Cycle 35x

95°C 30 seconds

52°C 45 seconds

72°C 40 seconds
Final elongation

72°C 5 minutes
Hold

10°C

The program used for C9 EXT 3 primer pair was identical, except for the annealing

temperature being 56°C instead of 52°C.

Following amplification, PCR products were run on an agarose gel, after which the bands
matching the correct size were cut and the DNA was extracted from agarose using the Wizard®
SV Gel and PCR cleanup kit (Promega). The purified DNA was then inserted into a TOPO
cloning vector, using the TOPO® TA Cloning® Kit (Invitrogen), according to the
manufacturer’s instructions. Transformed bacteria were grown in Kanamycin plates overnight,
after which 2 colonies were picked for each condition to screen for the presence of the insert
by digestion of the plasmid DNA with EcoRI (NEB). Positive clones were then sent for Sanger
sequencing using the M13 Fwd primer (Table 2.4).
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2.2.1.7 Cloning of the pAAV-CRISPR-Cas9 single-vector

In order to clone a single AAV vector expressing SaCas9 with 2 sgRNA cassettes, we designed
2 gBlocks (Integrated DNA technologies) with BsmBI restriction sites in the extremities,
compatible with each other and the sub-cloning vector (Table 2.3). The left gBlock contained
a U6 promoter, a dual Bsal site for sgRNA1 cloning and a sgRNA scaffold. The right gBlock
contained a U6 promoter, a dual BbsI site for sgRNA2 cloning and a sgRNA scaffold sequence.
The two blocks were assembled together in the LentiCRISPR V2 plasmid (a gift from Feng
Zhang (Sanjana et al., 2014)) by using the golden gate cloning strategy. Then, a conventional
cloning step with restriction enzymes Notl and Kpnl was used to cut the entire fragment
(U6:Bsal-site:sgRNA scaffold:U6:Bbsl-site:sgRNA scaffold) and insert it in the pX601
plasmid, replacing the original sgRNA cassette and creating the pX601::dual sgRNA cassette.
The correct assembly of the inserts was verified by Sanger sequencing, using 4 sequencing

primers: SV3F, SV3R, SV4F and SV5F (Table 2.4) (Figure 2-1).
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Figure 2-1. Plasmid map of pX601::dual sgRNA cassette. The plasmid map of the cloned AAV
construct pX601::dual sgRNA cassette, containing a CMV-driven SaCas9 transgene with a bGH
poly(A) sequence followed by a U6:sgRNA cloning site [:sgRNA scaffold:U6:sgRNA cloning site
II:sgRNA scaffold double cassette, all flanked by AAV2 inverted terminal repeats (ITRs). The primers
used for sequencing verification after cloning are shown in purple. This map was exported from

SnapGene viewer, SnapGene® software (from GSL Biotech; available at snapgene.com).

The EFS1a promoter was amplified from the LentiCRISPR V2 by conventional PCR, using
Phusion DNA polymerase (NEB) and 200 nM of the EFSla Fwd and EFSla Rev primers
(Table 2.4), containing Xbal and Ncol restriction sites, respectively. The thermocycler program

was the following:

Initial denaturation

98°C 3 minutes
Cycle 35x

98°C 10 seconds

67°C 30 seconds

72°C 10 seconds
Final elongation

72°C 10 minutes
Hold

10°C

The PCR product was purified by running on an agarose gel followed by DNA extraction from
the cut band, with the GenElute™ Plasmid Miniprep Kit (Sigma). The DNA amplicon
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containing the promoter sequence was then digested with Xbal and Ncol (NEB) and loaded
again on an agarose gel, followed by band cutting and DNA extraction. Finally, the
pX601::dual sgRNA cassette was also digested and purified with the same enzymes, removing
the CMV promoter, and was incubated with the EFS1a in a 20 min ligation reaction at room
temperature. The ligations were then transformed in stabl3 bacteria (TransGen Biotech) and
grown in Carbenicillin plates to form individual colonies. The correct insertion of the EFS1a
promoter was verified by Sanger sequencing using the Prm_Rev primer (Table 2.4), forming

the pX601::EFS1a::dual sgRNA cassette (Figure 2-2).
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Figure 2-2. Plasmid map of pX601::EFS1a::dual sgRNA cassette. The plasmid map of the
cloned AAV construct pX601::EFSla::dual sgRNA cassette. The main features include an EFSla-
driven SaCas9 transgene with a bGH poly(A) sequence followed by a U6:sgRNA cloning site [:sgRNA
scaffold:U6:sgRNA cloning site II:sgRNA scaffold double cassette, all flanked by AAV2 inverted
terminal repeats (ITRs). The Prm_Rev primer used for sequencing verification after cloning is shown
in purple. This map was exported from SnapGene viewer, SnapGene® software (from GSL Biotech;

available at snapgene.com).
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The synthetic 49 bp poly(A) signal (Gray et al., 2011; Levitt et al., 1989) was designed as 2
self-complementary DNA oligonucleotides (Table 2.4), whose annealing created sticky ends
compatible with EcoRI and Kpnl. These 2 restriction sites also flank the bGH poly(A) sequence
in the pX601::EFSla::dual sgRNA cassette plasmid, for which reason a standard “cut and
paste” cloning were sufficient to replace it with the sPoly(a). The correct insertion of the
sPoly(A) was verified by Sanger sequencing using the SPAF primer (Table 2.4), forming the
final configuration of the pAAV-CRISPR-Cas9 single-vector (Figure 2-3).
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Figure 2-3. Plasmid map of final pAAV-CRISPR-Cas9 single-vector. The plasmid map of
the final cloned configuration of the pAAV-CRISPR-Cas9 single-vector. The main features include an
EFSla-driven SaCas9 transgene with an sPoly(A) sequence followed by a U6:sgRNA cloning site
I:sgRNA scaffold:U6:sgRNA cloning site II:sgRNA scaffold double cassette, all flanked by AAV2

inverted terminal repeats (ITRs). The sPAF primer used for sequencing verification after cloning is
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shown in purple. This map was exported from SnapGene viewer, SnapGene® software (from GSL

Biotech; available at snapgene.com).

2.2.1.8 Sequencing of gene-edited bands

Following amplification, with C9_OUT 7 or C9_OUT 2 primers, of the exon la, first intron
and exon 1b from Cas9-edited HEK cells, the PCR products were run on an agarose gel, after
which the top/unedited (~650 bp) and lower/edited (~400 bp for C901 editing and ~540 bp for
C904 editing) bands were cut and the DNA was extracted using the GenElute™ Plasmid
Miniprep Kit (Sigma). In edited C9-500 BAC mouse cells, DNA previously edited by C901
viral vector was extracted from a single band, at the expected sizes (~400 bp). In C9-500 BAC
cells edited by C904, DNA was amplified by PCR using the C904 INT 14 primer pair using

the following program:

Initial denaturation

95°C 3 minutes
Cycle 35x

95°C 30 seconds

53°C 45 seconds

72°C 40 seconds
Final elongation

72°C 5 minutes
Hold

10°C
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This PCR originated a band ~90 bp smaller than the unedited DNA (~365 bp band) in cells
edited with C904 virus. The DNA from the edited band was then purified and inserted into a
TOPO cloning vector, using the TOPO® TA Cloning® Kit (Invitrogen), according to the
manufacturer’s instructions. Transformed bacteria were grown in Kanamycin plates overnight,
after which 2 colonies were picked for each condition to screen for the presence of the insert
by digestion of the plasmid DNA with EcoRI (NEB). Positive clones were then sent for Sanger
sequencing using the M13 Fwd primer (Table 2.4).

2.2.1.9 PCR-based methods for editing efficiency

We designed a qPCR assay based on previously published work (Goyenvalle et al., 2012, 2015;
Tabebordbar et al., 2016) to quantify precision editing efficiency of our therapeutic strategies,
which we defined as editing events that resulted in the complete excision of the targeted

sequences and full re-ligation of the C9orf72 gene.

For the C901 editing strategy (introduced in chapter 1.5), we designed qPCR primers to bind
directly to the predicted re-ligation junction site of C901 (GE_Cut primer pair, Table 2.4),
which will only amplify precision-edited C9orf72 molecules. A different pair of primers were
designed to bind ~80 bp upstream of this ligation site (GE_Ctrl primer pair, Table 2.4), which
amplifies the total number of C9orf72 molecules in a pool of DNA, edited or non-edited. The
delta-C; values for each sample were then used to calculate a percentage of precision-edited
C9orf72, relative to the total C9orf72 molecules amplified. This assay assumes that SaCas9
cuts the target DNA always in the same exact position, and that the C9orf72 gene re-ligates
always in the same way, which is not always the case. For this reason, this assay always gives

an underestimation of true C901 precision editing.

As for the C904 strategy (introduced in chapter 1.5), designing high quality qPCR primers
against the re-ligation site proved unfeasible due to the complex nature of that DNA sequence,
as indicated by Primer-BLAST (Ye et al., 2012). Therefore, we instead did endpoint PCR with
C904 INT 14 primers as described above (see 2.2.1.8 Sequencing of gene-edited bands) and
quantified the ratio of edited:total band intensity using Fiji (Schindelin et al., 2012). We then
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calculated the relative abundance of edited molecules to the total amount of C9orf72 (Figure
2-4), a method used by other authors as well (Yoshioka et al., 2015), and plotted the results as

percentage of C904-mediated precision editing.

7N Total DNA /7N Edited DNA
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Figure 2-4. Quantification method of C904-mediated editing. This figure shows two example
sequences of the method used to quantify C904-mediated precision editing. The two examples show
the application of the method in (A) a case with robust pC904 editing in HEK293T cells and (B) lower
editing efficiency by C904 in AAV transduced C9-500 BAC cortical neurons. Endpoint PCR of C904-
edited DNA with C904 INT 14 primers yields two amplification products (left-hand images), as
discussed above (see 2.2.1.8 Sequencing of gene-edited bands). We first quantified the total intensity
of both bands (middle images), corresponding to the total amount of PCR product, followed by
quantification of the edited band alone (right-hand images). This was then used to calculate relative

abundance of edited C9orf72 and the percentage of precision editing mediated by the C904 strategy.
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2.2.1.10 Western blotting

Unless stated otherwise, total cellular protein was extracted using the following protocol: cells
were washed with ice-cold PBS and lysed with a nuclear and cytoplasmic RIPA
(radioimmunoprecipitation) lysis buffer [5% Tris-HCl (pH 7.4), 1% NP-40, 0.5% Sodium
deoxycholate, 0.01% SDS, 150 mM NacCl, 0.2 mM EDTA] supplemented with 1% Protease
Inhibitor Cocktail (Sigma). Protein concentration was determined by BCA (Bicinchoninic
acid) protein assay (Thermo Scientific) according to the manufacturer’s instructions using
PHERAstar FS spectrophotometer plate reader (BMG Labtech) followed by denaturation in
SDS protein sample buffer (10% Glycerol, 60 mM Tris/HCl pH 6.8, 2% SDS, 0.01%
bromophenol blue, 1.2% beta-mercaptoethanol) by heating at 95°C for 5 minutes. The same
amount of protein from each sample was then loaded into a 10% SDS-polyacrylamide gel and
electrophoresed in Tris/Glycine/SDS running buffer at 60V for 15 minutes then 1-1.5 hours at
100 V. For immunodetection, proteins were transferred onto a Polyvinylidene difluoride
(PVDF) membrane in cold transfer (Tris/Glycine/Methanol) buffer at 250mA for 1.5 hours.
Blocking of the membrane was done in 5% milk in TBST (0.137 M NaCl, 25.92 mM Tris base,
0.1% Tween20) (Sigma) and antibodies mouse anti-HA (1:10°000, Cell signalling), rabbit anti-
C9orf72 (1:1000, Proteintech, 25757-1-AP), mouse anti-GAPDH (1:3000, Merck Millipore),
chicken anti-GFP (1:5000, Abcam) or rabbit anti-VP1, VP2, VP3 (1:400, ARP) were incubated
in blocking buffer overnight at 4°C. The proteins were visualized using the ECL Plus
chemiluminescence detection kit (GE Healthcare) and images were captured using the G: BOX
gel imaging system (Syngene). The band intensities were quantified using Fiji software
(Schindelin et al., 2012). The Western blots were optimised and done by either myself or Ms
Sneha Simon. The HEK C9orf72 KO cell line was created at SITraN by Dr Christopher
Webster.
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2.2.1.11 AAV production

Adeno-associated viruses serotype 9 (AAV9) were packaged by HEK293T cells following Pei
transfection of 3 different plasmids, with the same protocol used routinely in our team
(Herranz-Martin et al., 2017). Briefly, HEK293T were plated at 80-90% confluency into either
30 or 60 cell culture dishes (150 mm) and left for 24 h, after which they were incubated in
serum-free medium and co-transfected with the following plasmids, per dish: 13 pg of the
cloned pAAV constructs, containing the ITR-flanked transgenes; 13 ug of the AAV Rep-Cap
proteins (pAAV2/9); and 26 pg of the pHelper plasmid, which provides helper genes isolated
from adenovirus. Viral particles were harvested at day 5 post-transfection by collecting the
medium from all dishes, incubating with 12.5 units/ml of benzonase nuclease (Sigma) for 2-3
hours and filtering the solution in a 0.22 pm filter. The virus was then concentrated using
Amicon spin filter units (Millipore) to a final volume of 28 ml and purified in a discontinuous
iodixanol (Sigma, D1556) gradient (4 ml of 54%, 9 ml of 40%, 9 ml of 25%, 5 ml of 15%),
with centrifugation at 69,000 rpm for 1.5 h at 18°C. Phenol Red was added to the 54% and
25% iodixanol layers to identify the cleared virus-enriched layer. After centrifugation, viral
particles were removed into 0.5 ml fractions using a 19-Gauge needle, after which 6 ul of each
fraction were mixed at an equal ratio with 2X Laemmli sample buffer, heated to 95°C for 5
min, separated on a poly-acrylamide gel, and stained with Sypro-Ruby according to the
manufacturer's instructions (Life Technologies). Fractions that showed a pure virus composed
exclusively of the VP1, VP2 and VP3 bands were pooled together, and washed several times
in PBS supplemented with 35 mM NacCl in successive centrifugations with an Amicon filter,
before collecting in a final volume of 300-500 pl and frozen at -80°C for long-term storage.
All AAV9 viral productions were made in-house by me, except for one batch of C904 AAV9
virus, outsourced to the Children’s Hospital of Philadelphia (CHOP) research vector core
(Table 2.2).

For AAV PHP.eB production, we followed a detailed protocol published elsewhere (Challis et
al., 2019), which shares similarities to the protocol we used for AAV9 but also some
differences, which we will highlight next. Briefly, HEK293T were plated at 80-90%
confluency in up to 10 cell culture dishes (150 mm) per viral production. They were transfected
24 h later with the following plasmids, per dish: 5.7 pg of pAAV construct, 22.8 pg of PHP.eB
capsid, and 11.4 ng of pHelper (Table 2.1), following a 1:4:2 ratio. The medium from the cells
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was harvested at 3 days post-transfection, and then again at 5 days, together with the cells.
Viral particles in the cells were extracted by lysing the cells in a 500 mM NaCl, 40 mM Tris,
10 mM MgCl: buffer and digesting released nucleic acids with a salt-activated nuclease (SAN,
Arcticzymes) at 37°C for 30 minutes. Viruses in the collected medium were precipitated with
40% polyethylene glycol (PEG, Sigma, 89510-1KG-F), after which the PEG pellet was
resuspended, digested with SAN, and combined with the cell extracts. Debris from this
precipitate was then clarified by centrifugation and the supernatant was loaded in an iodixanol
gradient (Optiprep, Sigma; D1556) to isolate viral particles from contaminating proteins.
Finally, Amicon filters (EMD, UFC910024) were used to wash and concentrate the viral
fraction, which was then stored at 4°C in a PBS solution. All PHP.eB viral productions were

done in-house by me (Table 2.2).

2.2.1.12 AAV9 viral capsid integrity

To check for AAVY capsid integrity, 5 pl of each virus were mixed at an equal ratio with
Laemmli sample buffer, heated to 95°C for 5 min and separated on a poly-acrylamide gel. The
denatured and separated viral capsid proteins were then processed as a normal Western blot,
described above, and incubated with an antibody targeting the AAV9 viral capsid proteins:
rabbit anti-VP1, VP2, VP3 (1:400, ARP). At this stage, successfully purified viral productions
with functional capsids will show three distinct bands at 87 KDa (VP1), 73 KDa (VP2) and
62KDa (VP3). This step was not done for AAV PHP.eB, as it was not required in the protocol
we followed (Challis et al., 2019).

2.2.1.13 AAV titration

Viral titers from both AAV9 and AAV PHP.eB were determined with the Quantifast SyBR
Green PCR Kit (Qiagen, 204054) on a Bio-Rad CFX96 thermocycler, following the
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manufacturer's instructions, using primers hybridizing in the Cas9 ¢cDNA (Cas9 Fwd and
Cas9 Rev, Table 2.4). For each virus, a standard curve was generated by serial dilutions of the
corresponding transgene plasmid, previously linearized. A linear regression fit of the standard
curve was then used to calculate the number of copies in three dilutions of the purified AAVs

(102,103, 10*) and an average of the 3 values was used as the final titer.

2.2.1.14 Immunocytochemistry

Cortical neurons cultured on glass coverslips were fixed in 4% PFA for 10 minutes, washed
with PBS and permeabilized with 0.5% Triton X-100 in PBS. Cells were then blocked with 3%
BSA in PBS for 30 minutes at room temperature and incubated with primary antibodies diluted
in blocking buffer for 2 hours at room temperature. The primary antibodies utilised in this study
included anti-MAP2 (1:500, Sigma-Aldrich) and anti-HA (1:1000, Cell signalling). Finally,
the cells were counter-stained with secondary Alexa-Fluor® conjugated antibodies (1:1000,
Invitrogen) diluted in blocking buffer and incubated for 1 hour at room temperature. Hoechst
stain was used to visualize nuclei. Images were captured using a Leica SP5 confocal
microscope and quantifications were done manually and blinded to the experimental
conditions, using the Fiji software (Schindelin et al., 2012). Immunocytochemistry was done
by Dr Evangelia Karyka, who also acquired images. Transduction and quantification of

transduced cells were done by me.

2.2.1.15 Repeat-primed PCR

Repeat-primed PCR was done using a protocol adapted from previous work (Delesus-
Hernandez et al., 2011; Hantash et al., 2010). Briefly, DNA from C9-500 BAC cells was used
as template for a PCR reaction with SM betaine, OneTaq PCR Master Mix GC Buffer (NEB),
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One Taq High GC Enhancer (NEB) and a mix of three primers: MRX-F, MRX-M13R, MRX-
R1 (Table 2.4). The cycling program was the following:

94°C 3 minutes
Touchdown cycle x32, -0.5°C per cycle
94°C 1 minute
71°C 45 seconds
68°C 3 minutes
Cycle 30x
94°C 1 minute
53°C 45 seconds
68°C 2 minutes (+10s per cycle)
Final elongation

68°C 5 minutes

PCR products were then separated by capillary electrophoresis and results were analysed for
the presence of a sawtooth tail pattern, characteristic of DNA containing a G4C2 repeat
expansion. Cells and DNA were processed by me and sent to the Sheffield Diagnostic Genetics
Service in the Sheffield Children’s Hospital, where an operator blinded to the experiment

performed the PCR and analysis.
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2.2.1.16 Fluorescence in situ Hybridization (FISH)

FISH was performed following the same protocol described previously by our research group,
with minor changes (Cooper-Knock et al., 2014a; Walker et al., 2017). Mouse cortical neurons
were fixed with 4% PFA for 20 minutes at room temperature. Firstly, cells were incubated with
hybridisation buffer (50% formamide, 2x saline sodium citrate (SSC), 100 mg/ml dextran
sulphate, 50 mM sodium phosphate pH 7.0) for 1 hour at 66°C. They were then incubated with
hybridization buffer containing a 5’ TYE-563-labelled LNA (16-mer fluorescent)-incorporated
DNA probe designed against the sense RNA hexanucleotide repeat (1:400, Exiqon, batch
number 607323) at 66°C overnight. After hybridization, wells were washed once in
2xSSC/0.1% Tween-20 at room temperature (5 minutes) and three times in 0.1x SSC at 66°C,
20 minutes each wash. Finally, cells were counterstained with Hoechst, washed three times in
PBS and were visualized in a high throughput confocal microscope (Opera Phenix, Perkin
Elmer). All the solutions used in this protocol were treated with Diethyl pyrocarbonate (DEPC
BioChemica, Panreac Applichem) to eliminate contaminating RNAse enzymes.
Quantifications of RNA Foci(+) neurons were done automatically using the Harmony software

(Perkin Elmer), which detects nuclear inclusions in an unbiased manner.

2.2.1.17 Dot blotting

Total protein was extracted from cortical neurons, transduced or non-transduced with AAVs,
into ice-cold lysis buffer (50 mM Hepes pH7.5, 150 mM NacCl, 10% glycerol, 0.5% Triton X-
100, 1 mM EDTA, 1 mM DTT, protease inhibitor cocktail (Sigma)). Protein extracts were then
left to lyse on ice for 10 min followed by centrifugation at 17,000 g at 4°C for four minutes.
Protein concentration was measured using Bradford Reagent (BioRAD) and 80-100 pg of each
extract were loaded onto a nitrocellulose membrane using a microfiltration apparatus (Biorad).
The membranes were then sliced into strips and analysed by immunoblotting, using antibodies

rabbit anti-poly-Gly-Pro (1:1000, Proteintech) and mouse anti-tubulin (1:10°000, Sigma).
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2.2.2 Invivo experimental methods

All in vivo experiments were approved by the University of Sheffield Ethical Review Sub-
Committee, the UK Animal Procedures Committee (London, UK) and performed according to
the Animal Scientific Procedures Act 1986, under the Project License 40/3739. C9-500 mice
were purchased from The Jackson Laboratory (stock 029099) and were maintained in a
controlled facility in a 12 h dark/12 h light photocycle (on at 7 am/ off at 7 pm) with ad libitum
access to food and water. All animal behavioural experiments in this project were done while

blinded to their treatments.

2.2.2.1 Breeding and genotyping of C9-500 BAC mice

C9-500 is a Bacterial Artificial Chromosome (BAC)-transgenic strain on a FVB/NJ
background, which carries the entire human C9orf72 sequence with approximately 500
hexanucleotide repeats, plus a significant portion of sequence upstream (~50 Kb) and
downstream (~20 Kb) of the gene (Liu et al., 2016). This expanded allele was isolated from a
patient-derived lymphoblastoid cell line (LCL). For expanding and maintaining the colony,
hemizygous males were crossed with WT FVB/NJ inbred females and litters were ear-clipped
at approximately 2 weeks of age for genotyping by PCR, using a protocol adapted from The
Jackson Laboratory. Briefly, genomic DNA was extracted from the ear clips using
QuickExtract (DNA Extraction Solution 1.0, Epicentre Biotechnologies) according to the
manufacturer’s instructions. Then, 0.5 pl of the isolated DNA was used as a template for two

PCR reactions (Tables 2.7 and 2.8):
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Table 2.7. Internal control reaction. List of reagents and their working concentrations and

volumes to amplify the C9-500 BAC genotyping internal control product.

Reagents Working concentration Final volume used
ddH20 6.5 ul
21238 0.5 uM 0.5 ul of 10 uM primer stock
21239 0.5 uM 0.5 ul of 10 uM primer stock
FirePOL 5x RTL 7.5 Ix 2 ul of 5x stock

DNA

Final quantity: 50-200 ng

0.5l

Table 2.8. Transgene reaction. List of reagents and their working concentrations and volumes

to amplify the transgene for C9-500 BAC genotyping.

Reagents Working concentration Final volume used
ddH20 6.5 ul
35766 0.5 uM 0.5 pl of 10 uM primer stock
35767 0.5 uM 0.5 pl of 10 uM primer stock
FirePOL 5x RTL 7.5 Ix 2 ul of 5x stock

DNA

Final quantity: 50-200 ng

0.5l

78



Both reactions were ran simultaneously under the following conditions:

Initial denaturation
94°C 2 minutes
Touchdown cycle x10, -0.5°C per cycle
94°C 20 seconds
65°C 15 seconds
68°C 10 seconds
Cycle 28x
94°C 15 seconds
60°C 15 seconds
72°C 10 seconds
Final elongation
72°C 2 minutes
Hold

10°C

At the end of the reaction, the PCR products were loaded onto a 2% agarose gel with 0.5 pg/ul
ethidium bromide and subjected to electrophoresis for 25 minutes at 120 V in a standard TAE
buffer (40 mM Tris, 20 mM Acetate and 1 mM EDTA). Gels were visualised on a GENi
imaging system (Syngene). All animals were expected to have an internal control band at 415

bp whereas only transgenics show a band at 213 bp.
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For cortical neuron experiments, embryos were also genotyped for sex, using the following

PCR reaction (Table 2.9):

Table 2.9. Sexing by PCR. List of reagents and their working concentrations and volumes for

the sexing of mice by PCR.
Reagents Working concentration Final volume used
ddH20 18.5 ul
sex 1 sry Fw 0.12 uyM 1 pl of 3 uM working solution
sex 1 sry Rev 0.12 uM 1 pl of 3 uM working solution
FirePOL 5x RTL 7.5 Ix 5 ul of 5x stock

DNA

Final quantity: 50-200 ng

0.5l
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Sexing PCR reactions were run with the following program:

Initial denaturation

95°C 10 minutes
Cycle 30x

95°C 30 seconds

65°C 30 seconds

72°C 30 seconds
Final elongation

72°C 10 minutes
Hold

10°C

After the cycling program is over, the reactions were resolved on a 2% agarose gel. A single
band is expected at approximately 200bp in males while no band is expected in females.
Genotyping of C9-500 BAC mice was optimized by myself and Mr Ian Coldicott and then
done routinely by Mr Ian Coldicott.

To maintain reproducibility of the in vivo experiments, we investigated whether all male
breeders were capable of transmitting a fully functional G4C2 expansion to their offspring. We
did this by analysing RNA Foci expression in embryonic cortical neurons cultured from their
progeny. We noticed that some male breeders’ offspring did not show, or showed a very
reduced number of, RNA Foci accumulation. We hypothesised that this could be due to
contractions in the number of G4C2 repeats, or hypermethylation of the promoter in key areas.
Therefore, all animals used in our in vivo studies originated from the same breeders that were

previously confirmed to produce progeny with significant RNA Foci expression.
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2.2.2.2 Viral delivery to mice

For tail vein injections, animals aged 3-4 weeks old were placed in a warmer environment
(31°C) for up to 15 minutes and then firmly held with the aid of a restraining device. A heat
lamp was used to further dilate the lateral veins in the tail, after which mice received a single
intravenous dose of 1x10'2 vg of AAV9 per mouse, in a final volume of 100 pL. For animals
injected with AAV PHP.eB, mice were injected at approximately 6 weeks old and received a

total of 2x10!! vg per mouse in a final volume of 80 pL.

2.2.2.3 Dissection of mouse tissue for DNA and protein collection

Mice were given an overdose of pentobarbital and were transcardially perfused with 20 ml of
room temperature PBS followed by dissection of the entire body. To obtain a more complete
picture of how widespread the viral biodistribution and in vivo editing was throughout the CNS,
the brain was divided into frontal lobe, parietal-temporal lobes and cerebellum (Dorr et al.,
2007), while the spinal cord was divided into cervical, thoracic and lumbar cord. Peripheral
tissues were also collected including heart, liver and hindlimb muscle. All the tissue was
immediately snap-frozen in liquid nitrogen upon collection, after which it was stored at -80°C

until further processed.

2.2.2.4 Viral biodistribution

Genomic DNA was extracted from frozen tissue using Quick-DNA™ Miniprep Kit (Zymo
Research) for CNS tissue and the GenElute™ Mammalian Genomic DNA Miniprep Kit

(Sigma) for heart, liver and muscle tissue. To calculate viral genome load in different organs
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of the mouse, we did the exact same qPCR assay used to titer AAV productions (see 2.2.1.13
AAV titration). The results were plotted as viral genomes per ng of extracted DNA (vg/ng).

2.2.2.5 Invivo gene editing

Genomic DNA was extracted from frozen tissue using Quick-DNA™ Miniprep Kit (Zymo
Research) for CNS tissue and the GenElute™ Mammalian Genomic DNA Miniprep Kit
(Sigma) for heart, liver and muscle tissue. C901 or dual-vector C901 (dvC901)-mediated gene
editing was assessed by doing PCR from extracted DNA with C9 OUT 7/2 primer pairs,
optimised previously (see 2.2.1.5 Amplification of exon 1la, intron 1 and exon 1b of C9orf72).

This PCR amplifies a single ~400bp band in DNA edited with the C901 strategy.

To study C904 or dual-vector C904 (dvC904)-mediated editing, PCR with C904 INT 14
primer pair was done, as described above (see 2.2.1.8 Sequencing of gene-edited bands).
Similarly to the in vitro data, this PCR originates a band ~90 bp smaller than the unedited DNA
(~365 bp band) in cells edited with the C904 strategy.

2.2.2.6 Poly-(GP) ELISA of mouse brains

A portion of the parietal-temporal lobes of mouse brains was mechanically homogenised and
allowed to lyse on ice for 10 minutes in a RIPA lysis buffer [ 150 mM NaCl, 1.0% NP-40, 0.5%
sodium deoxycholate, 50 mM Tris, pH 8.0] supplemented with 1% Protease Inhibitor Cocktail
(Sigma) and 2% SDS. Lysates were then centrifuged at 17°000 g for 20 minutes at room
temperature and supernatant was collected into tubes. Protein concentration was determined
by BCA (Bicinchoninic acid) protein assay (Thermo Scientific) according to the
manufacturer’s instructions using PHERAstar FS spectrophotometer plate reader (BMG

Labtech), after which lysates were all diluted to the same concentration of 1 mg/ml. Samples
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were then sent to the lab of Professor Adrian Isaacs at UCL, where they were blindly analysed

on an MSD imager following a previously published protocol (Simone et al., 2018).

2.2.2.7 Body weight

Due to the high numbers of animals, body weight was routinely taken once every two weeks
after treatment administration, to monitor any adverse reactions to the viruses, and later on to
spot onset of symptoms. However, sometimes weight was temporarily monitored on a daily

basis, as soon as a mouse showed any signs of distress.

2.2.2.8 Open-field

The open field test was done as previously described by our team (Herranz-Martin et al., 2017),
across 3 different timepoints: 10-12 weeks, 18-20 weeks and 26-28 weeks. Animals were
gently placed on a semi-transparent plastic box measuring 60 cmx40 cmx25 cm with a grid of
3x5 squares drawn on the bottom with a permanent marker. Activity was measured for 10
minutes in a room with minimal light, during which the number of squares crossed was
recorded. Before the beginning of the study, it was previously defined that a mouse crossed a

square when all four paws crossed over one of the boundaries.
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2.2.2.9 Grip strength

The grip strength of mice was measured at 35-37 weeks, 38-40 weeks and 40-42 weeks with a
four limb hang test, adapted from previous studies with mouse models (Aartsma-Rus and van
Putten, 2014; Deacon, 2013; Gleitz et al., 2017; Kondziella, 1964). Mice were placed on a wire
grid system, which was then inverted to force the animals to sustain their own weight using
just their limb tension for up to 2 minutes. For mice that fell off the grid before the maximum

time, they were given 2 extra tries and the best score was used for analysis.

2.2.2.10 Electrophysiology-CMAP

In preparation for in vivo electrophysiological recordings, mice were first placed under a
gaseous anaesthesia (maintained with a gas mixture of oxygen and 1-2% isoflurane through a
nose cone at a flow rate of 1 L/min) and body temperature was maintained using an electric
heat pad (CWE, USA). Also, the fur of the left hindlimb was shaved thoroughly to optimise

signal conductance.

A Dantec Keypoint Focus EMG System (Optima, UK) was used for the setup. Briefly, a
grounding electrode was placed in the base of the tail (Ambu Neuroline, UK), and ring
recording electrodes were gently coated with Ten20 conductive paste (Pulse Medical Ltd, UK)
and placed circumferentially around the distal hindlimb muscles. A pair of subdermal
electrodes (Ambu Neuroline, UK) were then used to subcutaneously apply a square wave
electrical impulse of 0.5-1ms duration at the sciatic notch, and the compound muscle action
potential (CMAP) amplitude was measured. To ensure we recorded the supramaximal
response, we positioned the subcutaneous electrodes so that a response was first obtained using
a stimulating current of 1-2 mA, after which the current intensity was increased until no further
increase in amplitude was seen. The supramaximal amplitude recording of each animal was
used to plot the results. CMAP recordings were taken with assistance from Dr James Alix and

Mr Ian Coldicott.
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2.2.2.11 Dissection and cutting of mouse brains for histology

Mice were given an overdose of pentobarbital and were transcardially perfused with 20 mL of
room temperature PBS followed by dissection of the brain and spinal cord. Ice-cold 4%
paraformaldehyde (PFA) was used for post-fixation of the brain, cervical and lumbar spinal
cord, to be further analysed by histology. Post-fixation was done for 24 hours, after which the
tissue was cryoprotected in a PBS solution containing 30% sucrose until the tissue sank. At
this point, brains and spinal cords were embedded in optimal cutting temperature (OCT) and
frozen at -80°C until ready to be sectioned. Hindlimb muscle was also post-fixed for posterior

analysis of Neuromuscular junction (NMJ).

Mouse brains were sliced in a cryostat, with sections either cut for free-floating with 40 um

thickness, or cut directly onto microscope slides at 16 um thickness.

2.2.3 Statistical analysis

Unless otherwise stated, all data are presented as mean + standard error of the mean (s.e.m.) of
at least 3 experimental replicates. Statistical analysis was performed using GraphPad Prism 8.
Statistical differences were analysed using the following tests: One-way Anova; Chi-square
test; Mantel-Cox (log-rank) test, Gehan-Breslow-Wilcoxon test; with p < 0.05 considered to

be statistically significant.
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3. Design and validation of gene editing

therapeutic vectors

87



3.1 Introduction

As detailed previously (chapter 1.5), this project focuses on designing a highly targeted gene
therapy to treat C9orf72-linked ALS and FTD which, despite vast pre-clinical research
(Donnelly et al., 2013; Jiang et al., 2016; Lagier-Tourenne et al., 2013; Martier et al., 2019a,
2019b; Sareen et al., 2013; Simone et al., 2018), does not have any market-approved treatment.
In this project, we decided to counter the considerable complexity of C9orf72-linked
neurodegeneration by employing one of the most powerful and versatile tools in molecular
biology in recent years: CRISPR-Cas9 editing. By the time this project was being planned,
three different groups reported the use of CRISPR-gene editing to treat Duchenne muscular
dystrophy, using Cas9-mediated dual double-strand cutting to promote the skipping of exon 23
(Long et al., 2016; Nelson et al., 2016; Tabebordbar et al., 2016). Inspired by these results, we
wondered whether a simultaneous dual double-strand cut could be used to introduce strategic
deletions in the C9orf72 which could modulate its transcription and translation, altering the
course of disease. If successful, our first idea was to then use this system to excise the entire
repeat expansion from the C9orf72 first intron, whose treatment we later designated C901.
However, our main concern with this approach was whether the size of the expansion would
complicate its removal and the re-ligation of the gene (from here on referred to as precision
editing), instead promoting the localized repair of each double-strand cut without excising the
whole fragment. Unsure whether this would constitute a problem, we devised another strategy
to test in parallel. The work of two different teams on studying the mechanisms of RAN
translation in C9orf72 was crucial to this alternative idea (Green et al., 2017; Tabet et al., 2018).
In these publications, the authors reported the presence of a strong Kozak consensus sequence
located just 24 bp upstream of the expansion which contains an alternative ‘CUG’ start codon
used by the cell to initiate non-canonical RAN translation of the repeats. We hypothesized that
introducing a partial deletion in this highly regulatory region had the potential to inhibit RAN
translation and DPR production, whose role in C9orf72-mediated pathology has numerous and
compelling evidence (Freibaum and Taylor, 2017). We designated this alternative treatment as
(€904, an approach expected to enable more efficient precision editing by aiming for a shorter

deletion, compared to C901.

This chapter describes the first steps and all the considerations we took to translate these ideas

from just theoretical concepts into experimental gene therapies ready to be tested pre-clinically.

88



To achieve this, we broke down this task into smaller, key milestones. First, testing the general
concept of the project. In particular, checking whether and how expressing Cas9 and a pair of
sgRNAs hybridising in the human C9orf72 could induce programmable deletions in a
reproducible manner. Second, considering how to express this system from a clinically relevant
single vector, that can be used to produce therapeutic AAV particles in a relatively cost-
effective way. Finally, investigating how editing the C9orf72 gene can impact on the levels of
endogenous protein, to have an early understanding of potential deleterious effects from these

experimental therapies.

3.2 Co-transfection of two AAV CRISPR constructs can edit the

human C9orf72 gene: a proof-of-principle

The ultimate aim of this project was to develop a gene therapy that could be delivered from an
AAV virus, due to their excellent safety profile and their recent successes in clinical trials
which, in some cases, led to market licensing (Carpentier et al., 2012; Gaudet et al., 2013;
MacLaren et al., 2014; Mendell et al., 2017; Stroes et al., 2008). Considering this, we decided
to use SaCas9 which, after its discovery, was repurposed for AAV-mediated delivery due its
smaller size, when comparing with the canonical SpCas9 (Ran et al., 2015). To target the
C9orf72 gene with efficient sgRNAs and minimal off-target cutting activity, we took advantage
of the freely accessible software Breaking-Cas (Oliveros et al., 2016), which can be used to
design the customized target-specific spacer portion of sgRNAs (used interchangeably with the
term sgRNA throughout this document, for convenience). Moreover, this software allows
selection for customized PAM sequences such as the ‘NNGRRT”’, the optimal PAM for SaCas9
(Ran et al., 2015), used to design every sgRNA in this project. We used ENSEMBL (Zerbino
et al., 2018) to retrieve the sequence of the human C9orf72 gene, which we then used as a
template. We designed a total of six different sgRNAs on the basis of least off-target effects,
with two of them hybridizing upstream of the Kozak sequence (T4B and T4l, Figure 3-1), one
binding between the Kozak sequence and the G4C2 repeat region (T4D, Figure 3-1) and three
sgRNAs targeting the region downstream of the repeats (Figure 3-1). To screen for the
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expected genomic deletions in the C9orf72 gene, we used primer blast (Ye et al., 2012) to
design highly specific primers to the 5’ region of the gene, encompassing the exon la, first

intron containing the G4C2 region and the short exon 1b (red arrows, Figure 3-1).

~ GCTCTGG
_— Exon la W G4C2(n) ——— Exonlb W

S
X— T4B —T5B

X— T41 X—TSI
X— T4D X—Tﬂ

Figure 3-1. sgRNAs targeting the human C9orf72 gene. Schematic outline of the initial portion
of the C9orf72 gene, with the hexanucleotide repeat region between the non-coding exons la and 1b.
The strong Kozak consensus sequence containing the alternative start codon (in red) for RAN
translation is shown just upstream of the G4C2 repeat region. The scissors represent the binding sites
for the different sgRNAs designed and tested in this project. Expression of the sgRNAs, comprising the
customized target-specific spacer and the sgRNA scaffold, will guide the Cas9 nuclease to the targeted

regions in the C9orf72. Red arrows represent approximate C9_OUT primer pairs binding sites.

For a quick and preliminary platform to check the validity of our ideas, we decided to use
HEK293T cells, which have 3xG4C2 repeats, mainly due to the highly optimised and available
protocols to edit their genome with CRISPR (Ran et al., 2013a). Also, their fast-growing rate
and easiness to transfect make them an ideal, quick screening platform. We employed a
paradigm of co-transfections using an expression construct designed by Ran and colleagues
(Ran et al., 2015), pX601, which expresses SaCas9 from a CMV promoter followed by a U6-
driven sgRNA cloning site (Figure 3-2). After cloning all sgRNAs in this construct, we were
then able to co-transfect HEK293T cells with different combinations of the same vector cloned

with the different guides binding upstream and downstream of the repeat region.
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Figure 3-2. Co-transfection of two AAV CRISPR constructs can express different
sgRNAs combinations targeting human C9orf72. Schematic representation of the co-transfected
AAV pX601 vectors, each expressing Staphylococcus aureus Cas9 (SaCas9) driven by the CMV
promoter and a U6-driven sgRNA, flanked by ITR sequences. One of the plasmids expresses a sgRNA
binding upstream while the second expresses a sgRNA binding downstream of the target sequence.

Equal quantities of each plasmid were used for co-transfection.

The cells were incubated for at least 48 hours following co-transfection, after which we
performed endpoint PCR on extracted gDNA using C9_OUT primer pairs. This PCR yielded
a band of the expected size corresponding to the full, unedited fragment of the C9orf72 gene
in every treated and untreated condition (Figure 3-3). Interestingly, however, the same PCR
done in gDNA from cells co-transfected with the CRISPR constructs also yielded a lower band
(white arrowheads, Figure 3-3), corresponding to the same segment of the C9orf72 without the
fragments cut out by our strategy. Since each sgRNA binds to a slightly different sequence, the
combinations of co-transfections introduce smaller or bigger deletions, explaining why the
edited bands never have the exact same size. In each treated condition, a middle band appears
between the unedited and the edited band, a common phenomenon in PCRs from mixed pools
of DNAs, corresponding to the heteroduplex formed between those two bands, which migrates

at an intermediate speed in an agarose gel.
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Figure 3-3. Co-transfection of HEK293T cells with combinations of CRISPR constructs
can edit the C9orf72 gene. PCR amplification using a C9_OUT primer pair amplifies a non-edited
band of ~650 bp in gDNA from treated and non-treated cells, but originates an additional smaller band
(white arrowheads) in gDNA from HEK293T cells co-transfected for 48 hours with the different
combinations of sgRNAs binding upstream and downstream of the repeat region. These bands
correspond to the same amplified fragment but with partial deletions in the first intron, eliminating
different sized fragments that include the hexanucleotide repeat region. Intermediate bands (black
arrows) migrating between the non-edited and the edited bands are heteroduplex DNA products formed

by hybridization of non-edited and edited DNA. NT = non-treated.

Analysis of these preliminary results already gave us some very relevant information. On one
hand, it validated the basic concept behind our ideas, as the simultaneous expression of a pair
of sgRNAs with SaCas9 was capable of introducing targeted deletions in the C9orf72 gene. On
the other hand, we could exclude the T5I sgRNA from future experiments, as it shows very
low activity when co-expressed with sgRNAs binding upstream of the G4C2 repeats (Figure
3-3).
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3.3 Single-vector expression of C901 and C904 efficiently deletes

C9orf72 targeted regions and promotes the re-ligation of the gene.

After the success of our co-expression paradigm, we sought to investigate whether expression
of all therapeutic components from a single-vector construct would achieve similar results.
Indeed, considering the ultimate aim of this project would be the translation of these strategies
to the clinic using AAV-mediated gene therapies and considering the high costs of clinical-
grade viral vector production (Ayuso, 2016), we initially hypothesised that the ability to use a
single virus would be advantageous. Therefore, we used golden gate assembly to generate the
pAAV-CRISPR-Cas9 single-vector expressing SaCas9 from a CMV promoter and two U6-
driven sgRNA cloning sites (Figure 3-4). We then cloned the combinations of sgRNAs
sequentially into this construct, after which we were able to do single transfections in

HEK?293T cells.

HEK293T

el

Single
5211bp transfection

Figure 3-4. Single-vector construct expressing SaCas9 and two different sgRNAs.
Schematic representation of the single pAAV vector cloned for this experiment, which expresses
SaCas9 driven by the CMV promoter and two expression cassettes containing U6-driven cloning sites
for insertion of sgRNAs followed by the sgRNA scaffold sequence. This vector can be transfected into
HEK293T cells to introduce targeted deletions in the genome.
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As per section 3.2, cells were kept for at least 48 h before harvesting for indel analysis.
Interestingly, we obtained similar results as co-transfections, with PCR amplification of
extracted gDNA using C9_OUT primers yielding edited bands (white arrowheads, Figure 3-5)
in cells transfected with our single-vector construct cloned with the different combinations of
sgRNAs. To further confirm the editing of the C9orf72, we TOPO-cloned the edited bands
from two of the treated conditions (black arrows, Figure 3-5) and sent them for Sanger
sequencing. Analysis of the sequencing confirmed that the human C9orf72 gene had been re-
ligated across the predicted cut sites (determined as 3-4 bp before the PAM sequence),
confirming the accuracy of this system and the excision of the targeted regions (sequencing

traces, Figure 3-5) (Sanger sequencing of bands in appendix 2).

T4B/T5B
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T41/T5B
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Figure 3-5. Indel screening of transfected HEK293T cells and sequencing confirmation
of editing. PCR amplification using a C9_OUT primer pair amplifies a non-edited band of ~650 bp in
gDNA from treated and non-treated cells. The same PCR originates an additional smaller band (white
arrowheads) in gDNA from HEK293T cells transfected for 48 h with the single AAV CRISPR construct
expressing different combinations of sgRNAs binding upstream and downstream of the repeat region.
Intermediate bands (black arrows) migrating between the non-edited and the edited bands are

heteroduplex DNA products formed by hybridization of non-edited and edited DNA. Edited bands from
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two sgRNA combinations (long black arrows) were TOPO-cloned and sequenced (lower panels),

aligning to the re-ligated C9orf72 gene around the predicted cut sites.

Upon confirmation that a single-vector delivery achieved comparable editing of the C9orf72,
we then focused our efforts in reducing the size of this construct, to enable its packaging in an
AAV-based viral vector. Indeed, AAV has a limited packaging capacity of approximately 4.7
Kb, with packaging over 5 Kb resulting in truncations of the transgene (Wu et al., 2010). To
overcome this risk, we replaced the CMV promoter with the much smaller Elongation factor
short 1a (EFS1a), which has been successfully used for viral gene delivery before (Tabebordbar
et al., 2016). We then cloned a smaller, synthetic poly(A) signal (Gray et al., 2011; Levitt et
al., 1989) to replace the bGH poly(A), further reducing the size of the construct to 4.65 Kb
(Figure 3-6).

It was now warranted to check that these alterations to the promoter and poly(A) did not alter
the vector’s efficiency. To achieve this, we proceeded to the final selection of two pairs of
sgRNAs that would fit our two different editing strategies: C901, which consists of excising
the G4C2 repeats region; and C904, which targets and deletes the sequence immediately
upstream of the repeats (Figure 1-7, chapter 1.5). From simple observation of the previous gel
screenings (Figure 3-5), every pair of sgRNAs displayed would be a good candidate for the
C901 therapy, but we selected the pair T4l/T5B (from now on, simply referred to as C901) for
showing the highest intensity ratio of edited:unedited band. As for C904, the very short
sequence length between the targeted Kozak consensus and the G4C2 repeats allowed for
identification of only one good sgRNA candidate for binding downstream: T4D (black scissors,
Figure 3-1). Considering the strong editing activity already shown with T41, we selected the
T41/T4D pair of sgRNAs (from now on, simply referred to as C904) for the C904 therapy. We
also designed a pair of sgRNAs, Ctrll and Ctrl2 (from now on, simply referred to as C902),
that do not bind anywhere in the human or the mouse genome with up to four mismatches, to
serve as editing controls. The abovementioned pairs of sgRNAs were then sequentially cloned
into our shorter, modified AAV construct (Figure 3-6), after which we could transfect

HEK293T cells for indel analysis.
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Figure 3-6. Short single-vector construct expressing SaCas9 and two U6-driven sgRNAs
that can be inserted in an AAYV virus. Schematic representation of the shorter version single-AAV
vector cloned for this experiment, which expresses SaCas9 driven by the EFS1a promoter (~215 bp)
and two expression cassettes containing U6-driven cloning sites for insertion of sgRNAs followed by
the sgRNA scaffold sequence, flanked by AAV2 ITRs. Due to its size, this vector can be used to produce
recombined AAV particles. The selected therapeutic sgRNA pairs T41/T5B and T41/T4D as well as the

control pair Ctrl1/Ctrl2 were cloned sequentially in this vector to form therapeutic constructs C901,

C904 and C902, respectively.

Upon single transfections of HEK293T cells for 48 h, PCR amplification with C9_OUT primer
pairs from extracted gDNA revealed gene editing in cells transfected with plasmid C901 and
C904 (pC901 and pC904, respectively), while all control conditions resulted in the sole
amplification of the unedited version of the C9orf72 gene (Figure 3-7 A). The much smaller
deletion introduced by C904 explains the bigger size of its edited DNA. Finally, we quantified
the efficiency of precision editing and concluded that indeed this system elicited robust and
reproducible editing of the C9orf72 in HEK293T cells, with approximately 45% efficiency for
pC901 (Figure 3-7B) and 49% for pC904 (Figure 3-7 C).
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Figure 3-7. Transfection of HEK293T cells with the optimised single-AAV constructs
induces robust and reproducible C9orf72 gene editing. (A) PCR amplification using a
C9_OUT primer pair shows how transfection in HEK293T cells with pC901 and pC904 induces robust
gene editing, as shown by amplification of smaller, edited bands (white arrowheads) in gDNA extracted
48 h post-transfection. The intermediate band (black arrow) migrating between the non-edited and the
edited bands in the pC901 lane is the heteroduplex DNA product formed by hybridization of non-edited
and edited DNA. (B and C) qPCR quantification estimates a 45% and 49% of precision editing by
pC901 and pC904, respectively, upon 48 h transfections in HEK293T cells (n=4 biological replicates).
Different methods were used to estimate pC901- and pC904-induced precision editing (see chapter

2.2.1.9 PCR-based methods for editing efficiency).
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3.4 Editing the C9orf72 gene with C901 and C904 does not impact on

the endogenous protein expression

One of the major concerns related to our therapeutic strategies was how the editing of the gene
would impact on endogenous C9orf72 protein expression. In particular, considering the regions
targeted by both strategies are in close proximity or even overlapping with the promoter regions
(Haeusler et al., 2016), it was sensible to explore whether C901 or C904-mediated deletions
could result in a decrease in C9orf72 protein levels. To test for this, we transfected HEK293T
cells with pC901 and pC904 for 48 h, which we knew beforehand that originated robust gene
editing and ran Western blots on protein extracts from these cells (Figure 3-8 A). We also
transfected HEK293T with pC902 and with a plasmid encoding GFP, to serve as the editing
and transfection controls, respectively. To make sure our C9orf72 antibody was specific, we
used a HEK KO line created in-house using CRISPR to introduce a premature stop codon in
exon 2 (Figure 3-8 A). Interestingly, quantification of these blots revealed that neither pC901
nor pC904 had any impact on WT C9orf72 expression (Figure 3-8 B). The absence of the band
at the expected ~50 KDa in the KO line confirmed the specificity of the antibody used.

1.5 C9orf72 expression
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Figure 3-8. pC901 and pC904-mediated C9orf72 gene editing does not alter the
expression of WT endogenous protein. (A) Western blot of extracts from HEK293T cells
transfected with GFP, pC902, pC901 and pC904. GAPDH was used as loading control. (B) Western-
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blot quantification shows that neither pC901 nor pC904 significantly affect the WT C9orf72 protein

expression 48 h after transfection (n=3 biological replicates). One-way ANOVA, ns = not significant.

3.5 Discussion

In this chapter we describe the conceptualization of the project, the design of our proposed
therapeutic strategies, their initial in vitro validation in cells without a pathogenic C9orf72
expansion and the optimisations of the vector into a gene therapy construct ready to be
packaged into AAV viruses. The design of the single-vector construct was one of the most
technically challenging aspects of this stage due to the large size of the transgene, requiring
creative solutions and forcing us to take several considerations. For instance, even though
SaCas9 cDNA (~3.2 Kb) is considerably smaller than the most commonly used SpCas9 cDNA
(~4.2 Kb), its size immediately rules out using self-complementary AAV (scAAV). Having
been used with great success in the clinic to treat SMA (Mendell et al., 2017), scAAV is an
attractive configuration because it mediates earlier and more efficient transgene expression
than single-stranded AAV (ssAAV) (McCarty et al., 2001; Wang et al., 2003). However,
because of the transgene size, we were limited to cloning our constructs into a ssAAV vector.
In addition to this, our editing strategy requires expression of two sgRNAs, bringing the size
of the transgene to approximately 5.2 Kb (Figure 3-4), going over the packaging limit of AAV

and risking 5’ viral genome truncations.

One potential solution to reduce the size of this vector would be to express both sgRNAs from
a single promoter, using a polycistronic gene that can be transcribed and processed into two
separate sgRNAs. Several mechanisms have been designed so far that could achieve this, the
first of them consisting in expressing both sgRNAs linked by a sequence recognizable by the
Csy4 RNA nuclease from Pseudomonas aeruginosa, co-expressed by the same construct,
which then cleaves the target sequence and releases the two sgRNAs (Nissim et al., 2014; Tsai
et al., 2014). Importantly, this system allows to express the sgRNAs from either the commonly
used, ubiquitous RNA polymerase III U6 promoter, or from an RNA polymerase II promoter,

allowing tissue specific expression. Even though this creative mechanism can be very useful
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for many CRISPR-mediated multiplexing experiments, its usefulness increases with the
number of sgRNAs to be expressed. Since our strategy requires only two, and considering the
need to co-express the Csy4 nuclease, we would still need to provide the Cas9 from a separate
construct, effectively neutralizing its advantage in this project. A better alternative for our
strategies would consist in using ribozymes, a class of enzymatic, self-cleaving RNA molecules
(Kruger et al., 1982), that were first used to circumvent the need for RNA polymerase I1I
promoters to express sgRNAs in yeast (Gao and Zhao, 2014) and Leishmania donovani (Zhang
and Matlashewski, 2015). We could use this strategy to flank each sgRNA with the self-
cleaving ribozymes Hammerhead (HH) and Hepatitis delta virus (HDV) on its 5° and 3’ end,
respectively, as was reported previously to successfully edit human cells (Nissim et al., 2014;
Yoshioka et al., 2015). This would bypass the need to use a U6 promoter, as we could drive
expression of every component in our transgene cassette from the CMV promoter which,
considering the small size of these ribozymes, would reduce the size of the construct (Figure
3-9 A). Alternatively, we could also express both gRNAs from a single U6 promoter if we
linked both guides with the HDV and HH ribozymes (Xu et al., 2017) (Figure 3-9 B). If,
however, we wanted to avoid the use of ribozymes altogether, there is another elegant approach
that would be compatible with our therapeutic strategies. This approach takes advantage of the
highly conserved tRNA processing system, in which pre-tRNAs are cleaved at specific sites to
trim its 5 and 3’ extra sequences. This system was first demonstrated by Xie and colleagues
(Xie et al., 2015) who, by linking two or more sgRNAs with specific tRNA sequences, were
able to use the endogenous cell machinery to process a polycistronic transcript in rice plants.
Several adaptations of this system were successful in other plant species (Hui et al., 2019;
Wang et al., 2018) and also in human cells (Dong et al., 2017), which led us to consider
adapting this strategy in our construct by linking our sgRNAs with tRNA or combine its use
with ribozymes (Figure 3-9 C and D). However, a study comparing the ribozymes and tRNA
polycistronic systems in parallel found that these are slightly less efficient in their induced
editing than expressing each sgRNA under its own U6 promoter, due to imperfect cleavage of
the two sgRNAs (Xu et al., 2017), for which reason we ultimately decided to go with this

conformation (Figure 3-4).
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Figure 3-9. Alternative conformations for the single-vector construct used in this project.
(A and B) Alternative strategies to reduce the size of our therapeutic single-vector construct using self-
cleaving HH and HDV ribozymes, allowing to drive expression of the entire construct from the CMV
without the need for a polymerase III promoter or (B) expressing both sgRNAs from a single U6
promoter. (C) A different conformation which takes advantage of the cellular endogenous tRNA
cleaving system by using specific tRNA linker sequences to separate both sgRNAs and drive their
expression from a single U6 promoter. (D) A combination of the ribozymes and tRNA strategies,
allowing to express the entire transgene from the CMV and saving space that would otherwise be
occupied by the U6 promoters. These concepts were shown to work in one way or another with spCas9
in a number of projects spanning several animal and plant models (Dong et al., 2017; Gao and Zhao,
2014; Hui et al., 2019; Nissim et al., 2014; Wang et al., 2018; Xie et al., 2015; Xu et al., 2017; Yoshioka
et al., 2015; Zhang and Matlashewski, 2015).
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With the option of a polycistronic gene excluded for now, we decided to reduce the size of the
single vector by replacing the CMV promoter with a smaller one, such as the EFSla (Kim et
al., 1990; Nelson et al., 2010) or MeP (Gray et al., 2011), with approximately 215 bp and 230
bp, respectively. The MeP promoter was reported to induce low, long-term expression in the
CNS and was even used in an SpCas9 construct to mediate in vivo gene editing (Swiech et al.,
2014). However, the widespread and well-described use of EFS1a in gene editing applications
driving either SpCas9 or SaCas9 from AAV and lentiviruses in various tissue and cell types,
both in vitro and in vivo gave us confidence to adapt it for this project (Escobar-Aguirre et al.,
2019; Heckl et al., 2014; Kumar et al., 2018; Nishiyama et al., 2017; Tabebordbar et al., 2016;
Vora et al.). Nevertheless, we have still generated the constructs in Figure 3-6 with the MeP
promoter as a contingency plan, and we have future experiments planned to investigate whether
it mediates stronger editing in vitro and in vivo compared with the EFSla. Replacing the
promoter reduced the size of the construct to approximately 4.85 Kb, which can fit into an
AAV particle, although packaging transgenes over 4.7 Kb can result in reduced viral titer. To
avoid this, we cloned in a minimal 49 bp synthetic poly(A) signal that has been used before to
package large transgenes (Gray et al., 2011; Levitt et al., 1989; Swiech et al., 2014), although
its use can result in reduced transgene expression when compared with the bGH poly(A)

(Azzoni et al., 2007).

In 2017, Kim and colleagues (Kim et al., 2017) reported an even smaller Cas9 nuclease from
Campylobacter jejuni, CjCas9, whose cDNA is approximately 200 bp smaller than SaCas9,
which makes it a very attractive alternative for in vivo gene editing projects. Although the
timing of its publication was incompatible with this project, it is interesting to speculate
whether we can use CjCas9 for our editing strategies in the future since it would allow us to
use either a slightly bigger promoter than the EFSla or, alternatively, use the bGH poly(A)

signal.

As discussed above, all the changes made to the construct by us were the result of careful
consideration and reaching a compromise between transgene expression strength and error-free
AAV packaging efficiency. Interestingly, these modifications did not impact the final vector
(Figure 3-6) negatively, as evidenced by its high efficiency in editing the C9orf72 gene in
HEK293T cells (Figure 3-7 B and C). Indeed, this efficiency might be even higher than the one
calculated, since the qPCR assay used is likely to underestimate the editing rate of the C901
therapeutic strategy (see chapter 2.2.1.9 PCR-based methods for editing efficiency).
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The last experiments of this chapter focused on investigating the outcome of editing the
C9orf72 gene on the endogenous protein production. Indeed, the design of our experimental
strategies implicates that the WT allele of the gene will be edited just like the mutant, expanded
allele. Considering that the vast majority of C9orf72 patients are heterozygous, it was important
to assess the effect of our gene editing therapies in a normal, WT allele without a pathogenic
expansion. Although all regions targeted by our sgRNAs are non-coding, they either overlap
or locate in near proximity of the promoter regions (Haeusler et al., 2016), for which reason
we feared mutating those sequences. Also, despite contradicting reports in the literature,
haploinsufficiency is still commonly proposed as a mechanism to explain expanded C9orf72-
mediated neurodegeneration (Shao et al., 2019; Shi et al., 2018), and as such, decreasing WT
protein expression would not make for an attractive therapeutic option. The experiments we
describe, however, conclusively prove that even with ~50% of every WT C9orf72 allele being
edited by C901 and C904 in a given cell population, the endogenous protein levels remain

unchanged.

To summarise, in this chapter we have described the design of two new experimental therapies
based on a highly targeted CRISPR-mediated editing of the C9orf72 gene. We have developed
an ITR-flanked AAV construct that can be cloned with any pair of sgRNAs to introduce
genomic deletions or chromosomal translocations via AAV delivery. We have cloned this
construct with the appropriate sgRNAs and demonstrated how it can induce precise,
programmable deletions in the C9orf72 gene of a human cell line. Finally, we have
demonstrated how robust C901 and C904-mediated editing does not alter the WT protein
expression. The next step will be to produce AAV viruses and testing these experimental

therapies in cells with a C9orf72 gene containing a hexanucleotide repeat expansion.
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4. In vitro testing: cells with expanded

C9orf72
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4.1 Introduction

In the previous chapter, we have described the rationale behind our therapeutic approaches, the
design of our strategies and their components, and an in vitro proof-of-concept in HEK293T
cells that have 3xG4C2 repeats. Although they showed promise, it was difficult to predict how
these experiments would translate into clinically relevant models, owing mainly to two
different difficulties that we could foresee. The first issue concerns the delivery of the
therapeutic constructs into the target cells, as the remarkably high transfection rates routinely
achieved in HEK293T cells are unlikely to be replicated in any other cell types. Second, the
presence of the hexanucleotide expansion with its instability, highly mutagenic nature and
strong secondary structures could pose difficulties to the Cas9-mediated editing. It was then
warranted to test our therapeutic approaches in more relevant disease models, particularly with

a mutated C9orf72 gene.

The C9-500 BAC mouse model described by Liu and colleagues (Liu et al., 2016) was created
by inserting an entire copy of a human C9orf72 gene with 500xG4C2 repeats including introns
and substantial portions of flanking sequence, originally derived from a patient, into the mouse
genome of an FVB/NJ background. In their study, the authors described how a sub-population
of the C9-500 BAC transgenic animals develop a fast-progressing disease with C9orf72-ALS
hallmarks such as progressive paralysis and decreased survival, in addition to
neurodegeneration, accumulation of RNA Foci and DPRs, and NMJ denervation. Furthermore,
the characterised animals are hemizygous, meaning they lack a WT copy of human C9orf72.
Since the mouse orthologue of C9orf72 differs substantially from the human gene in its 5’
region, this means that any gene editing events near the G4C2 repeat region in the hemizygous’
genome and its downstream consequences would be linked exclusively to the expanded allele.
In contrast, testing our experimental therapies in patient-derived human cells would pose a
significant problem when trying to assess its editing efficacy in the presence of a C9orf72
expansion, since we wouldn’t be able to trace the origin of edited DNA to the mutant or the

WT allele.

Considering these reasons, the C9-500 BAC model presented itself as an ideal platform to start
testing our therapeutic strategies in disease-relevant cells after their initial validation in the

HEK293T cell line. In this chapter, we describe our first steps in exploring the suitability of
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primary cortical neurons cultured from these mice as an initial screening platform for our
proposed therapies. We then report how we took advantage of this quick and easy access to
C9-500 BAC neuronal cells to test our editing strategies, namely their ability to edit mutated
human C9orf72 and its impact on pathophysiological hallmarks of disease like RNA Foci and
DPRs. We expected that these experiments would give us an early indication of the therapeutic

potential of our strategies and inform us on whether to start testing these in vivo.

4.2 Validating cortical neurons cultured from C9-500 BAC mice as an

in vitro model to test C9orf72 therapeutic editing

As an initial in vitro platform to start testing our therapeutic strategies in cells with a human
expanded C9orf72 gene, we decided to use primary cortical neurons cultured from C9-500
BAC mouse embryos. Considering that the C9orf72 copy used to create this model was cloned
from a human patient (Liu et al., 2016), we wondered whether any patient-specific mutations
in the genomic region flanking the expansion would create mismatches between the designed
sgRNAs and their target sequence. To explore this possibility, we decided to PCR-amplify and
sequence the regions flanking the repeat expansion in DNA extracted from these mice. We
started by designing primers to amplify a ~180 bp sequence upstream of the G4C2 repeats
(Figure 4-1 A), whose PCR vyielded a product at the predicted size (Figure 4-1 B). TOPO-
cloning of the band followed by Sanger sequencing showed that the region upstream of the
expansion in this model aligns perfectly to the human C9orf72 sequence retrieved from
ENSEMBL. Indeed, close analysis of the sequencing data reveals no genetic mutations in the
DNA targeted sequence of the T4l and T4D sgRNAs used in this project (Figure 4-1 C) (Sanger

sequencing of band in appendix 3).
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Figure 4-1. Investigation of potential mutations in the region upstream of the G4C2
repeats in C9-500 BAC Tg mice. (A) Schematic representation of the PCR designed to amplify the
region directly upstream of the repeat region, spanning exon la and the first half of intron 1. The primer
pair C9_INT 1 was designed for this PCR, represented by blue arrows. (B) Agarose gel of the PCR
reaction shows successful product amplification at the expected size (white arrowhead). (C) Alignment
of Sanger sequencing traces of TOPO-cloned PCR band reveals perfect complementarity with the
human C9orf72 DNA template used to design the sgRNAs. Black lines with scissors represent sgRNA
binding sites, showing no mutations that could prevent the correct binding of the guides. The alignment

panel was cropped from Benchling, the software used to align the sequences (Benchling, 2020).

Likewise, we designed PCR primers to amplify a ~840 bp region located directly downstream
of the expansion in DNA from the C9-500 BAC model (Figure 4-2 A and B). Interestingly,
TOPO-cloning of the amplified DNA followed by Sanger sequencing also revealed perfect
complementarity of the patient DNA used to generate the C9-500 BAC model to the reference
human C9orf72 gene, in the T5B sgRNA targeted region (Figure 4-2 C) (Sanger sequencing
of band in appendix 3). These results suggest that the sgRNAs used in C901 and C904 editing
strategies should bind to their targeted C9-500 BAC sequence without any mismatches.
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Figure 4-2. Investigation of potential mutations in the region downstream of the G4C2
repeats in C9-500 BAC Tg mice. (A) Schematic representation of the PCR designed to amplify the
region directly downstream of the repeat region, spanning the non-coding exon 1b and several bp of
intronic sequence. The primer pair C9_EXT 3 was designed for this PCR, represented by purple
arrows. (B) Agarose gel of the PCR reaction shows successful product amplification at the expected
size (white arrowhead). (C) Alignment of Sanger sequencing traces of TOPO-cloned PCR band reveals
perfect complementarity with the human C9orf72 DNA template used to design the sgRNAs. Black
line with scissors represents T5SB sgRNA binding site, expressed by the C901 therapy construct,
showing no mutations that could create potential mismatches. The alignment panel was cropped from

Benchling, the software used to align the sequences (Benchling, 2020).

Having confirmed sequence complementarity of the model with the sgRNAs used in this
project, we were ready to start testing our editing strategies in cortical neurons from C9-500
BAC mice. Primary neuronal cultures are considerably difficult to transfect chemically (Karra
and Dahm, 2010; Sariyer, 2013), for which reason we decided to use viruses, particularly

AAV9, which are highly efficient delivery vehicles to postmitotic cells. In addition to this,
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AAV09 has an excellent safety profile and has been used with remarkable success in pre-clinical
and clinical trials to treat neurological diseases, making it an ideal viral vector for potential
clinical applications (Iannitti et al., 2018; Mendell et al., 2017; Meyer et al., 2015). However,
before producing the therapeutic viruses, it was warranted to explore the ability of AAV9 to
transduce cortical neurons from the C9-500 BAC model and the suitability of the EFSla
promoter for this cell type. To check for this, we transduced cortical neurons from non-Tg
embryos with an AAV9 virus expressing GFP under the EFS1a promoter and observed high
transduction levels, with over 55% of GFP-expressing neurons, demonstrating the suitability

of the AAV9 capsid and the promoter for these experiments (Figure 4-3).
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Figure 4-3. The AAV9/EFSla promoter system mediates efficient gene transfer in

cultured cortical neurons from C9-500 BAC mice. (A) Confocal microscope images showing
how 6-day transduction of cortical neurons cultured from C9-500 BAC mice with AAV9 EFS1a-GFP
induces efficient GFP expression, demonstrating that the capsid and the promoter can be used to mediate
transgene expression in these cells. Scale bar = 20 um. (B) Quantification of GFP-positive neurons
transduced with AAV9 EFS1a-GFP for 6 days, showing over 55% transduction efficiency (n=3

biological replicates).

Taking these results into account, we proceeded to make large-scale productions of
recombinant AAV9 viruses from all our CRISPR constructs: C901, C904 and our control
sgRNA construct C902. Western blot and qPCR confirmed that all viral productions
successfully assembled intact AAVY particles and with high viral titers, respectively (Figure
4-4) (Table 4.1).
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Figure 4-4. Viral production of C901, C902 and C904 yields intact AAV9 particles.
Western blot of viral extracts from C901, C902 and C904 viruses probed with an antibody against AAV
capsid proteins VP1 (87 KDa), VP2 (73 KDa) and VP3 (62 KDa) shows the corresponding bands at the

correct sizes, demonstrating the capsid integrity of the viruses produced.

Table 4.1. AAVY viral titers. List of titers of AAV9 productions used in this chapter,

expressed as viral genome copies per ml (vg/ml).

Virus Titer

AAV9 C901 4.48x10"3 vg/ml
AAV9 C901 (2) 7.14x10"3 vg/ml
AAV9 C902 1x10"3 vg/ml
AAV9 C902 (2) 5.72x10"3 vg/ml
AAV9 C904 2.83x10"3 vg/ml
AAV9 C904-CHOP 1x10" vg/ml
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Having produced the viruses, it was important to confirm whether these viral vectors were able
to express SaCas9 in the C9-500 BAC cortical neurons. With this objective in mind, we
transduced cortical neurons from non-Tg littermates with our different recombinant AAVs, to
carry out immunocytochemistry. Indeed, in all of our constructs, SaCas9 is tagged with an HA
epitope which allows the tracking of transduced cells. This study revealed that all of the
produced viruses were able to mediate expression of HA-tagged SaCas9 (Figure 4-5 A) in these
neurons with an efficiency ranging from approximately 15 to 30% (Figure 4-5 B). There was

no statistical difference in the transduction efficiency between the different viral treatments.
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Figure 4-5. AAV9 transduction induces expression of HA-tagged Cas9 in cortical neurons
from C9-500 BAC mice. (A) Confocal microscope images showing HA expression upon 6-day
transduction of C9-500 cortical neurons with C901, C902 or C904 viruses (600’000 vg/cell). Scale bar
=20 pm. (B) Quantification of HA-positive neurons transduced with C901, C902 or C904 for 6 days,
showing no significant differences between treated groups (n=3 biological replicates). One-way

ANOVA, ns = not significant.
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Since the ultimate aim of these experiments was to evaluate therapeutic efficacy of editing the
C9orf72, we decided to investigate whether C9-500 BAC cortical neurons displayed
pathological hallmarks of disease, such as accumulation of repeats-containing RNA Foci.
Being direct by-products of expanded C9orf72, and considering that each Foci is composed of
a single mutant transcript (Liu et al., 2017), expression of RNA Foci could be used as a
sensitive method to evaluate immediate downstream effects of C9orf72 gene editing events.
Also, there is evidence to support their role as an important disease mechanism (Cesnik et al.,
2019; Cooper-Knock et al., 2014a; Zu et al., 2013), for which reason they could be used as an
early indicator of therapeutic potential. Considering this, we cultured cortical neurons from
C9-500 BAC transgenic and non-Tg embryos and carried out FISH staining, which confirmed
that these neurons display high levels of sense RNA Foci (Figure 4-6), located mainly in the
nucleus. RNAse A-treated neurons did not show any expression of Foci, demonstrating the

specificity of this assay.

Figure 4-6. Cortical neurons cultured from C9-500 BAC mice display sense RNA Foci in
the nucleus. Confocal microscope (Opera Phenix, Perkin Elmer) images showing the presence of
sense nuclear (white arrowhead) RNA Foci in cortical neurons from transgenic C9-500 BAC embryos.
These Foci are absent in RNAse A-treated Tg neurons and in cortical neurons from non-Tg littermate

embryos. Scale bar =5 um.
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These results put together demonstrate how cortical neurons cultured from the C9-500 BAC
mice constitute an excellent in vitro model to study gene modulation of C9orf72 for therapeutic
purposes. Indeed, it provides a quick access to primary neuronal cells containing a pathogenic
human C9orf72 allele, whose G4C2 flanking regions are conserved and mutation-free. In
addition, these cells can be transduced with the clinically relevant AAV9 virus and display

nuclear RNA Foci, which can be used as a screening method for therapeutic potential.

4.3 Transduction with C901 and C904 successfully edits human
C9orf72 in cortical neurons and decreases key expansion by-

products

Having established the suitability of primary cortical neurons from C9-500 BAC model to test
our therapeutic strategies, we proceeded to check whether we could edit a human C9orf72 gene
with a pathogenic G4C2 expansion. The genetic design of this model makes it ideal for these
experiments, since hemizygous mice do not have a WT allele and the mouse orthologue of
C9orf72 differs from the human sequence in its 5’ region. Considering this, we are able to
pinpoint any editing events to the human pathogenic allele exclusively. We started by culturing
cortical neurons from 3 different transgenic embryos for 8 days, which we transduced with our
different viruses on day 2. Even though they were genotyped as transgenic, we took the
additional step of confirming the presence of a G4C2 pathogenic expansion by analysing DNA
from each of the 3 embryos by repeat-primed PCR (Figure 4-7).

114



200 300

U\JU_AMAMJ\_W\MA.M\_
felsfboofaclolbobebsbe | ks roboblsebs]

Figure 4-7. Repeat-primed PCR confirms G4C2 expansion in cortical neurons from used
embryos. DNA extracted from each of the 3 embryos used in this experiment was analysed by repeat-
primed PCR and tested positive for the presence of the hexanucleotide expansion. This image represents

the traces from one of these embryos. The other traces can be found in appendix 4.

At the end of the experiment, DNA extracted from treated neurons was analysed by endpoint
PCR across the 5’ region of the C9orf72 gene to check for precision editing. This PCR did not
originate a product in non-treated or C902-treated cells, presumably due to the 100% GC nature
of the repeat expansion (Figure 4-8 A), as was reported previously (DeJesus-Hernandez et al.,
2011). However, in neurons transduced with C901 for just 6 days, the deletion of the entire
repeat region allowed the polymerase to read through and originate a product (arrowheads,
Figure 4-8 A). TOPO-cloning of the edited bands followed by Sanger sequencing confirmed
that the C9orf72 gene had been edited and re-ligated with remarkable precision across the
predicted cut sites for sgRNAs T4l and T5B, having essentially introduced a deletion in the
region that included the G4C2 repeats (Figure 4-8 B and C). Quantification by qPCR of all 3
samples estimated a ~1.5% rate of precision editing induced by C901 in C9-500 BAC neurons.

115



#1INT
#1 C902
#1 C901
#2NT
#2 C902
#2 C901
#3NT
#3 C902
#3 C901

en
=
Z

B
Template: —Pocommcer carcuaT
hﬂ“m“mhmmm““ﬂﬂ”H
(1..) (..197..)
Template: —pe -
PCR: —>MMM Mﬁmﬂ
E '“';'“9“;‘”‘) (.. .ZASO)
C
—> <

T
e D

Figure 4-8. C901 can delete a full-size G4C2 expansion from the human C9orf72 gene.
(A) Agarose gel showing consistent excision of a full-size C9orf72 pathogenic expansion with C901,
in cortical neurons derived from the C9-500 BAC mouse model. PCR amplification with C9 OUT 2
primers flanking the GC-rich repeats does not give any product in non-treated (NT) or C902-transduced
neurons, since the polymerase cannot read through the expansion. In neurons transduced with a high
dose of C901 (600’000 vg/cell), the G4C2 expansion is excised enabling the polymerase to read through

the sequence and originate a product (white arrowheads). #1, #2 and #3 represent cortical neurons
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cultured from 3 different embryos. (B) Alignment of Sanger sequencing traces of a TOPO-cloned edited
band. The lower panel shows how the edited DNA aligns to the human C9orf72 gene excluding the
portion cut by C901, demonstrating that the gene re-ligated across the predicted cut sites. The panels
are cropped images of alignments using Benchling (Benchling, 2020). (C) Schematic representation of
the C901 strategy and its editing on the C9orf72 region of interest. PCR amplification using C9_OUT 2
primers (red arrows) in cortical neurons from C9-500 BAC mice does not amplify any product, due to
secondary structures and the GC-rich nature of the expansion, and the absence of a WT allele. C901-
mediated cutting promotes the excision of the repeats and re-ligation of the C9orf72 gene, allowing the

PCR to yield a product.

Following a similar strategy to the C901 screening, we proceeded to confirm whether the C904
strategy was also able to edit an expanded human CO9orf72 allele, considering the close
proximity of its target sites to the hexanucleotide expansion. Therefore, we cultured C9-500
BAC cortical neurons for 8 days, including a 6-day transduction period with a high dose of
C904 virus. Upon genomic DNA extraction, a PCR was run using a pair of primers designed
to amplify the region immediately upstream of the G4C2 repeats. This PCR yielded a ~400 bp
band in DNA from all transgenic neurons, but also amplified an additional, slightly smaller
product corresponding to the exact same portion of the C9orf72 gene with a targeted ~90 bp
deletion (Figure 4-9 A). To confirm our hypothesis, we TOPO-cloned the edited bands upon
extracting the DNA from the agarose (arrowheads, Figure 4-9 A) and sent the samples for
Sanger sequencing. Alignment to human C9orf72 and analysis of the traces confirms the
deletion introduced in the region upstream of the G4C2 repeats, effectively removing the
targeted Kozak sequence from the gene (Figure 4-9 B and C). By calculating the band intensity
ratios we estimated a ~14% precision editing induced by C904 in these neurons across 3
different transgenic embryos, a considerably higher editing rate than that of C901 virus in these
cells. However, it is important to note that the apparent improvement in precision editing
efficiency of C904 compared with C901 might be linked to the different methods used to
calculate precision editing, and not necessarily due to C904 being a more efficient editing

strategy.
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Figure 4-9. C904 can introduce a targeted deletion in the regulatory region upstream of
the G4C2 expansion in human C9orf72. (A) Agarose gel showing C904-mediated editing of the
CYorf72 gene in C9-500 cortical neurons upon PCR amplification with C904 INT 14 primers.
Transduction with a high dose of C904 therapeutic virus (600’000 vg/cell) introduces a targeted ~90 bp
deletion originating edited bands at the expected size (white arrowheads) just below the unedited
product. #1, #2 and #3 represent cortical neurons cultured from 3 different embryos. (B) Alignment of
Sanger sequencing traces of a TOPO-cloned edited band. The panel shows how the edited DNA aligns
to the human C9orf72 gene excluding the portion excised by C904, a ~90 bp fragment that includes the
targeted Kozak sequence. The panel is a cropped image of an alignment using Benchling software
(Benchling, 2020). (C) Schematic representation of the C904 strategy and its editing of the first intron
of the C9orf72. PCR amplification using C904 INT 14 primers (red arrows) in cortical neurons from
C9-500 BAC mice amplifies a product of ~400 bp. The same PCR done in DNA extracted from C904-
treated cells amplifies an additional, ~90 bp smaller product, resulting from the deletion strategically

introduced in the regulatory sequence upstream of the repeat expansion.
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Having established the ability of our therapeutic viruses to edit expanded C9orf72 in primary
neurons, it was now important to investigate whether this editing had an impact in the key
pathological hallmarks of C9orf72, namely RNA Foci and DPR production and accumulation.
Deriving from the direct transcription of the G4C2 repeats, RNA Foci constitute the most
upstream by-product of the C9orf72 expansion, for which reason we focused on this readout
first. Having previously established the presence of Foci in C9-500 BAC transgenic cortical
neurons (Figure 4-6), we transduced these cells with our different AAV CRISPR viruses for 6
days and scanned the plates with the high-throughput confocal microscope Opera Phenix
(Perkin Elmer) after FISH staining. Automated, unbiased quantification of FISH-positive
nuclear inclusions with the Harmony software revealed that C901 (Figure 4-10 A) and C904
(Figure 4-10 B) viruses reduced the percentage of neurons displaying sense RNA Foci when

comparing with control conditions.
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Figure 4-10. Transduction of C9-500 BAC cortical neurons with C901 or C904 reduces
RNA Foci accumulation. High throughput, automated quantification using Harmony software
(Perkin Elmer) shows that 6-day transduction with (A) C901 or (B) C904 therapeutic viral vectors
reduces the percentage of Foci(+) nuclei by ~15% and ~19% (n=6 biological replicates), when
compared with the NT (n=6 biological replicates) and C902 (n=5 biological replicates) control
conditions, respectively. One-way ANOVA, *p<0.05, **p<0.01.
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Considering how this decrease is also significant in relation to the control sgRNAs virus
(C902), these results suggest that the editing of the C9orf72 gene is the underlying mechanism
that is driving the reduction of RNA Foci. Also considering the well-studied role of sense Foci
in C90rf72 pathology (Cesnik et al., 2019; Cooper-Knock et al., 2014a), we can speculate that
C901 and C904-mediated editing might have therapeutic benefit in C9orf72-associated

diseases.

Bolstered by these results, we wondered whether this effect would have an impact in more
downstream by-products such as DPRs, which result from the non-canonical RAN translation
of the G4C2 repeats, and play an important role in the pathophysiology of this mutation
(Goodman and Bonini, 2019). One of the biggest difficulties, however, when studying
endogenous non-tagged DPRs is the high background levels and low specificity of available
anti-DPR antibodies, and the inadequacy of conventional methods to study protein expression,
such as Western blot. Dot blot (Cykowski et al., 2019; Hautbergue et al., 2017; Mackenzie et
al., 2015) and ELISA assays (Gendron et al., 2015; Lehmer et al., 2017; Lopez-Gonzalez et al.,
2016; Simone et al., 2018; Su et al., 2014) are examples of techniques that have been adapted
to overcome these issues and are used widely to study the expression levels of DPRs.
Considering this, we transduced cortical neurons from the C9-500 BAC model at 2 days in
vitro (DIV 2) with our different viruses for a total of 6 days until DIV 8, after which we ran
Dot blots on protein extracts and probed with an antibody against poly-(GP). Interestingly, we
observed a significant reduction in poly-(GP) accumulation in neurons transduced with C901
and C904 viruses when compared with the C902 control condition (Figure 4-11). Also,
consistent with the ELISA results, the levels of poly-(GP) in non-transgenic neurons were

considerably lower than in transgenic, demonstrating the specificity of our assay.
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Figure 4-11. Transduction of C9-500 BAC cortical neurons with C901 and C904 reduces
poly-(GP) DPRs accumulation. Dot blot analysis from protein extracts of C9-500 cortical neurons
showed that 6-day transduction with C901 and C904 therapeutic viruses reduces poly(GP) DPRs
expression in these cells when compared with neurons transduced with C902 control. Non-transgenic

(NTg) neurons display low signal for poly-(GP).

Due to technical and user variability, most authors are hesitant to quantify Dot blot results by
measuring signal intensity (Cykowski et al., 2019; Hautbergue et al., 2017; Mackenzie et al.,
2015), as opposed to what is done routinely with Western blots. For the same reasons, we did
not quantify the poly-(GP) signal in our membrane, but we did additional dot blots to confirm
that the C901 and C904-mediated decrease was reproducible. Indeed, two more dot blots
(Figure 4-12 and appendix 5) suggested that treatment with C901 and C904 might decrease
accumulation of poly-(GP) in primary neurons when compared with control conditions. We
have also attempted to study the impact of our therapeutic strategies on other DPR species such
as poly-(GA) and poly-(GR) but have failed to see a specific signal by Dot blot and ELISA

with existing antibodies.
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Figure 4-12. Complementary Dot blots suggest decrease of poly-(GP) upon treatment
with C901 and C904 is reproducible. Dot blot analysis from protein extracts of C9-500 cortical

neurons showed clearly that 6-day transduction with C904 therapeutic virus reduces poly(GP) DPRs

121



expression in these cells when compared with control conditions. Transduction with C901 reduced
poly-(GP) compared to the non-treated condition although its comparison with C902-treated samples
is not clear. A leak in the well used for C902 might explain its decrease in signal. An additional dot blot

was done that replicates these findings and is shown in appendix 5.

4.4 Discussion

In this chapter, we report how we took our project one step further by testing our experimental
therapies in cells with a disease-associated C9orf72 expansion for the first time. Indeed, we
showed how the C9-500 BAC mouse is the ideal model to study gene modulation of C9orf72
due to its genetic design, and how primary cortical neurons from this model constitute a
powerful in vitro system for initial testing. We then demonstrated that AAV9-delivery of C901
or C904 is capable of editing an expanded C9orf72 allele derived from a patient, leading to the
reduction of disease pathological hallmarks like RNA Foci and poly-(GP) DPRs as a direct
result of this editing.

One of the first steps we took was to sequence the flanking regions of the G4C2 expansion in
this model to confirm for complementarity of the designed sgRNAs to their target sequences
in the C9orf72 (Figures 4-1 and 4-2). Indeed, our concern stems from the high genetic
variability between patients, particularly in intronic regions (Altshuler et al., 2010; Auton et
al., 2015), that might hinder the binding of sgRNAs to this region. Even though SaCas9 can
tolerate mismatches of its sgRNAs to their targets (Ran et al., 2015), these would significantly
decrease the editing efficiency and limit the therapeutic benefit. However, even though this
could pose an obstacle to clinical application, we believe it could be eventually overcome. As
we demonstrated in this chapter, the PCRs we designed to amplify the regions flanking the
G4C2 region can work even in the presence of the repeat expansion, which would allow us to
quickly screen candidate patients’ genomes before treatment administration. In addition to this,
one can speculate that our constructs are designed in such a way that would allow us to adapt
to the unlikely scenario of a patient with a genetic mutation in the targeted C9orf72 sequence.
In this situation, the sgRNA(s) sequence(s) could be altered to accommodate the patient-

specific SNP or indel in question, and the new sgRNA(s) could then be quickly cloned in the
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main vector using the sgRNA cloning cassettes, followed by AAV9 production. Also, in the
event that our experimental therapies would reach clinical application, a project could be
designed to compile the most common genetic mutations in the sgRNAs targeted sequences in
the C9orf72-carrier population. This would allow us to prepare in advance with a pool of
alternative sgRNAs that could be cloned and ready for clinical-grade AAV9 production,

following additional pre-clinical safety studies.

Another preliminary step we took was to investigate whether and how well our viruses were
able to transduce and induce transgene expression in cortical neurons. Our primary concern
related to the use of the EFS core promoter, despite some good evidence to support its use.
Indeed, EFS1a-driven plasmid expression from transfections into HEK293T cells worked well
for us (chapter 3), and the EFS1la promoter has been successfully used with lentiviruses and
AAVs to express transgenes in a variety of tissue and cells (Heckl et al., 2014; Hoffmann et
al.,2017; Kim et al., 1990; Nelson et al., 2010; Tabebordbar et al., 2016; Vora et al.). However,
its conjugation with AAV in neuronal populations has produced mixed results, as described in
the literature (Holehonnur et al., 2015; Kumar et al., 2018; Nishiyama et al., 2017).
Nevertheless, we observed that AAV9 delivery of an EFSla-GFP transgene was able to
transduce cortical neurons from the C9-500 BAC model with approximately 60% efficiency,
showing that the promoter was adequate for these experiments (Figure 4-3). A different
concern we had was the larger size of the CRISPR transgenes used, and whether this could
impact the viruses’ transduction rate. The results we described above (Figure 4-5) suggest that
indeed C901, C902 and C904 transduced C9-500 BAC cortical neurons less efficiently than
the AAV9-EFS1a-GFP, which could be due to the larger transgene size. However, calculating
transduction efficiency for the CRISPR viruses relies on doing immunocytochemistry, instead
of direct GFP expression and imaging, which might also explain the disparity of results when

comparing with AAV9-EFS1a-GFP.

Having established the C9-500 BAC cortical neurons as a robust in vitro system for this project,
we proceeded to investigate the therapeutic potential of our approaches, despite prospective
complications that we had anticipated. In fact, it was unclear whether editing a C9orf72 gene
with a full G4C2 expansion would be possible, due to its highly unstable nature and complex
secondary structures. Surprisingly, though, we were encouraged by the C901 treatment’s
ability to excise this expansion, promoting the re-ligation of the gene around the predicted cut
sites (Figure 4-8). We suspect that the design of the sgRNAs to bind ~90-100 bp outside of the

repeat region was important for this success. Although the calculated efficiency for this
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correction was ~1.5%, this is likely an underestimation. Indeed, the qPCR assay used was
designed based on the most common cut and re-ligation event we observed during this project
and cannot detect alternative editing conformations. A future experiment that is being planned
consists in designing a more permissive assay, by using a qPCR probe that can still bind to the
target DNA even with some mismatches. This should allow us to more accurately estimate
C901-mediated editing. Perhaps even more encouraging, C904 treatment was also able to edit
the C9orf72 gene, showing that SaCas9 could still access its target site despite the close
proximity of one of the sgRNAs to the expansion (Figure 4-9).

In addition to editing a mutated C9orf72 allele, C901 and C904 gene transfer reduced the
accumulation of sense RNA Foci in treated cortical neurons. Importantly, this reduction was
significant when comparing with C902, linking this effect to the therapeutic sgRNAs designed.
Surprisingly, C904 treatment also reduced RNA Foci in these cells, despite the presence of the
repeat expansion. However, this strategy actually excises an entire ~90 bp sequence directly
upstream of the G4C2 repeat region, and not just the critical ‘CUG’ start codon. Therefore, one
can speculate that this targeted sequence might contain other regulatory elements important for
the transcription of the expansion, which might explain the reduction in RNA Foci. Also, it is
worth noting that the RNA Foci were imaged using an Opera phenix high throughput confocal
microscope (Perkin Elmer) and quantified automatically using the Harmony software (Perkin
Elmer), constituting a robust and unbiased screening method that can be applied to other

therapies being tested for C9orf72-linked ALS/FTD.

The last set of experiments described in this chapter focused on the effect of our therapeutic
strategies on the accumulation of DPRs. This investigation was sometimes frustrated by the
inadequacy of conventional protein quantification methods, such as Western blot, due to the
multiple sizes and fragmentation of endogenous DPRs creating smears that cannot be properly
quantified (data not shown). In some cases, these can still be used for qualitative analysis
(Mackenzie et al., 2015) but would not be appropriate to compare differential expression across
treatments. Also, in our hands, antibodies against endogenous DPRs have often proven to
produce inconsistent and non-reproducible data or give high background signal (data not
shown). However, since it does not rely on protein separation by size, Dot blots have worked
much better for us in the past to compare expression of exogenous DPRs, and even endogenous
poly-(GP), across different treatment groups (Hautbergue et al., 2017). Therefore, we used Dot
blots to show that the accumulation of poly-(GP) in C9-500 BAC transgenic cortical neurons
is reduced in C901 and C904-treated cells, respectively (Figures 4-11 and 4-12, and appendix
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5). Even though caution is warranted when analysing and interpreting Dot blots, an important
observation is that C901 and C904-mediated reduction in poly-(GP) looks drastic, when
comparing with the slight decrease they caused in RNA Foci and with the seemingly low rate
of precision editing induced. To investigate this issue further, we are planning to study this
reduction by ELISA, which is a more sensitive technique. However, we can speculate that
C901 and C904 are mutagenizing the sequences flanking the expansion, even when this editing
does not result in a perfect deletion and re-ligation of the gene. In other words, we suspect that
the editing rate induced by our strategies might be considerably higher that what we refer to as
precision editing, and that these disruptions are interfering with important RAN translation
elements. We hope that, in the future, better antibodies and more sensitive assays will also
allow us to study the effect of our therapeutic strategies on different species of endogenous
DPRs, some of which are considerably toxic, such as arginine-containing DPRs (Kwon et al.,
2014; Mizielinska et al., 2014; Moens et al., 2019; Wen et al., 2014; Zhang et al., 2018).
Despite being largely non-toxic, however, the observed reduction in poly-(GP) is already very
encouraging to us, considering the important characteristics of this DPR species as a
pharmacodynamic marker for C9orf72-ALS/FTD (Simone et al., 2018). Indeed, studies in
humans detected stable levels of poly-(GP) in the CSF of C9orf72 expansion carriers, while
decreasing G4C2 RNA with ASOs in vitro and in vivo induced a paralleled reduction in these
DPRs, confirming poly-(GP) as an attractive disease biomarker (Gendron et al., 2017; Lehmer
et al., 2017). As for detecting other DPR species, we have so far done a preliminary analysis
by Dot blot and ELISA on C9-500 BAC cortical neurons and failed to see a positive poly-(GR)

signal in transgenic neurons (ELISA quantification shown in appendix 6).

To summarise, this chapter describes the characterisation of C9-500 BAC cortical neurons as
a robust model to study C9orf72 gene modulation. We subsequently took advantage of this
model to show how C901 and C904 AAV9 viruses are capable of editing an expanded human
C9orf72 allele in these primary neurons in a reproducible manner. We have also shown how
this editing impacted direct by-products of the G4C2 expansion, namely by reducing RNA Foci
and poly-(GP) DPR accumulation in vitro, which also constitute proposed mechanisms of
C9orf72 pathophysiology. These results open a new therapeutic avenue that we were keen to

explore further, which includes investigating their efficacy in vivo.
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S. In vivo efficacy study
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5.1 Introduction

In chapter 4, we described how our therapeutic constructs can be expressed from the clinically
successful AAV9 virus and edit the human C9orf72 gene in primary neuronal cells, decreasing
key by-products of the G4C2 expansion. Considering the long-term goal of clinical application,
it was now paramount to investigate whether these constructs could transduce key cell
populations and edit the C9orf72 gene in vivo. In parallel, we also aimed to assess whether
C901 or C904 had the potential to ameliorate C9orf72-ALS/FTD symptoms that could justify
clinical translation. Although the viruses had shown promise in vitro, we could anticipate at
least one major difficulty in vivo, relating to the viral dose used. Indeed, while we used a
considerably high MOI in cultured neurons, described in the previous chapter, the viral load
per cell will be inevitably lower in a living organism, which could significantly dilute the effect
of the editing strategies. However, we hoped that this issue would be counteracted by a
significantly longer transduction time in vivo than what could ever be accomplished in cultured

cells, giving more time for the transgene to express and the editing to occur.

As for the model of choice, the C9-500 BAC mouse created by Liu and colleagues (Liu et al.,
2016) is the only one so far to have reported major C9orf72-ALS/FTD features including
paralysis, neurodegeneration, decreased survival, together with expression of RNA Foci and
DPRs. Furthermore, this model has recently been used successfully by the same team to
validate an antibody-based as well as a small molecule-based therapy for C9orf72-ALS/FTD
(Nguyen et al., 2020; Zu et al., 2020). For these reasons, we decided to use the C9-500 BAC

mice for our in vivo proof-of-concept.

Therefore, in this chapter, we describe the multiple tests and experiments done on this mouse
model to determine the therapeutic potential of our proposed editing strategies. Considering its
potentially long duration, with mice developing symptoms until 40 weeks of age or older (Liu
et al., 2016), we started to recruit animals for the behavioural study first. Unfortunately, in our
hands, these assessments were frustrated by a severe epileptic syndrome associated with the
background strain of the model (FVB/N), which confounded any eventual C9orf72-associated
symptoms. We then report how we took advantage of the strong genetic and molecular features
of this model to investigate the biodistribution of our viruses, their ability to edit the C9orf72

in vivo and its impact on by-products of the expansion.
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5.2 Behavioural testing of C9-500 BAC mice is hampered by a

background-associated seizures syndrome

According to the previous characterization of the C9-500 BAC model (Liu et al., 2016), female
hemizygous are the most susceptible to severe symptoms, for which reason we decided to use
only females in our in vivo experiments. We started this study by injecting transgenic mice
through the tail vein with a high viral dose of either C902 (control virus), C901 or C904 at 3-4
weeks of age, and kept a group of transgenic non-treated (NT) as well as a group of non-
transgenic (NTg) animals. The choice of the route of administration and timing of injections
was based on the following reasoning. Firstly, treating mice at neonate stage for an ageing-
related disease would not be applicable to humans, for which reason injecting animals at adult
stage and closer to the onset of symptoms is more relevant for clinical translation. Also,
although intrathecal injections of genetic material in humans are a reliable route of
administration (Finkel et al., 2017; Miller et al., 2020, 2013; Mueller et al., 2020), equivalent
procedures in adult mice are highly invasive and technically challenging due to the small size
of the animals. In fact, in adult mice, tail vein injections are technically much less demanding,
less invasive and therefore safer to the animal. Finally, according to the literature, AAV9 can
cross the blood-brain-barrier and transduce CNS tissue even when administered intravenously,

both in humans (Mendell et al., 2017) and mice (Foust et al., 2009).

This study had a total duration of 63 weeks, with the mice being subjected to previously
validated behavioural tests including the open field and grip strength tests. In addition to these,
other biological parameters were also carefully analysed, such as body weight, key
electrophysiological hallmarks, or observation of clasping, seizures and other possible
symptoms. With the combination of these tasks, we envisaged to fulfil two main objectives
throughout the study. First, we aimed to do an in-house characterisation of this mouse model
and try to determine whether mice with a mild or more severe phenotype (Liu et al., 2016)
could be distinguished before the onset of symptoms. Our second objective was to assess

whether our therapeutic strategies would ameliorate any of the symptomatology of these mice.
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The earliest noteworthy observation we made in the study was a striking hyperactive behaviour
exhibited by some of the animals in their cages, which would sometimes even start before 10
weeks of age. Wondering if this behaviour could be a useful early indicator of milder or more
severe phenotype, we attempted to quantify it using a variation of the open field test (Herranz-
Martin et al., 2017). This confirmed that indeed a subset of the animals showed striking
hyperactivity, consisting of repetitive running in circles, always to the same side, resulting in
a considerably higher number of crossings than their littermates (Figure 5-1, supplementary
videos S1 and S2). However, this trait was not specific to transgenic animals, and there was
no statistical difference between any of the analysed groups at 10-12 weeks (Figure 5-1 A), 18-

20 weeks (Figure 5-1 B) or even at a later timepoint (available in appendix 7).
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Figure 5-1. A subset of transgenic and non-transgenic C9-500 BAC mice display a
hyperactive behaviour and erratic circular motion that is not transgene-specific. Open-
field test at (A) 10-12 weeks and (B) 18-20 weeks reveals that a subset of C9-500 BAC mice develop
early signs of a marked hyperactive behaviour, characterised by circular running movements, always to
the same side (Supplementary videos S1 and S2). This behaviour is not specific to transgenic animals
and does not change with viral treatments. NT = non-treated. (A) NT = 15; C902 = 14; C901 = 16;
C904 = 13; Non-Tg = 10; (B) NT = 16; C902 = 14; C901 = 15; C904 = 12; Non-Tg = 5; One-way
ANOVA, ns = not significant.
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We also observed that, starting at 18 weeks of age until 50 weeks, some mice developed a
severe neurological syndrome characterised by random combinations of symptoms that
included lethargy, clasping, kyphosis, extreme weakness, accelerated breathing, demented
behaviour, seizures and sharp weight loss (Figures 5-2 and 5-3, supplementary videos S3 and
S4). In some cases, this symptomatology resulted in the death of the animal. Some other mice
have in turn developed what seems to be a mild version of this syndrome, showing isolated
symptoms such as clasping, seizures or social withdrawal with lack of interest in their
surroundings and hyperactivity when provoked (Figure 5-3, supplementary video S5).

Finally, a subset of these animals remained asymptomatic throughout the duration of the study

(Figure 5-3).
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Figure 5-2. C9-500 BAC mice can develop a severe neurological syndrome with acute
weight loss which can result in their premature death. (A) Representative picture of a C9-500
BAC transgenic mouse with an acute neurological syndrome characterised by lethargy, clasping,
kyphosis, extreme weakness, accelerated breathing and sharp weight loss which can result or not in
premature death. (B) Weight graph of a severely symptomatic animal with acute weight loss that
resulted in its early death. The weight of an asymptomatic mouse of the same age is given for
comparison. (C) Graph plotting the weight of 3 severely symptomatic animals suffering acute weight
loss at the start of their symptoms but that recovered after this recorded drop. The weight of an

asymptomatic animal of the same age is given for comparison.

The symptomatology observed by us was similar to that reported by Liu and colleagues (Liu
et al., 2016), as well as Nguyen and collaborators (Nguyen et al., 2020), from the same team
that initially characterized the model. However, in our hands, non-Tg littermates have
developed the same symptoms (Supplementary videos S6 and S7) with comparable
frequency as transgenics, treated or non-treated, and no statistical differences were observed
between the groups, except for a tendency for less severe cases in C901- and C904-treated mice
(Figure 5-3). Taken together, this data seems to suggest that the observed phenotype is not
caused by the expanded C9orf72.
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Figure 5-3. The neurological symptoms observed in this model is not exclusive to
transgenic animals and does not change significantly with virus treatment. Percentages of
mice with severe symptoms, mild symptoms or asymptomatic in each different treated group throughout
the entire duration of the study (63 weeks). Mice that died inexplicably without obvious symptoms
before 40 weeks of age were excluded from this analysis. There was no statistical difference between
the different conditions. NT = non-treated. NT = 15; C902 = 11; C901 = 12; C904 = 12; Non-Tg = 14;

Chi-square test, ns = not significant.

Considering the previous reporting of reduced grip strength in this model (Liu et al., 2016),
and the extreme weakness observed in some of our symptomatic mice, we decided to attempt
quantifying this trait. To assess limb strength, we started by choosing three timepoints
corresponding to a compromise between the highest number of animals with symptoms, and a
period in the study with enough surviving mice. We then employed a variation of the grip
strength test at these timepoints, using an inverted grid (Deacon, 2013; Gleitz et al., 2017)
which, as predicted, some mice were unable to perform. However, the test did not reveal any

significantly statistical changes between any of the groups analysed (Figure 5-4).

132



35 weeks 38 weeks

150 = ns 150 = ns

ooooooooooooooooooooooooooooooooooooooooooooooo

100-: . ) T T

_{
H

Time until fall (s)
Time until fall (s)

50 =

o
S
i

- .o
] * "

NT  C902 (C901 (C904 Non-Tg NT C902 (C901 (C904 Non-Tg

C
40 weeks

150 = ns

L
100 =

Time until fall (s)
mEE
_|

50 =

NT (902 (€901 (€904 Non-Tg

Figure 5-4. Transgenic and non-transgenic C9-500 BAC mice do not show differences in
limb strength/weakness across treated groups. A variation of the grip strength test with an
inverted grid at (A) 35-37 weeks, (B) 38-40 weeks and (C) 40-42 weeks did not reveal significant
differences in limb strength/weakness between transgenic and non-transgenic animals, or virus-treated
groups. NT = non-treated. (A) NT = 11; C902 =9; C901 =9; C904 = 10; Non-Tg = 12; (B) NT = 10;
C902 =9; C901 =9; C904 = 10; Non-Tg = 12; (C) NT = 10; C902 =9; C901 = 9; C904 = 10; Non-Tg
=11; One-way ANOVA, ns = not significant.
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Importantly, in our hands, transgenic C9-500 BAC mice did not develop muscle paralysis at
any point in the study, which is a major clinical characteristic of classic ALS and ALS/FTD
(van Es et al., 2017; Kiernan et al., 2011) and contrasts with what was initially observed (Liu
et al., 2016). To investigate further, we analysed compound muscle action potential (CMAP)
recordings in the hindlegs of the animals, as an indicator of motor neuron functionality in those
muscles. Indeed, although this model has been reported to display TDP-43 pathology and
denervation of the neuromuscular junction (NMJ) (Liu et al., 2016), they have not been
analysed for electrophysiological hallmarks of ALS and ALS/FTD. Considering this, we took
in vivo recordings from these mice, only to verify that there were no significant differences in
CMAP amplitude between any of the groups at 10-12 weeks (Figure 5-5 A) or at 18-20 weeks
(Figure 5-5 B). Importantly, recordings from the hindleg muscle of extremely weak
symptomatic mice with a severe neurological syndrome similar to what was previously
described (Liu et al., 2016), still showed no noteworthy decrease in CMAP amplitude.
Recordings took at a later stage also did not show any changes (available in appendix 8). These

results led us to suspect that there was no transgene-associated neuromuscular dysfunction in

these mice.
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Figure 5-5. Transgenic and non-transgenic C9-500 BAC mice across treatment groups
have comparable compound muscle action potential. Electrophysiological recordings in vivo
at (A) 10-12 weeks and (B) 18-20 weeks do not show differences in CMAP amplitude between
transgenic and non-transgenic animals, or virus-treated groups. NT = non-treated. (A) NT = 15; C902
= 14; C901 = 16; C904 = 13; Non-Tg = 11; (B) NT = 15; C902 = 14; C901 = 16; C904 = 13; Non-Tg
=5; One-way ANOVA, ns = not significant.

Concerning survival, one of the treated groups, transgenic mice injected with C904 virus,
showed a slight tendency for survival improvement. Interestingly, however, the non-Tg
littermates showed a slightly, non-significant worse survival in our hands to that of all other
transgenic groups, treated or not treated (Figure 5-6), which is at odds with what was reported
by the original team that characterised this model (Liu et al., 2016; Nguyen et al., 2020). This
data suggests that the presence of the C9orf72 expansion is not actually decreasing the survival
of these animals, and that they are more likely dying due to traits linked to the background
strain. Moreover, the deaths annotated during this study were not only linked to severely
symptomatic animals but were in many cases the result of sudden deaths, not specific to any
particular treated group. Indeed, several non-transgenic and transgenic mice were frequently
found dead in their cages without any apparent cause of death, even after autopsy, a
phenomenon that had been reported previously in the FVB/N strain (Mahler et al., 1996;
Rosenbaum et al., 2007).
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Figure 5-6. Transgenic and non-transgenic C9-500 BAC mice do not show differences in
survival across treated groups. Kaplan-Meier curves for a 63 weeks survival study show that
transgenic NT and non-Tg groups have comparable survival, with non-Tg mice showing a slight, non-
significant tendency for worse survival. The group treated with C904 shows a tendentious improvement
in survival when comparing with transgenic NT and C902-treated group, but it is not statistically
significant. NT = non-treated. NT = 17; C902 = 13; C901 = 14; C904 = 13; Non-Tg = 17; Mantel-Cox

(log-rank) test, Gehan-Breslow-Wilcoxon test, ns = not significant.

An important observation made during this project that might explain the origins of the
background-associated syndrome was the occurrence of several episodes of epileptic seizures
in these mice, briefly mentioned above. These episodes happened in 7%-25% of every studied
group, suggesting they are background-associated, and not transgene-specific. This
quantification needs to be cautiously interpreted and it is likely to be an underestimation, since
it does not account for seizures that might have happened when the mice were not being
handled. These episodes varied in intensity, but all of them included facial grimace, tonic-
clonic convulsions and loss of bladder control, with the animals appearing extremely weak
afterwards and unable to perform the grip strength test. Interestingly, this epileptic syndrome
has been reported previously in the FVB/N background (Goelz et al., 1998; Silva-Fernandes et
al., 2010; 2007; Ward et al., 2000), with some authors labelling it ‘space cadet’ syndrome and
reporting remarkably similar symptoms to what we observed in this study. This included
observations of strong tonic-clonic seizures particularly prevalent in females, resulting either
in early death or subsequent social withdrawal/dementia features that gave the name to this
syndrome. A closer look at our data actually revealed a remarkably strong correlation between
observed seizures and the symptoms described above, with 87.5% of our mice with observed
seizures also developing the additional symptoms associated with the severe phenotype. In
addition to this, an internal investigation at the Jackson Laboratory also reported no phenotypic
differences between transgenic and non-transgenic C9-500 BAC mice and concluded that the
symptoms observed correlated with seizure episodes. Importantly, though, this investigation
has not been peer-reviewed and needs to be interpreted with caution. However, considering all
of our results put together and what was previously reported in the literature, we were forced
to conclude that, in our hands, the neurological symptoms observed in these mice are not

specific to the transgene and are likely masked by, or the result of, a severe background-

136



associated epileptic syndrome. Therefore, the behavioural parameters observed in these mice

are inappropriate to study the efficacy of our therapeutic strategies.

5.3 Intravenous administration of C901 and C904 can transduce CNS

and peripheral tissue and edit the human C9orf72 in vivo

Studying the behavioural impact of C901 and C904 in the C9-500 BAC model was not
possible, as described above. However, it was still warranted to investigate whether our
therapeutic viruses could reach and transduce disease-relevant tissue in these mice and edit the
human C9orf72 in vivo. With this objective in mind, we started by studying the viral
biodistribution of our AAV9 viruses in these mice by injecting a small number of C9-500 BAC
females in the tail vein and subsequently analysing their tissue for the presence of the transgene
4-6 weeks later. Importantly, qPCR detected the presence of SaCas9 cDNA in the frontal lobe,
parietal-temporal lobes and spinal cord of injected mice, showing that C902, C901 and C904
AAVO viruses were able to cross the blood-brain-barrier and transduce distinct regions of the
CNS (Figure 5-7 A). Low transgene levels detected in the cerebellum suggests poor
transduction of this region and a reduced chance of detecting editing events. Similar to what
was described in the literature (Inagaki et al., 2006; Pacak et al., 2006; Zincarelli et al., 2008),
our recombinant AAV9 viruses also showed considerably higher tropism for peripheral tissue

upon intravenous administration, including the liver, the heart and muscle (Figure 5-7 B).
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Figure 5-7. AAV9-mediated delivery of C901, C902 and C904 through the tail vein can
transduce CNS, but has preferential tropism for peripheral tissue in C9-500 BAC mice.
(A) gPCR on DNA extracted from tissue of 10-12 week old animals shows that the therapeutic and
control viruses used can cross the Blood-Brain-Barrier and transduce different regions of the brain and
spinal cord upon intravenous injection (n=4 mice per group). (B) The same qPCR with DNA extracted
from different organs shows that the viruses used have preferential tropism for the liver, heart and

muscle, with a significantly higher number of viral genome copies detected when compared with CNS

tissue (n=4 mice per group).
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Having established widespread transduction of CNS and peripheral tissue by our recombinant
viruses, we set out to investigate whether this transduction resulted in editing of the C9orf72
in vivo. We started by analysing the DNA extracted from C901-injected mice by endpoint PCR
with C9 OUT 2 primers, across the repeat region. Interestingly, this PCR detected C901-
mediated excision of the G4C2 repeats in different regions of the brain, which was absent in
not treated (NT) and C902-treated mice (Figure 5-8 A). As expected, there was seemingly less
edited DNA in the cerebellum, possibly due to its lower transduction rate, and, surprisingly, no
edited DNA in the spinal cord. As for peripheral tissue, the same PCR revealed edited C9orf72
DNA in the heart and liver of treated mice, and extremely faint amplification in the hindleg
muscle (Figure 5-8 B). An equivalent editing study done on a different C901-injected mouse

is also shown (available in appendix 9), demonstrating this editing is reproducible.
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Figure 5-8. Intravenous administration of C901 can edit the human C9orf72 gene in CNS
and peripheral tissue in vivo. (A) Agarose gel showing evidence of in vivo editing by C901 in the
brain, but not the spinal cord, of a C9-500 BAC mouse 6 weeks after viral vector delivery in the tail
vein. PCR amplification with C9_OUT 2 primers flanking the GC-rich repeats yields a product band
of ~400 bp (white arrowheads) in the brain of a mouse injected with C901, which is absent in a
transgenic NT and a C902-treated mouse. Non-Tg animals lack a human C9orf72 gene, for which
reason the amplification with C9_OUT 2 primers does not yield a product. (B) The same PCR amplifies
edited C9orf72 also in the heart and liver of the same animal (white arrowheads). Another agarose gel
is shown (Appendix 9), with DNA from a different C901-injected mouse, showing that this editing is

reproducible.

Having proved that C901 virus can edit the human C9orf72 in vivo, we then focused our efforts
in detecting C904-mediated editing. However, to our surprise, we were able to detect C904-
induced deletions only in the liver of treated mice (Figure 5-9), failing to detect edited C9orf72
in any other tissue analysed (data not shown). Although the reason for this is unclear, we can
speculate that the PCR used to detect this editing might be less sensitive than the assay we use

for C901-mediated editing, which exclusively amplifies edited product.
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Figure 5-9. C904 can edit the human C9orf72 gene in the liver of C9-500 BAC mice upon
intravenous administration. Agarose gel showing C904-mediated in vivo editing of the
C9orf72 gene in liver DNA from a C9-500 BAC mouse. PCR amplification with C904 INT 14

primers amplifies an additional edited band in DNA from a mouse injected with C904, just
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below the unedited product (white arrowhead). In contrast, transgenic NT or C902-injected

mice only have unedited C9orf72.

Considering the data presented in this section, we have provided evidence that intravenous
injection of the control C902 and the therapeutic viruses C901 and C904 can cross the cross
the blood brain barrier and transduce distinct regions of the CNS, although maintaining a
preference for peripheral tissue. We have also shown that C901 treatment can excise the G4C2
expansion from the human C9orf72 gene in the brain upon intravenous administration in C9-
500 BAC transgenic mice. As for C904, its editing might be limited to the liver of treated mice,

although this needs to be confirmed with more sensitive detection techniques.

5.4 Intravenous administration of C901, but not C904, can reduce

poly-(GP) accumulation in the brains of C9-500 BAC mice

Having shown that C901 was capable of editing the C9orf72 gene in vivo, it was now warranted
to check whether this editing had therapeutic potential, by investigating its effect on C9orf72-
molecular hallmarks. Accumulation of DPRs is one of these key pathological hallmarks, as
they constitute a direct by-product of the expansion resulting from RAN translation of the
repeats, while its arginine-containing species have been proven to induce neurotoxicity in
cellular and animals models (Kwon et al., 2014; Mizielinska et al., 2014; Moens et al., 2019;
Wen et al., 2014; Zhang et al., 2018). However, as discussed in chapter 4, detection and
quantification of endogenous non-tagged DPRs is technically challenging by conventional
techniques. Although Dot blots have worked well for us in vitro (chapter 4), ELISA assays
have actually become the gold standard for sensitive DPR detection and quantification, having
been used to establish poly-(GP) as an attractive pharmacodynamic marker, for which reason
this was our method of choice (Gendron et al., 2015, 2017; Lehmer et al., 2017; Lopez-
Gonzalez et al., 2016; Simone et al., 2018; Su et al., 2014). For this assay, we used protein
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samples from 12-week old transgenic mice, either not treated (NT), treated with control virus
C902 or with therapeutic viruses C901 and C904. As a negative control, we used protein
samples from 12-week old non-transgenic mice, with the samples being taken from an
equivalent region of the brain, the parietal-temporal lobes, for all the mice analysed. MSD
ELISA on these samples revealed that transgenic C9-500 BAC mouse brains have positive
signal for poly-(GP) when comparing with non-transgenic littermates (Figure 5-10 A and B).
Interestingly, mice treated intravenously with C901 showed decreased poly-(GP) accumulation
in the brain when comparing with non-treated mice (Figure 5-10 A). Treatment with C904,
however, did not significantly reduce poly-(GP) levels when comparing with control conditions

(Figure 5-10 B), somewhat validating the previous results showing lack of C9orf72 gene

editing in the brain.
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Figure 5-10. Intravenous injection of C901, but not C904, can reduce poly-(GP) DPRs in
the brains of C9-500 BAC mice. MSD ELISA on brain samples from C9-500 BAC mice
successfully identifies a positive poly-(GP) DPR signal in transgenic samples over non-Tg. (A)
Intravenous administration of C901 can reduce the poly-(GP) accumulation in the brain when
comparing with non-treated animals (n=4 mice per group). (B) Transgenic mice treated with C904 did
not show a change in poly(GP) accumulation when comparing with control conditions NT = 4; C902 =

4; C904 = 3; Non-Tg (NTg) = 4. One-way ANOVA, *p<0.05, ****p<(0.0001.

142



5.5 Discussion

In this chapter, we took the project one step forward by testing our experimental therapies in
an in vivo mammalian system for the first time. We started by doing a behavioural study to
assess whether C901 or C904 ameliorated different C9orf72-ALS/FTD symptoms, but
eventually concluded that an assessment like this was frustrated by a background-specific
seizures syndrome with severe neurological consequences. However, by focusing on the
molecular aspects of this mouse model, we were able to draw some important conclusions
regarding the biodistribution of our recombinant viruses and their ability to edit the human
C9orf72 gene in vivo and decrease by-products of the expansion. Indeed, we were, to the best
of our knowledge, the first to therapeutically excise a pathogenic G4C2 repeat region from the

C9orf72 gene in the brain of an adult living mouse.

Perhaps the most surprising aspect of this chapter was the behavioural analysis of the C9-500
BAC mice. In the original characterisation of the model (Liu et al., 2016), the authors reported
that ~30-35% of female transgenics develop a fast-progressing ALS-like disease, absent in
non-transgenics, characterised by paralysis, decreased survival, neurodegeneration and NMJ
denervation. In addition to this, the authors also described neurodegeneration in FTD-relevant
areas of the brain, suggesting that these mice develop an ALS/FTD-like syndrome. This
contrasts with what we observed in this study on several different aspects. In fact, although
some of our mice developed a severe syndrome (supplementary videos S3 and S4) that is
remarkably similar to what the original work also described and showed on video (Liu et al.,
2016), the mice we observed were not paralysed, and in some occasions recovered their motor
function entirely, instead progressing to a mild disease (supplementary video S5). Also,
CMAP readings taken from hindleg muscle of mice at the peak of these symptoms, showing
severe weakness and unable to perform the grip strength test (Figure 5-4), were still normal
compared to non-transgenic littermates, suggesting no motor neuron dysfunction (Figure 5-5).
Perhaps more importantly, in our hands, non-transgenic littermates could also develop these
severe symptoms (Figure 5-3 and supplementary videos S6 and S7), suggesting that they
were not linked to the C9orf72 expansion. Finally, survival data collected in our in vivo study

revealed that non-transgenic mice had slightly worse survival to that of all transgenic groups
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(Figure 5-6) which, combined with the evidence above, made us suspect that the severe
symptoms observed were not a result of C9orf72-ALS/FTD. As an additional search for typical
C9orf72 hallmarks, we collected hindleg muscle for NMJ staining, which has been processed

and will be analysed in the near future.

The authors in the original publication (Liu et al., 2016) also described how an additional subset
of transgenic females and males developed a slow-progressive, more mild disease with
kyphosis, reduced activity, hyperactivity when provoked and clasping. However, in our study,
despite indeed observing these symptoms, they were once more not exclusive to transgenic
animals. Instead, the symptoms we described correlated remarkably with background-
associated seizure episodes, a trait of FVB/N mice that had been reported before and named
‘space cadet’ syndrome by some authors (Goelz et al., 1998; Silva-Fernandes et al., 2010; 2007;
Ward et al., 2000). These facts forced us to conclude that all the symptoms we observed
throughout our in vivo study could be explained by this epileptic disease. As for the
spontaneous death occurrences without an obvious cause, these were likely the result of
devastating and lethal seizures that happened while the mice were not being handled, as was
reported previously by other teams (Kohnken and Schwahn, 2016; Mahler et al., 1996;
Rosenbaum et al., 2007).

Despite the contradicting evidence, the same group that initially characterised this model were
able to recreate their initial findings in a second work, where they validated an antibody therapy
for C9orf72-ALS/FTD (Nguyen et al., 2020). In addition to this, the same research group
recently used this model to investigate the therapeutic potential of the drug metformin, studying
its effects on some behavioural aspects of these mice (Zu et al., 2020). The reasons behind
these discrepancies are unclear, but we were not the only ones to reach the same conclusions.
Indeed, an internal investigation done by the Jackson Laboratory, although not peer-reviewed,
reported very similar results to our own, with a preliminary summary of their findings
published on their website (The Jackson laboratory, 2020). We also provide a direct excerpt of
this summary, taken from the Jackson Laboratory website, for reader convenience (available
in appendix 10). The road to create a reliable transgenic mouse model of expanded C9orf72
has been a difficult one from the start (Hayes and Rothstein, 2016), hindered by numerous
challenges that illustrate the remarkable complexity of this mutation. A considerable part of
this complexity is undoubtedly linked to the intrinsic instability of the G4C2 expansion, which
results in repeat size variability between generations or even within tissues of the same

individual, a phenomenon observed both in human patients (van Blitterswijk et al., 2013;
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Ebbert et al., 2018; Nordin et al., 2015; Suh et al., 2015) and mouse models (Jiang et al., 2016;
Liu et al., 2016). Indeed, in our own study, we have occasionally observed faint amplification
of short G4C2 repeats in non-treated transgenic mice, with different sizes even within the same
CNS tissue. This raises the question of how variable repeat sizes really are across distinct tissue
of the same mouse, and in between generations, and what effects this might have in the
associated phenotype. Another potential source of variability relates to the hypermethylation
detected in the promoter (Liu et al., 2014; McMillan et al., 2015; Russ et al., 2015; Xi et al.,
2013) or even the G4C2 expansion itself (Xi et al., 2015), with some authors suggesting that
this can be neuroprotective. However, problems related to the instability of the repeats size, or
even hypermethylation, still do not explain the disparity between different teams’ results
concerning the symptoms in non-transgenic littermates. A possible explanation for this might
be linked to the existence of subpopulations of the FVB/N strain in different research groups
worldwide, first originated by spontaneous mutations and then maintained with continuous
inbreeding. Indeed, in the work done by Kohnken and Schwahn (Kohnken and Schwahn,
2016), the authors did not observe seizures in the FVB/N mice analysed by them, and suggested
that the ‘space cadet’ syndrome has been extinct in certain cohorts around the world. Therefore,
one can hypothesise that, once donated to the Jackson Laboratory, the C9-500 BAC mice from
the original team (Liu et al., 2016) were backcrossed into a different subpopulation of FVB/N
mice with the ‘space cadet’ epileptic syndrome, masking any symptoms specifically linked to

the C9orf72 expansion.

Despite the issues mentioned above, this in vivo work with the C9-500 BAC model allowed to
draw important conclusions about our proposed therapeutic strategies. In particular, the C901
approach produced exciting results since, to the best of our knowledge, we were the first to
show that intravenous injection of AAV9 encapsulating SaCas9 with a pair of gRNAs can
excise a G4C2 pathogenic expansion from human C9orf72 in the brain (Figure 5-8). The
implications of this can be significant, as it opens the door to potentially revolutionary therapies
for at least two incurable genetic conditions. However, an issue that requires careful
consideration relates to the efficiency of this editing, and whether it would be therapeutically
relevant. Indeed, one of our near future experiments will involve carefully studying the C901-
mediated editing in the CNS and peripheral tissue using the qPCR assay described in the
previous chapter and a new probe-based qPCR currently in development. Importantly, though,
we did not observe C901-mediated editing in the spinal cords analysed (Figure 5-8 A), despite

similar levels of transduction to those of the brain (Figure 5-7 A), suggesting this might be due
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to the lack of EFSla promoter activity in that region of the CNS. This issue decreases
confidence in the direct translatability of this approach, considering the crucial role played by

the spinal cord in the pathophysiology of ALS.

As for the C904 approach, it was surprising not to detect CNS editing in the animals analysed
despite a similar biodistribution pattern to the other viruses (Figure 5-7 A). This could mean
that either the viral vector is not introducing the desired deletion or that, more likely, there is a
sensitivity issue with the detection method. Indeed, the PCR with C904 INT 14 primers has
worked well for us in amplifying C904-edited C9orf72, as described in previous chapters and
this one (Figure 5-9), but it might not be sensitive enough to detect weak editing activity. A
possible explanation for this is that, contrary to the C9 OUT 2 PCR used for the C901
approach, the edited DNA has to compete with unedited molecules for the primers during the

amplification step.

The final experiment described in this chapter focused on assessing the impact of C901 and
C904 in the accumulation of DPRs in vivo. In the previous chapter, C901 and C904 were shown
to decrease poly-(GP) in primary neurons from the C9-500 BAC mice, but it remained
unknown whether this effect would be replicated in vivo. As discussed before, accurate and
reliable quantification of endogenous DPRs is technically challenging, but we and others have
shown that this can be achieved with dot blots or ELISA, especially for poly-(GP) (Gendron et
al., 2015, 2017; Hautbergue et al., 2017; Lehmer et al., 2017; Lopez-Gonzalez et al., 2016;
Simone et al., 2018; Su et al., 2014). Studying poly-(GP) is also of particular interest since it
is translated from both the sense and antisense strands and it can be detected in the CSF of
human symptomatic and asymptomatic C9orf72 expansion carriers using MSD immunoassays
(Gendron et al., 2017; Lehmer et al., 2017). In addition to this, the expression levels of poly-
(GP) DPRs are highly stable and do not change with time or disease progression, while
decreasing G4C2 RNA induced a comparable reduction in these DPRs, making poly-(GP) a
very attractive pharmacodynamic marker for C9orf72-ALS/FTD (Balendra et al., 2017;
Gendron et al., 2017; Lehmer et al., 2017). For this experiment, we used an MSD ELISA assay
to show how intravenous injection of C901 decreased poly-(GP) accumulation in the parietal-
temporal region of the brain when compared with the non-treated animals (Figure 5-10 A).
Importantly, though, this difference was not significant when compared with C902-treated
mice, which showed high variability in detected DPRs levels. For this reason, it will be
important to increase the number of animals treated in the near future, to determine if the poly-

(GP) decrease is a direct result of C901-mediated editing. In mice treated with C904, though,
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there was a tendentious decrease in poly-(GP), but this difference was not statistically
significant (Figure 5-10 B), again raising doubts about the ability of this virus to edit the
C9orf72 gene in the CNS. We hope that, in the future, improved antibodies will allow us to
study the effect of our therapeutic approaches on other DPR species, mainly the ones that have
been shown to be cytotoxic, such as arginine-containing DPRs. So far, a poly-(GR) ELISA
assay has failed to detect a positive signal in brains from transgenic C9-500 BAC mice (data
not shown). At this point we have also processed and cut tissue from this animal study in the
cryostat to investigate DPR and RNA Foci expression by histology, but our plans have been

compromised by the COVID-19 crisis and will be re-evaluated in the near future.

To summarise, this chapter describes how we tackled the third objective/aim of the project,
consisting of validating our editing strategies in vivo. Our attempts to study the impact of these
approaches on the described behavioural impairments and ALS/FTD-like symptoms of the C9-
500 BAC mice were frustrated by a severe background-associated epileptic syndrome in our
colony. We have also shown that C901 showed the most promising results in vivo, by excising
the G4C2 expansion from the C9orf72 gene in the CNS and peripheral organs, and reducing
poly-(GP) DPRs, a potential pharmacodynamic marker of CO9orf72, in the brain upon
intravenous delivery. Despite the exciting and highly innovative data presented, we were
convinced that the potential therapeutic effect of our strategies could be optimised. In
particular, the biodistribution study revealed a strong preferential tropism of our viruses for the
liver, heart and muscle (Figure 5-7), potentially decreasing their availability for more disease-
relevant tissue like the CNS. In addition to this, the activity of the EFS1a promoter used might
be the underlying cause for the lack of C901-mediated editing in the spinal cord of treated mice
(Figure 5-8 A). It was these important observations that informed the key changes we describe
in the next chapter, in our pursuit of a more effective therapy for C9orf72-linked ALS and
FTD.
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6. Dual-vector PHP.eB approach
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6.1 Introduction

In chapter 5, we described the testing of our proposed therapeutic strategies in the C9-500 BAC
mouse model, having shown important evidence of in vivo editing of human C9orf72 and a
decrease in accumulation of poly-(GP) DPRs. Despite the exciting developments, we were
wondering whether optimisations could be made to boost the efficiency and maximise the

therapeutic potential of our approaches.

The inability to detect C901-mediated editing in the spinal cord, despite similar levels of viral
load to that of the brain, was of particular concern to us, much like the apparent lack of C904-
mediated editing in the CNS (chapter 5.3). We theorised that the transgene expression driven
by the EFSla promoter might not be strong enough for appreciable editing in the CNS,
particularly in the spinal cord. Taking this into consideration, we decided to use the
ubiquitously active CMV promoter, due to its well-documented ability to mediate strong
transgene expression in every tissue, including the CNS, upon AAV delivery (Gholizadeh et
al., 2013; Gray et al., 2011; Lukashchuk et al., 2016; Valori et al., 2010; Zincarelli et al., 2008).

In parallel, we speculated that the delivery of the therapeutic constructs could also be
optimised. Indeed, the biodistribution data of our recombinant AAV9 viruses showed
significant preferential tropism for peripheral tissue (chapter 5.3), decreasing their availability
to transduce broader areas of the CNS. Considering this, we decided to use a newly described
AAV capsid, PHP.eB (Chan et al., 2017), which was engineered through an in vivo capsid
selection method from PHP.B, its parent capsid (Deverman et al., 2016). In this innovative
study, AAV PHP.eB was shown to be strikingly neurotropic, being able to cross the blood-
brain barrier (BBB) and transduce widespread CNS areas without increased peripheral
transduction, even when administered intravenously in adult mice (Chan et al., 2017). At the
time of planning these experiments, there were concerns about the neurotropic properties of
the parent capsid, PHP.B, being limited to particular mouse strains such as C57BL/6 or FVB/N
(Hordeaux et al., 2018; Matsuzaki et al., 2019), but no information existed about the enhanced
PHP.eB. Therefore, we hoped that the combination of this highly neurotropic capsid with a
strong ubiquitous promoter would be a good starting point for optimising the therapeutic

potential of the proposed editing strategies.
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In this chapter, we describe the rationale behind the key changes introduced in our approaches,
and their practical implementation. Namely, we report on using a new dual-vector paradigm
inspired by research data from previous chapters of this thesis as well as published literature.
We then show how these new approaches have enhanced transduction efficiency in cultured
cortical neurons leading to a significant reduction of RNA Foci accumulation. Finally, we
provide preliminary evidence for widespread C9orf72 in vivo editing in the CNS upon

intravenous administration.

6.2 A dual-vector approach using AAV PHP.eB mediates stronger

transduction and increased therapeutic potential in vitro and in vivo

Prior to testing our modified therapeutic vectors, expressed through the CMV promoter and
delivered by the new PHP.eB capsid, there was an important aspect that warranted
consideration. Indeed, the bigger size of the CMV promoter (~580 bp) in relation to the EFS1la
(~215 bp) meant that the therapeutic constructs would exceed the maximum packaging size of
AAYV viruses (~4.7 Kb). To address this issue, we decided to try a dual-vector paradigm
strategy for both our editing approaches and renaming them dual-vector C901 (dvC901) and
dual-vector C904 (dvC904). In this new paradigm, dvC901 and dvC904 use the same sgRNAs
and edit the C9orf72 gene in an identical way to their single-vector format, but this editing is
achieved through expression of two separate constructs, each one expressing SaCas9 trough
the CMV promoter and one U6-driven sgRNA. The idea to attempt this format was built on
our previous research in which we showed that co-transfection of two CRISPR vectors
expressing a combination of sgRNAs could edit the C9orf72 gene (chapter 3.2). It was also
inspired on the previous work by Tabebordbar and colleagues (Tabebordbar et al., 2016),
whose data suggested that using a dual-vector system with the strong CMV promoter was a

more efficient editing tool than a single-vector approach with the EFS1a.

Having shown the suitability of C9-500 BAC cortical neurons to test our therapeutic
approaches (chapter 4), we hoped that this in vitro system would also constitute an excellent

starting point to test any optimised strategies. With uncertainty surrounding the neurotropic

150



properties of the PHP.eB parent capsid (Hordeaux et al., 2018), and considering how it had
only been described for in vivo use, we first focused on checking whether these new viruses
would transduce C9-500 BAC cortical neurons. We therefore produced AAV PHP.eB-CMV-
GFP and calculated its titer using qPCR (Table 6.1), after which we transduced our target
neurons, verifying that these AAV viruses mediated widespread and strong expression of GFP

(Figure 6-1).

HOESCHT

AAV PHP.eB
CMV-GFP

Figure 6-1. AAV PHP.eB viruses can mediate GFP expression in cortical neurons from
C9-500 BAC mice. Confocal microscope images showing how AAV PHP.eB viruses can transduce
cortical neurons cultured from C9-500 BAC mice and induce robust expression of GFP 6 days after
transduction, demonstrating that this capsid with CMV promoter can be used to mediate transgene

expression in these cells. MOI = 400’000 vg/cell. Scale bar =20 pm.

Taking this preliminary data into account, we proceeded to make three large-scale productions
of AAV PHP.eB from constructs cloned previously (chapter 3.2), all consisting of SaCas9
expressed from the CMV promoter and one of three different U6-driven sgRNAs, namely T4I,
T4D or T5B. Then, according to the dual-vector paradigm explained above, the co-transduction
of the CRISPR constructs expressing T4l and T5B sgRNAs was designated dvC901, and the
combination of T4l and T4D constructs was designated dvC904. For the in vitro experiments
described in this chapter, we pre-determined an MOI of 200’000 vg/cell of each construct in
the co-transduction paradigm, meaning a total of 400’000 vg/cell for dvC901 and dvC904. As
a control virus, we produced large scale AAV PHP.eB from an identical construct but cloned

with a control sgRNA, Ctrl3, designed to bind in an intergenic region ~12 Kb upstream of the
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C9orf72 gene. Having no need to follow a co-transduction protocol for the control virus, a
single MOI of 400°000 vg/cell was followed for dvCtrl3 in this chapter. Titration by qPCR
confirmed that the large-scale productions were successful in producing AAV PHP.eB viruses

with high titers (Table 6.1).

Table 6.1. AAV PHP.eB viral titers. List of viral titers of large-scale PHP.eB productions,

expressed as viral genome copies per ml (vg/ml).

Virus Titer

AAV PHP.eB CMV-GFP 9.37x10'" vg/ml
AAV PHP.eB pX601 Ctrl3 7.05x10'2 vg/ml
AAV PHP.eB pX601 T4l 1.06x10" vg/ml
AAV PHP.eB pX601 T4D 8.62x10'% vg/ml
AAV PHP.eB pX601 T5B 2.25x10% vg/ml

Having produced the viruses, we were then ready to test their transduction efficiency in C9-
500 BAC cortical neurons. Immunocytochemistry on these cells showed that all viruses tested
were able to express HA-tagged SaCas9 in these neurons, with a transduction efficiency
ranging from 20%-30%, on average (Figure 6-2 A and B). Interestingly, although this
efficiency is not dramatically different from that reported for our single-(viral)vector AAV9
(chapter 4.2), the fluorescence quantification revealed that, collectively, our new
PHP.eB/CMYV viruses tended to induce much stronger SaCas9 expression in transduced cells

than the AAV9/EFS1a system, despite having used a lower MOI (Figure 6-2 C).
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Figure 6-2. The dual-(viral)vector AAV PHP.eB/CMYV system expresses HA-tagged Cas9
more efficiently than AAV9/EFS in C9-500 BAC cortical neurons. (A) Confocal microscope
images showing HA expression upon 6-day transduction of C9-500 BAC cortical neurons with dvCtrl3,
dvC901 and dvC904 (total of 400’000 vg/ cell). Scale bar = 20 um. (B) Quantification of HA-positive
neurons transduced with dvC901, dvCtrl3 and dvC904 for 6 days, showing no significant difference
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between treated groups (n=3 biological replicates). One-way ANOVA, ns = not significant. (C)
Quantification of HA signal intensity in transduced cells shows that PHP.eB/CMV system tends to
induce considerably stronger expression in these neurons than AAV9/EFS1a, even with a lower MOI

(n=3 biological replicates). a.u. = arbitrary units.

Having demonstrated their ability to express the transgene in target cells, it was now warranted
to check whether dvC901 and dvC904 could mediate C9orf72 editing in vitro. With this
objective in mind, we transduced C9-500 BAC cortical neurons with our viral vectors for a
total of 6 days, after which gDNA was extracted from cells and screened for the presence of
edited C9orf72 molecules. Using the method described in previous chapters, endpoint PCR
across the G4C2 repeat region in non-treated (NT) or dvCtrl3-treated neurons did not amplify
a product, whereas the same PCR in dvC901-treated cells amplified edited C9orf72 (Figure 6-
3 A). As for dvC904, amplification of the region immediately upstream of the expansion
yielded a smaller edited band in neurons treated with this therapy, indicating a targeted deletion
took place (Figure 6-3 B). For each approach, neurons from two different embryos were used

to ensure reproducibility of the results.
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Figure 6-3. Transduction with dvC901 or dvC904 can edit the human C9orf72 gene in
cortical neurons isolated from C9-500 BAC mice. (A) Agarose gel showing consistent excision
of a full-size G4C2 expansion with dvC901 in C9-500 BAC cortical neurons. PCR amplification with
C9_OUT 2 primers flanking the G4C2 repeats does not yield a product in non-treated (NT) or dvCitrl3-
transduced neurons due to the GC-rich and repetitive nature of the expansion. In dvC901-treated
neurons (total 400°000 vg/ cell), the excision of the expansion enables a ~400bp PCR product to form
(white arrowheads). #1 and #2 represent cortical neurons from two different embryos. (B) Agarose gel
showing targeted editing of human C9orf72 by dvC904 in C9-500 BAC cortical neurons. PCR
amplification with C904 INT 14 primers amplifies an unedited product in all transgenic neurons.
Transduction with dvC904 therapeutic virus (total 400’000 vg/ cell) introduces a targeted ~90bp
deletion that is amplified by the same PCR (white arrowheads). #1 and #2 represent cortical neurons

from two different embryos.

Having shown that dvC901 and dvC904 could edit the C9orf72 in C9-500 BAC neurons, we
were ready to test whether these modified strategies would also decrease RNA Foci
accumulation. To do this, we transduced transgenic cortical neurons with the AAV PHP.eB
therapeutic and control viruses for a total of 6 days after which we did FISH staining on fixed
cells. We then scanned the plates in an automated high-throughput microscope (Opera Phenix,
Perkin Elmer) and used an unbiased automatic method to quantify FISH-positive inclusions. It
was interesting to observe that dvC901 transduction significantly reduced the percentage of
neurons positive for RNA Foci (Figure 6-4 A). Importantly, there was a decrease of ~40% and
~32% relative to non-treated (NT) and dvCtrl3-treated neurons, respectively, which is drastic
when compared with equivalent results with the single-(viral)vector AAV9/EFS1a system
(chapter 4.3). Considering that each RNA Foci is made up of a single expanded C9orf72
transcript (Liu et al., 2017), we can speculate that this sharper decrease by dvC901 in relation
to its single-vector format, C901, was due to a more robust editing in the treated population.
Interestingly, dvC904 showed a slight tendency to decrease Foci(+) neurons but this did not
reach statistical significance, suggesting that, overall, the C904 strategy does not have an

impact on RNA Foci accumulation.
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Figure 6-4. Transduction of C9-500 BAC cortical neurons with dvC901, but not dvC904,
robustly decreases RNA Foci accumulation. High throughput quantification using Harmony
software (Perkin Elmer) showed how transduction with (A) dvC901 for 6 days significantly reduced
the percentage of neurons expressing sense RNA Foci by ~40% and ~32% when comparing with non-
treated (NT) and dvCtrl3-treated neurons (n=5 biological replicates), respectively. (B) Transduction
with dvC904 showed a tendency to reduce RNA Foci in treated neurons, but it did not reach statistical

significance (n=5 biological replicates). One-way ANOVA, ns = not significant, *p<0.05, **p<0.01.

Having shown important in vitro evidence of a stronger, more robust effect of these dual-vector
approaches, it was now important to check whether this enhanced impact would be replicated
in an in vivo system. Therefore, as a preliminary pilot study, we injected one transgenic C9-
500 BAC female mouse with dvC901 and one with dvC904, in the tail vein at 6 weeks of age.
Similar to in vitro co-transductions, we used a co-injection protocol, containing 1x10'! vg of
each composing virus, totalling 2x10!! vg per mouse. This dose was based on published
guidelines (Chan et al., 2017) and corresponds to 20% of the viral dose used with the
AAVY/EFS1a viruses described in the previous chapter. The mice were then kept for 6 weeks,
during which time they did not show any signs of disease or distress. Upon sacrificing the mice
and collecting tissue, we proceeded to analyse the extracted DNA by endpoint PCR with
C9 OUT 2 and C904 INT 14 primers to detect DNA edited by dvC901 or dv(C904,

respectively, as described previously. We were excited to verify that intravenous injection with
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dvC901 for 6 weeks was enough to edit the human C9orf72 gene throughout all the brain and
spinal cord regions analysed (Figure 6-5 A). Similarly, the mouse treated with dvC904 had
widespread editing in the spinal cord and the parietal-temporal lobes of the brain, although no
edited C9orf72 was detected in the frontal lobe and the cerebellum (Figure 6-5 B). As discussed
before, we suspect that the reason behind this is linked to the sensitivity of the detection
method. It is important to note that this is early, preliminary data, corresponding to one mouse
per treatment, and subsequent studies are needed to ensure reproducibility of these results. Our
plans to increase the number of mice in this study were compromised by the COVID-19 crisis

and will be re-evaluated in the near future.
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Figure 6-5. Intravenous injection of dvC901 and dvC904 can edit the human C9orf{72
gene in widespread areas of the brain and spinal cord of C9-500 BAC mice. (A) Agarose
gel showing widespread in vivo excision of the G4C2 expansion in the CNS of a C9-500 BAC mouse
injected with dvC901 in the tail vein at 6 weeks of age. The animal was sacrificed 6 weeks post-

injection. PCR amplification with C9_OUT 2 primers flanking the expansion was done on extracted
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DNA, identifying edited C9orf72 (~400bp band) in all regions of the brain and spinal cord analyzed.
(B) Agarose gel showing in vivo editing by dvC904 in several CNS regions of a C9-500 BAC mouse
injected intravenously at 6 weeks of age and sacrificed 6 weeks post-injection. PCR amplification with
C904 INT 14 primers allows detection of dvC904-edited C9orf72 in the parietal-temporal lobes of the

brain, as well as cervical, thoracic and lumbar spinal cord (white arrowheads).

6.3 Discussion

In this chapter, we described modifications to our proposed therapeutic strategies, focused
mainly on optimising viral delivery and the promoter-mediated expression. To this end, we
decided to test a dual-vector approach which allowed us to introduce a larger and stronger
promoter, and we also chose a different AAV capsid, PHP.eB, to deliver the therapeutic
constructs. These changes were successful in mediating stronger transgene expression in
cultured neurons, which resulted in a pronounced decrease in RNA Foci accumulation upon
treatment with dvC901. We then provided preliminary data that shows how dvC901 and
dvC904 are capable of widespread editing of the human C9orf72 gene in the CNS of treated

mice.

The success of our modified approaches described in this chapter was surprising as much as it
was exciting. Indeed, in the previous chapters, we had focused our efforts in designing and
testing a single-vector editing approach over a dual-vector system, a direction we deemed more
promising for future clinical translation due to the high costs of clinical-grade AAV
manufacturing (Ayuso, 2016). In addition to this, we had hypothesised that a single-
(viral)vector system would be more efficient, since co-transduction and co-injection
approaches are dependent on each cell being transduced by two different viruses, which is
statistically less likely than single transduction. Therefore, it was interesting to observe that,
despite these facts, dvC901 and dvC904 not only retained their capability to edit the C9orf72
gene (Figure 6-3), but also seemed to mediate stronger transgene expression in cortical neurons
than their single-vector formats (Figure 6-2), even with a lower MOI. In addition to this,
dvC901 was considerably more efficient in reducing RNA Foci in these cells than what we had

observed for C901 (chapter 4.3), suggesting that it edits the C9orf72 gene more efficiently as
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well (Figure 6-4). Taking into account these experiments are in cultured cortical neurons,
without BBB crossing requirement, it is likely that this increased impact we observed in vitro
is more directly linked to the dual-vector configuration than the new capsid. These results
confirmed that the inherent disadvantages of a system with two different viruses can in reality
be overcome by the use of a strong promoter over the EFS1a, an observation which had been
noted previously (Tabebordbar et al., 2016). In turn, the choice of the CMV instead of other
promoters was down to its ubiquitous and well-described strong expression, making it an
appropriate tool for a multi-system disease such as C9orf72-ALS/FTD (Grossman, 2019; Kim
et al., 2013; Renton et al., 2014). It is important to note that the CMV is not ideal for gene
replacement therapies due to its tendency to become methylated and silenced over time across
different cell lines (Hsu et al., 2010; Osterlehner et al., 2011) but also in CNS tissue upon viral
delivery (Brooks et al., 2004; Klein et al., 1998; McCown et al., 1996; Tenenbaum et al., 2004).
However, we believe this issue would not constitute a disadvantage in the scope of our project.
Indeed, for our proposed therapies, transgene expression only needs to be active long enough
for DNA editing to take place, after which point the silencing of the promoter is not only not a

problem, but it might even be desirable, potentially decreasing off-target cutting by SaCas9.

Considering the enhanced efficiency shown by the dual-vector system, it was therefore
unexpected to observe that dvC904 did not significantly decrease RNA Foci in cortical neurons
(Figure 6-4 B), despite our single-(viral)vector AAV9/C904 having done so (chapter 4.3).
Taking into account the considerably sharper impact of dvC901 (Figure 6-4 A) on RNA Foci
in comparison with AAV9/C901, we were expecting a similar tendency for dvC904. Taking
these results into account, we could conclude that the C904/dvC904-mediated deletion does
not decrease RNA Foci, and that the previously observed effect might have been the result of
an indirect, non-specific effect from the sgRNAs used. However, we plan to explore this issue
more in depth and to better understand the differences between PHP.eB/dual-vector and
AAVY/single-vector by increasing the number of in vitro biological replicates and

quantitatively comparing the editing efficiencies of each system.

In the last experiments of this chapter, we describe a preliminary set of data concerning the in
vivo potential of dvC901 and dvC904. This data needs to be interpreted with significant caution
due to the reduced number of animals involved (n=1 per treated group), but we deemed it
worthwhile to report due to its exciting implications. Indeed, an intravenous injection of
dvC901 in a 6 week-old mouse resulted in widespread excision of a pathogenic G4C2

expansion from the human C9orf72 gene in every region of the CNS analysed (Figure 6-5 A).
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This result shows a significantly increased widespread editing in the CNS when compared with
AAV9/C901, and is even more remarkable considering we used 80% less viral load than what
we used for the in vivo AAV9/EFS1a study (chapter 5.3). Similarly, a mouse injected with
dvC904 displayed targeted C9orf72 editing throughout the entire spinal cord, as well as the
parietal-temporal lobes of the brain (Figure 6-5 B), a dramatic improvement when compared
to its single-vector format (chapter 5.3). In the near future, we plan to increase the number of
mice treated with each therapy and quantify the in vivo editing efficiency, after which we plan
to study the impact of these optimised approaches in the poly-(GP) accumulation in the brain

and spinal cord.

Despite the exciting data, there are important considerations about the use of AAV PHP.eB,
and whether it would be translatable into clinical use. Indeed, as mentioned above, there were
concerning reports about its parent capsid, PHP.B, indicating that the striking neurotropism
observed was limited to only some mouse strains including C57BL/6, FVB/N, DBA/2 and
SJL/J (Hordeaux et al., 2018; Matsuzaki et al., 2019). During the course of the experiments
described in this chapter, additional work identified a GPI-anchored protein, LY6A, as a key
ligand for both the PHP.B and PHP.eB capsids, responsible for its BBB permeability (Batista
et al., 2020; Hordeaux et al., 2019; Huang et al., 2019). Importantly, primates lack a LY6A
homolog (Loughner et al., 2016), possibly explaining why AAV PHP.B was unable to
efficiently cross the BBB in non-human primates, reported in two separate studies (Hordeaux
et al., 2018; Matsuzaki et al., 2018). This evidence forces us to assume that AAV PHP.eB,
which was used to great success in this and other projects (Chan et al., 2017), is very likely to
not be applicable for future use in humans. Nevertheless, the proof-of-concept described here
is important to demonstrate how the therapeutic strategies proposed by us are scalable and
might one day, with the development of new clinically promising capsids, lead to an elegant
and ground-breaking therapy to treat C9orf72-linked neurodegeneration. Recently published
work suggests this reality might even be closer than expected. Indeed, Kumar and colleagues
(Ravindra Kumar et al., 2020) expanded on their previous work to develop a Multiplexed-
CREATE system, from which they selected new PHP AAV capsid variants, named PHP.C,
with enhanced neurotropism that are not background strain-specific. This suggests that the new
PHP.C variants might use different receptors other than LY6A to cross the BBB and might

therefore have increased clinical relevance.

In summary, this chapter describes our strategy to optimise the delivery and expression of the

editing approaches we had designed, with the ultimate goal of improving their therapeutic
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impact. This strategy was built on data from previous chapters as well as the literature, leading
us to test a CMV-mediated dual-vector configuration delivered by the highly neurotropic AAV
capsid PHP.eB. These optimised approaches were able to edit the human C9orf72 gene and
induce stronger transgene expression in cultured cortical neurons, while dvC901 dramatically
decreased RNA Foci-expressing neurons in vitro. In addition to this, we show preliminary in
vivo evidence for widespread editing of human C9orf72 in the CNS of C9-500 BAC mice
following a one-time intravenous injection, although further in vivo investigations are needed
to complete this study. These results put together offer a glimpse of what a revolutionary
treatment for C9orf72-ALS/FTD could look like in the not too distant future, and they open
the door for more relentless research to make this a reality for patients affected by these truly

devastating disorders.
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7. Final discussion and future perspectives
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7.1 Summary and project highlights

ALS and FTD are two fatal diseases that relentlessly and progressively disable patients, in most
cases leading to death at 5 years or 6 to 11 years after diagnosis, respectively (Bang et al., 2015;
Hodges et al., 2003; Talbot, 2009). In addition to the primary and more obvious
neurodegenerative symptoms, research into the psychological burden on patients and
caregivers as well as the economic impact on affected families reveals the truly devastating
nature of these disorders. Indeed, heart-breaking studies have disclosed how ALS patients and
their caregivers are afflicted by hopelessness, end-of-life anxiety and depression, in addition to
staggering out-of-pocket costs related to disease-associated home renovations, mobility aids,
medical expenses, among many others (Armon, 2006; Averill et al., 2007; Gauthier et al., 2007,
Gladman et al., 2014; Grabler et al., 2018; Mockford et al., 2006). Similarly, the
neuropsychiatric and behavioural abnormalities suffered by FTD patients (Bang et al., 2015;
Olney et al., 2017) are associated with caregivers’ distress and poor quality of life (Hvidsten et
al., 2019; Mourik et al., 2004; Riedijk et al., 2006), while the economic burden on affected
families is estimated to be greater than that of Alzheimer’s due to higher loss-of-productivity
costs (Galvin et al., 2017). Despite these devastating consequences, the available treatments
for ALS and FTD are still tragically inefficient in significantly slowing disease progression
and improving the survivability of patients. This reality highlights the urgent need for progress
in the treatment of these disorders, which can only be achieved by relentlessly researching their
causes and pathophysiology, and using this knowledge to continuously develop new
therapeutic avenues. Being the major genetic origin so far discovered for both diseases, the
hexanucleotide expansion of the C9orf72 gene is an attractive therapeutic target for which an
effective treatment would benefit a large number of patients and could have an enormous

impact on affected families.

In this thesis, we have explored a role for the revolutionising gene editing technology CRISPR-
Cas9 as a therapeutic agent to treat C9orf72-ALS/FTD, having produced novel scientific
knowledge and developed the very first constructs that might one day lead to a fully translated
therapy. We devised two new bold approaches, C901 and C904, that either excise the full
pathogenic expansion, or a ~90 bp sequence containing an alternative Kozak consensus thought
to drive RAN translation of the expansion, respectively. In chapter 3, we describe the design

of the sgRNAs and their cloning into a dual-vector or a cloned single-vector configuration,
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after which we reported how these constructs can introduce the desired deletions with high
efficiency in a human cell line with 3xG4C2 repeats. Importantly, this editing was found to not
impact on endogenous C9orf72 expression. We then packaged our cloned single-vector
constructs in the therapeutically relevant AAV9 viral vector and used them to treat primary
neurons expressing a pathogenic C9orf72 allele derived from a human patient (chapter 4).
Interestingly, AAV9-delivered C901 and C904 successfully introduced the desired deletions
in this allele in a reproducible manner, reducing the molecular by-products of the expansion as
a consequence. We then proceeded to validate our therapeutic strategies in adult C9-500 BAC
transgenics (Liu et al., 2016). The behavioural characterisation described in chapter 5 provides
novel and crucial insights into the C9-500 BAC model that might inform other teams planning
to do basic and translational research with these mice. Namely, we report an FVB/N
background-associated severe syndrome that seriously interferes with proper behavioural
analysis and could have been caused by backcrossing transgenic animals to an FVB/N colony
with a strong epileptic predisposition. However, this model has a strong genetic and molecular
basis, having been created with a full-length human expanded C9orf72 allele including introns
and flanking regions and expressing G4C2 expansion by-products. This makes it an attractive
model for basic molecular and gene therapy proof-of-concept studies. Taking advantage of this,
we were, to the best of our knowledge, the first to show excision of a pathogenic human
C9orf72 expansion in the CNS following a one-time intravenous administration in mice with
an AAVO-delivered gene therapy (Figure 7-1). Importantly, animals injected with this
experimental treatment had decreased accumulation of poly-(GP) DPRs in the brain, an
encouraging result considering the promising characteristics of poly-(GP) as a
pharmacodynamic marker with potential to be used in future C9orf72 clinical trials (Balendra
et al., 2017; Gendron et al., 2017; Lehmer et al., 2017) (Figure 7-1). Finally, in an important
step towards future clinical translation, we also demonstrated how the efficiency of our
therapeutic approaches can be scaled up (chapter 6). This suggests that future modifications to
the viral vectors, the transgenes and the delivery routes might produce significantly better
outcomes. Indeed, we report how the use of a dual-vector approach with a strong promoter and
a capsid with increased neurotropism can result in significant reduction of RNA Foci in
cultured neurons and exciting widespread C9orf72 editing in the CNS of treated mice (Figure
7-1). The data presented here invites for further research and optimisations, and proposes a
future where patients with C9orf72-ALS/FTD might one day be offered the therapeutic option

of having their pathogenic mutation partially corrected.
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Figure 7-1. Project outcomes and highlights: the promise of therapeutic in vivo editing of
human expanded C9orf72. Schematic illustration summarising the main outcomes of this project
with a focus on the in vivo therapeutic potential. The C901/C904 or dvC901/dvC904 experimental
therapies rely on using either a single-vector or a dual-vector approach, respectively, to express SaCas9
with a pair of sgRNAs that introduce strategic deletions in the human C9orf72 gene in a programmable
manner. These constructs can be packaged to form recombinant AAV9 or AAV PHP.eB viruses that
can transduce neurons in vitro but can also be administered systemically in vivo through injection in the
tail vein of mice. Following a one-time intravenous delivery in C9-500 BAC transgenics, AAVs can
cross the BBB and transduce different regions of the CNS. Upon transduction of CNS cells, the
transgene is unpacked from the viral capsid and expresses SaCas9 protein complexed with therapeutic
sgRNAs. The SaCas9/sgRNA complexes can then enter the nucleus and edit human C9orf72 DNA,
either excising the entire G4C2,) expansion or a highly regulatory region located upstream of the
repeats, finally promoting the re-ligation of the gene across the cut sites. In edited cells, C901-mediated
excision of the expansion stops transcription of unedited C9orf72 and consequent accumulation of RNA
Foci, as well as poly-(GP) DPRs. From experiments in HEK293T cells with robust G4C2 excision
(chapter 3.8), this editing is unlikely to interfere with endogenous C9orf72 expression. Editing with
C904 strategy was only observed in the CNS by using the PHP.eB/CMYV system (dv(C904), and further
research is needed to ascertain whether deleting the targeted ~90 bp sequence has therapeutic potential.
Treatment with dvC901 and dvC904 results in more widespread CNS editing in vivo due to the
enhanced neurotropism of AAV PHP.eB and the use of the stronger CMV promoter (chapter 6).

Interestingly, the G4C2 expansion of the C9orf72 can also be detected in patients with other
neurodegenerative traits including AD, PLS and Parkinsonian phenotypes, among others,
although the causality of this association is still not entirely clear (Cooper-Knock et al., 2012,
2014b). This suggests that a future therapy like the one we explored in this thesis might have
broader applicability than purely ALS/FTD cases.

166



7.2 Main challenges and future directions

The difficulty with the behavioural assessment of C9-500 BAC mice was perhaps the biggest
and most surprising challenge of this project. Based on our data and interpretation of the
literature, we believe important work lies ahead to uncover the mystery of the background-
associated epileptic syndrome in this model and its confounding effects on possible C9orf72-
related symptoms. As discussed in chapter 5, a possible explanation to the discrepancies
reported might relate to the backcrossing of the donated C9-500 BAC transgenics to an inbred
FVB/N colony with a strong epileptic predisposition. In the future, a possible solution to this
issue would be to establish a completely new colony using non-transgenic and transgenic mice
from the original source (Liu et al., 2016) and maintaining it by exclusively crossing
littermates. As an alternative, we could proceed to transfer the C9orf72 transgene in our colony
into a distinct genetic background without neurological traits by continuous backcrossing, a
procedure routinely done in mouse genetics for over two decades to develop congenic models
(Montagutelli, 2000). This, however, would not be a risk-free approach. Indeed, even after 10
generations of backcrossing and transgene selection, it is common for congenic mice to still
have passenger DNA from the original strain, usually corresponding to sequences flanking the
transgene insert (Vanden Berghe et al., 2015; Lusis et al., 2007). Concerning the C9-500 BAC,
the genetic information responsible for the background-associated neurological syndrome
could, albeit unlikely, be contained within this passenger DNA. In this scenario, the
consequences would be disastrous, as there would be no appropriate controls, leaving no way
of determining whether symptoms in transgenic animals originated from C9orf72-linked
neurodegeneration or unrelated consequences from epilepsy. Considering all this, the safest
option, and also the most resource-consuming one, would be to use the same BAC DNA and
insert it directly into the genome of a more reliable target background, thereby avoiding
subsequent backcrossing with different strains (Vanden Berghe et al., 2015). Overall, a reliable
C9orf72 transgenic mouse model with a clear ALS/FTD-like phenotype would be a great asset
to investigate the effect of this and other therapeutic strategies on disease symptoms, and one
of the approaches proposed above could achieve this goal in the future. While these
experiments proceed, however, the genetic design of the C9-500 BAC mice and its molecular
characteristics make it an appealing model to continue optimising and upgrading the

therapeutic strategies described in this thesis.
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An important aspect that warrants such optimisation is the delivery route of our viral vectors.
In chapter 6, we described exciting preliminary evidence for widespread C9orf72 therapeutic
editing in the CNS of treated mice following intravenous administration, which could
constitute a revolutionary non-invasive treatment for C9orf72-ALS/FTD. However, recent
work published after the start of our experiments reported that the remarkable neurotropic
properties of the PHP.eB capsid are limited to animals expressing the GPI-anchored protein
LY6A in the brain endothelial cells forming the BBB. Primates lack a homolog for this ligand,
rendering the enhanced neurotropism of PHP.eB not translatable to humans (Batista et al.,
2020; Hordeaux et al., 2019; Huang et al., 2019; Loughner et al., 2016). Recently, new AAV
PHP capsid variants were described whose enhanced neurotropism is not limited to mouse
strains expressing LY6A, raising hopes that these results might be reproducible in primates. If
this turns out to be the case, more experiments will need to be done with our own constructs
and a non-invasive, intravenously administered treatment might still be possible to develop. A
suitable alternative to intravenous administration is the direct delivery of the treatment into the
CSF, either by intrathecal or intraventricular injection, bypassing the BBB altogether (S. Hersh
et al.,, 2016). Recently, intrathecal administration has been successfully used in humans to
deliver gene therapies for SODI-ALS and was regarded relatively safe, with one of these
studies even reporting a reduction of SODI1 protein concentrations in the CSF upon ASO
therapy (Miller et al., 2020; Mueller et al., 2020). In mice, intracisternal injection can also be
used to efficiently deliver gene therapies into the CSF (Iannitti et al., 2018; Lukashchuk et al.,
2016) but the technically challenging nature of this procedure led us to initially opt by tail vein
administration. Nevertheless, after showing that a more efficient viral vector delivery
remarkably increased C9orf72 editing in the CNS (chapter 6) and considering the exciting
recent results from clinical trials (Miller et al., 2020), we will also explore this delivery route

for our therapeutic strategies in the near future.

Although falling outside the scope of this project, whose initial objective focuses on developing
and optimising the therapeutic potential of our strategies, a thorough study of off-target cuts
arising from our approaches will have to be performed in the future and before clinical testing.
This stems from the concern that the therapeutic benefit of editing expanded C9orf72 could be
counterbalanced by rogue, off-target activity by Cas9, resulting in the accumulation of off-
target dsDNA breaks, some of which might incur in secondary gene disruption and toxicity.
Detecting off-target cuts by Cas9 is a more complex task than detecting on-target ones because

the frequency and location of off-targets in the genome are not known a priori. Nevertheless,

168



several methods have been developed so far and the majority of them have been extensively
reviewed elsewhere (Zhang et al., 2015; Zischewski et al., 2017). Briefly, these methods can
consist of biased approaches, in which off-target sites are computationally predicted and can
then be further amplified and confirmed by sequencing (Cho et al., 2014; Ran et al., 2013a), or
unbiased approaches that provide a genome-wide perspective of Cas9-induced dsDNA breaks.
Biased methods have the advantages of being affordable for most labs and would provide an
initial indication of the frequency of off-target mutations mediated by our experimental
therapies. Following this initial screening, however, we aim to apply a genome-wide, unbiased
technique, among which digested genomes (Digenome)-seq stands out as a robust and cost-
effective method, widely adopted by several research groups (Kim et al., 2015; Zhang et al.,
2015). Indeed, Digenome-seq involves the in vitro digestion of cell-free genomic DNA with
Cas9 and the sgRNAs to be screened, as well as a mock-digested genome, followed by whole-
genome sequencing (WGS) of the products. Then, a freely-accessible web-based tool (Park et
al., 2017) can identify and count sequencing reads with identical 5’ ends, which indicates a
dsDNA blunt cut has occurred. Importantly, because the digestion is made in cell-free genomic
DNA, off-targets are not repaired by the cell, resulting in a more comprehensive perspective
of the off-target activity and, therefore, potential safety of our experimental therapies. Further
to the approaches mentioned above, an additional study might also be necessary to investigate
off-target effects of our CRISPR therapies in an in vivo context. The recently published
detection method ‘discovery of in situ Cas off-targets and verification by sequencing’
(DISCOVER-Seq) is an attractive technique that we could use for this purpose (Wienert et al.,
2019). Harnessing the endogenous DNA repair mechanism, DISCOVER-Seq works by
isolating the meiotic recombination 11 (MRE11) protein, which identifies Cas9-induced DNA
breaks, and sequencing bound DNA (Wienert et al., 2019). Therefore, this detection method
bypasses the need for external reagents and allows an unbiased analysis of Cas9-induced oft-
targets in a cellular or tissue context, complementing the cell-free approach of Digenome-seq.
It is important to note that, although precautions must and will be taken, off-target cuts are
actually considerably less frequent than on-target ones in cells with fully-functioning DNA
repair mechanisms (Zischewski et al., 2017). In addition to this, SaCas9 was expressed in C9-
500 BAC mice for over one year without any visible consequences or obvious toxicity in the
treated groups and, although not specific to editing, C901- and C904-treated mice even had a
tendency for slightly better survival (chapter 5). This gives us confidence that off-targets from
our treatments are probably negligible and might not pose a serious safety concern, although

appropriate toxicology and safety studies will need to be conducted.
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Appendices

Appendix 1. Plasmid sequences.

(a) Sequence of pX601::dual sgRNA cassette

cctgecaggceagetgegegetegetegetcactgaggecgeecgggegtegggcgacctttggtcgeceggectcagtgagegage
gagcgcgeagagagggagtggccaactccatcactaggggticctgeggectctagactcgaggegttgacattgattattgactagt
tattaatagtaatcaattacggggtcattagttcatagcccatatatggagttccgegttacataacttacggtaaatggeccgectggetg
accgcccaacgacccccgeccattgacgtcaataatgacgtatgttcccatagtaacgccaatagggactttccattgacgtcaatggg
tggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgccaagtacgeccectattgacgtcaatgacggtaaatg
geecgectggeattatgeccagtacatgaccttatgggactttcctacttggeagtacatctacgtattagtcatcgetattaccatggtgat
geggttttggcagtacatcaatgggegtggatageggtttgactcacggggatticcaagtctccaccccattgacgtcaatgggagttt
gttttggcaccaaaatcaacgggactttccaaaatgtcgtaacaactccgecccattgacgcaaatgggeggtaggcgtgtacggteg
gaggtctatataagcagagctctetggetaactaccggtgccacc ATGGCCCCAAAGAAGAAGCGGAAGGT
CGGTATCCACGGAGTCCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGACAT
CGGCATCACCAGCGTGGGCTACGGCATCATCGACTACGAGACACGGGACGTGAT
CGATGCCGGCGTGCGGCTGTTCAAAGAGGCCAACGTGGAAAACAACGAGGGCA
GGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGCGGAGGCGGCATAGAATC
CAGAGAGTGAAGAAGCTGCTGTTCGACTACAACCTGCTGACCGACCACAGCGAG
CTGAGCGGCATCAACCCCTACGAGGCCAGAGTGAAGGGCCTGAGCCAGAAGCTG
AGCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGAGGCGTG
CACAACGTGAACGAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGA
GCAGATCAGCCGGAACAGCAAGGCCCTGGAAGAGAAATACGTGGCCGAACTGC
AGCTGGAACGGCTGAAGAAAGACGGCGAAGTGCGGGGCAGCATCAACAGATTC
AAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCAGAAGGC
CTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACC
CGGCGGACCTACTATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGAC
ATCAAAGAATGGTACGAGATGCTGATGGGCCACTGCACCTACTTCCCCGAGGAA
CTGCGGAGCGTGAAGTACGCCTACAACGCCGACCTGTACAACGCCCTGAACGAC
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CTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCTGGAATATTACGAG
AAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGAAG
CAGATCGCCAAAGAAATCCTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTG
ACCAGCACCGGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGACATCAAG
GACATTACCGCCCGGAAAGAGATTATTGAGAACGCCGAGCTGCTGGATCAGATT
GCCAAGATCCTGACCATCTACCAGAGCAGCGAGGACATCCAGGAAGAACTGACC
AATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAGATCTCTAATCTGAAG
GGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCTGGAC
GAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTG
GTGCCCAAGAAGGTGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTG
GACGACTTCATCCTGAGCCCCGTCGTGAAGAGAAGCTTCATCCAGAGCATCAAA
GTGATCAACGCCATCATCAAGAAGTACGGCCTGCCCAACGACATCATTATCGAG
CTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAACGAGATGCA
GAAGCGGAACCGGCAGACCAACGAGCGGATCGAGGAAATCATCCGGACCACCG
GCAAAGAGAACGCCAAGTACCTGATCGAGAAGATCAAGCTGCACGACATGCAG
GAAGGCAAGTGCCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGAAC
AACCCCTTCAACTATGAGGTGGACCACATCATCCCCAGAAGCGTGTCCTTCGACA
ACAGCTTCAACAACAAGGTGCTCGTGAAGCAGGAAGAAAACAGCAAGAAGGGC
AACCGGACCCCATTCCAGTACCTGAGCAGCAGCGACAGCAAGATCAGCTACGAA
ACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCAAG
ACCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAG
AAAGACTTCATCAACCGGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTG
ATGAACCTGCTGCGGAGCTACTTCAGAGTGAACAACCTGGACGTGAAAGTGAAG
TCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGAAGTGGAAGTTTAAGAAA
GAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATTGCCAAC
GCCGATTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATG
GAAAACCAGATGTTCGAGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAAC
CGAGCAGGAGTACAAAGAGATCTTCATCACCCCCCACCAGATCAAGCACATTAA
GGACTTCAAGGACTACAAGTACAGCCACCGGGTGGACAAGAAGCCTAATAGAGA
GCTGATTAACGACACCCTGTACTCCACCCGGAAGGACGACAAGGGCAACACCCT
GATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGCTGAAAAA
GCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGAC
CTACCAGAAACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCT
GTACAAGTACTACGAGGAAACCGGGAACTACCTGACCAAGTACTCCAAAAAGGA
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CAACGGCCCCGTGATCAAGAAGATTAAGTATTACGGCAACAAACTGAACGCCCA
TCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGGTCGTGAAGCTGTC
CCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTCGTG
ACCGTGAAGAATCTGGATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGC
AAGTGCTATGAGGAAGCTAAGAAGCTGAAGAAGATCAGCAACCAGGCCGAGTTT
ATCGCCTCCTTCTACAACAACGATCTGATCAAGATCAACGGCGAGCTGTATAGAG
TGATCGGCGTGAACAACGACCTGCTGAACCGGATCGAAGTGAACATGATCGACA
TCACCTACCGCGAGTACCTGGAAAACATGAACGACAAGAGGCCCCCCAGGATCA
TTAAGACAATCGCCTCCAAGACCCAGAGCATTAAGAAGTACAGCACAGACATTC
TGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAAAAGG
GCAAAAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGggat
cctacccatacgatgttccagattacgcttacccatacgatgttccagattacgcttacccatacgatgttccagattacgcttaagaattce
tagagctcgctgatcagectcgactgtgecttctagttgeccagecatetgttgtttgecectecceegtgecttecttgacectggaaggt
gccactcccactgtectttcctaataaaatgaggaaattgcatcgceattgtctgagtaggtgtcattetatictggggggtggooteggac
aggacagcaagggggaggattgggaagagaatagcaggcatgctggggaggtacCTGAGGGCCTATTTCCCAT
GATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATT
AATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAA
TAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATAT
GCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAG
GACGAAACACCGGAGACCACGGCAGGTCTCAGTTTTAGTACTCTGGAAACAGAA
TCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGAGATT
TTTGCCTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGG
CTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACA
AAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTA
TGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTT
GGCTTTATATATCTTGTGGAAAGGACGAAACACCGGGTCTTCGGATCCATGCGAA
GACCTGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGT
GTTTATCTCGTCAACTTGTTGGCGAGATTTTTGCggccgeaggaacccctagtgatggagttggecac
tcectetetgegegetegetegetecactgaggecgggegaccaaaggtegeccgacgececgggctttgeececgggeggectcagtga
gcgagegagegegeagetgectgecaggggcgectgatgeggtattttctecttacgeatetgtgeggtatttcacaccgceatacgtcaa
agcaaccatagtacgcgccctgtageggcegceattaagegeggegggtgtggtggttacgegecagegtgaccgetacacttgecage
geccectagegeccgcetectttegetttetteecttectttctecgecacgttcgecggcetttccccgtecaagetctaaatcgggggcteccttta
gggttccgatttagtgctttacggcacctcgaccccaaaaaacttgatitgggtgatggticacgtagtgggccatcgecctgatagacg
gtttttcgecctttgacgttggagtccacgttctttaatagtggactcettgticcaaactggaacaacactcaaccctatctcgggctattcttt
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tgatttataagggattttgccgatticggectattggttaaaaaatgagcetgatttaacaaaaatttaacgcgaattitaacaaaatattaacg
tttacaattttatggtgcactctcagtacaatctgetctgatgeccgeatagttaagecagecccgacaccegecaacaccegetgacgeg
ccctgacgggcttgtetgctceceggeatecgettacagacaagetgtgacegtctccgggagetgcatgtgtcagaggttttcacegte
atcaccgaaacgcgcgagacgaaagggcctcgtgatacgcectatttttataggttaatgtcatgataataatggtttcttagacgtcaggt
ggcacttttcggggaaatgtgcgcggaacccctatttgtttattttictaaatacattcaaatatgtatccgetcatgagacaataacccetgat
aaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgeccttattcecttttttgecggceattttgecttectgttt
ttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacag
cggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagceacttttaaagttctgetatgtggegeggtattatccegtat
tgacgccgggcaagagceaactcggtcgecgeatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatctta
cggatggcatgacagtaagagaattatgcagtgetgccataaccatgagtgataacactgecggecaacttacttctgacaacgatcgg
aggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgecttgatcgttgggaaccggagetgaatgaagece
ataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaacaacgttgecgcaaactattaactggcgaactacttactctag
cttcccggcaacaattaatagactggatggaggceggataaagttgcaggaccacttetgegeteggeccttceggetggetggtttatt
gctgataaatctggagecggtgagegtggaagecgeggtatcattgecageactggggecagatggtaagecctcecgtatcgtagtta
tctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgetgagataggtgectcactgattaageattggtaact
gtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatg
accaaaatcccttaacgtgagttttcgttccactgagegtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgeg
cgtaatctgcetgcttgcaaacaaaaaaaccaccgcetaccageggtggtitgtitgccggatcaagagctaccaactctttttccgaaggt
aactggcttcagcagagcgcagataccaaatactgtccttctagtgtagecgtagttaggecaccacttcaagaactctgtagcaccge
ctacatacctcgctctgctaatcetgttaccagtggetgetgecagtggegataagtegtgtettaccgggttggactcaagacgatagtt
accggataaggcgcageggtcgggetgaacggggggticgtgcacacageccagettggagegaacgacctacaccgaactgag
atacctacagcgtgagctatgagaaagcgecacgettcccgaagggagaaaggeggacaggtatccggtaageggeagggtegg
aacaggagagcgcacgagggagcticcagggggaaacgectggtatctttatagtcetgtegggtttcgecacctctgacttgagegt
cgatttttgtgatgctecgtcaggggggcggagectatggaaaaacgecageaacgeggcectttttacggticectggecttttgetggect
tttgctcacatgt

(b) Sequence of pX601::EFS1a::dual sgRNA cassette

cctgecaggceagetgegegetegetegetcactgaggecgeecgggegtegggegacctttggtcgeceggectcagtgagegage
gagcgcgcagagagggagtggccaactccatcactaggggttcctgcggcct CTAGAGGCTCCGGTGCCCGTC
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AGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCG
GCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATG
TCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGC
AGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGCc
ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCAA
GCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGCGTGGGCTACGGCAT
CATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGA
GGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGC
TGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACT
ACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCA
GAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGC
TGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGAC
ACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTG
GAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGA
AGTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCA
AACAGCTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCG
ACACCTACATCGACCTGCTGGAAACCCGGCGGACCTACTATGAGGGACCTGGCG
AGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGG
GCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACG
CCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACG
AGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCA
AGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAAC
GAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACC
AACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAGATTATT
GAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGC
AGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAA
GAGATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGC
CTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCACACCAACGACAACCAG
ATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAGC
AGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGA
AGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACG
GCCTGCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACG
CCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGG
ATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAG
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AAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCC
ATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCACATCA
TCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGC
AGGAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGC
AGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCC
AAGGGCAAGGGCAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAAGAACG
GGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACCGGAACCTGGTGGA
TACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGT
GAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCT
GCGGCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACG
CCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGA
AACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAG
GCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATC
ACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCAC
CGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACC
CGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTAC
GACAAGGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCT
GCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCTGATTATGGA
ACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGA
ACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTA
AGTATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCA
ACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGT
ACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGGATGTGATCA
AAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAG
CTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATC
TGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGC
TGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAA
ACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCC
AGAGCATTAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAAT
CTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAGGCCGGCGGCCACGAAA
AAGGCCGGCCAGGCAAAAAAGAAAAAGggatcctacccatacgatgttccagattacgcettacccatacga
tgttccagattacgcttacccatacgatgticcagattacgcttaagaattcctagagetcgetgatcagectegactgtgecttctagttge
cagccatctgttgtttgccectecceegtgecttecttgacectggaaggtgccactcecactgtectttcctaataaaatgaggaaattge

atcgcattgtctgagtaggtgtcattctatictggggggotggggtggoocaggacagcaagggggaggattgggaagagaatagea
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ggcatgetggegaggtacCTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGA
TACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATA
TTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTT
TAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTT
CGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGACCACGGC
AGGTCTCAGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGC
CGTGTTTATCTCGTCAACTTGTTGGCGAGATTTTTGCCTGAGGGCCTATTTCCCAT
GATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATT
AATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAA
TAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATAT
GCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAG
GACGAAACACCGGGTCTTCGGATCCATGCGAAGACCTGTTTTAGTACTCTGGAAA
CAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCG
AGATTTTTGCggccgcaggaacccctagtgatggagttggecacteectetetgegegetegetcgetcactgaggeeggg
cgaccaaaggtcgeccgacgeccgggctttgeccegggeggcectcagtgagegagegagegegeagetgectgecaggggcegect
gatgcggtattttctccttacgcatctgtgeggtatttcacaccgcatacgtcaaagcaaccatagtacgegecctgtageggegceattaa
gegeggegggtgtgotggttacgegecagegtgaccgetacacttgecagegeectagegeccegetecetttcgetttettecettecttte
tcgeccacgttcgecggctttccecgtcaagetctaaatcgggggctecctttagggttccgatttagtgctitacggecacctcgacceca
aaaaacttgatttgggtgatggttcacgtagtgggccatcgecctgatagacggtttttcgecctttgacgttggagtccacgttctttaata
gtggactcttgttccaaactggaacaacactcaaccctatctcgggctattcttttgatttataagggattttgccgatttcggectattggtt
aaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaatctgcetct
gatgccgcatagttaageccagecccgacacccgecaacacccgetgacgegeectgacgggcttgtetgetcceggeatecgettac
agacaagctgtgaccgtctccgggagctgeatgtgtcagaggttttcaccgtcatcaccgaaacgegegagacgaaagggectegtg
atacgcctatttttataggttaatgtcatgataataatggtticttagacgtcaggtggcacttttcggggaaatgtgcgeggaacccctattt
gtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcettcaataatattgaaaaaggaagagtatgag
tattcaacatttccgtgtcgeccttattcecttttttgeggeattttgecttectgtttttgctcacccagaaacgetggtgaaagtaaaagatg
ctgaagatcagttgggtogcacgagtgggttacatcgaactggatctcaacageggtaagatcecttgagagttttcgeccccgaagaacgt
tttccaatgatgagcacttttaaagttctgctatgtggcgeggtattatccegtattgacgecgggeaagagcaacteggtegecgeatac
actattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctg
ccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatg
ggggatcatgtaactcgecttgatcgttgggaaccggagetgaatgaagecataccaaacgacgagegtgacaccacgatgectgta
gcaatggcaacaacgttgcgcaaactattaactggcgaactacttactctagettcccggeaacaattaatagactggatggaggcgga
taaagttgcaggaccacttctgcgeteggeccticcggetggetggtttattgetgataaatctggagecggtgagegtggaageegeg
gtatcattgcagcactggggccagatggtaagecctecegtatcgtagttatctacacgacggggagtcaggcaactatggatgaacg
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aaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaa
acttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagegt
cagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgecgegtaatctgetgettgcaaacaaaaaaaccaccgetacc
agcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcettcagcagagegeagataccaaatactgtectt
ctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgectacatacctcgetctgetaatectgttaccagtggetgctg
ccagtggcgataagtcgtgtettaccgggttggactcaagacgatagttaccggataaggcgeageggtecgggctgaacgggggatt
cgtgcacacagcccagcettggagegaacgacctacaccgaactgagatacctacagegtgagetatgagaaagegecacgcettece
gaagggagaaaggcggacaggtatccggtaageggeagggtcggaacaggagagegeacgagggagcettccagggggaaacg
cctggtatctttatagtcctgtcgggtttcgeccacctetgacttgagegtegatttttgtgatgctegtcaggggggcggagectatggaa
aaacgccagcaacgcggcctttttacggttcctggecttttgctggecttttgetcacatgt

(c) Sequence of pAAV-CRISPR-Cas9 single-vector

cctgecaggceagetgegegetegetegetcactgaggeegeecgggegtegggcegacctttggtcgeceggectcagtgagegage
gagcgcgcagagagggagtggccaactccatcactaggggttcctgcggcct CTAGAGGCTCCGGTGCCCGTC
AGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCG
GCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATG
TCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGC
AGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGCce
ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCAA
GCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGCGTGGGCTACGGCAT
CATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGA
GGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGC
TGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACT
ACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCA
GAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGC
TGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGAC
ACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTG
GAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGA
AGTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCA
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AACAGCTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCG
ACACCTACATCGACCTGCTGGAAACCCGGCGGACCTACTATGAGGGACCTGGCG
AGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGG
GCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACG
CCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACG
AGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCA
AGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAAC
GAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACC
AACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAGATTATT
GAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGC
AGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAA
GAGATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGC
CTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCACACCAACGACAACCAG
ATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAGC
AGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGA
AGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACG
GCCTGCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACG
CCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGG
ATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAG
AAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCC
ATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCACATCA
TCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGC
AGGAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGC
AGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCC
AAGGGCAAGGGCAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAAGAACG
GGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACCGGAACCTGGTGGA
TACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGT
GAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCT
GCGGCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACG
CCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGA
AACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAG
GCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATC
ACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCAC
CGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACC
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CGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTAC
GACAAGGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCT
GCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCTGATTATGGA
ACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGA
ACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTA
AGTATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCA
ACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGT
ACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGGATGTGATCA
AAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAG
CTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATC
TGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGC
TGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAA
ACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCC
AGAGCATTAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAAT
CTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAGGCCGGCGGCCACGAAA
AAGGCCGGCCAGGCAAAAAAGAAAAAGggatcctacccatacgatgttccagattacgcettacccatacga
tgttccagattacgcttacccatacgatgttccagattacgcttaagAATTCAATAAAAGATCTTTATTTTCATT
AGATCTGTGTGTTGGTTTTTTGTGTGCGGTACCTGAGGGCCTATTTCCCATGATTC
CTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTT
GACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATT
TCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTA
CCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACG
AAACACCGGAGACCACGGCAGGTCTCAGTTTTAGTACTCTGGAAACAGAATCTA
CTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGAGATTTTTG
CCTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGT
TAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAA
TACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGT
TTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGC
TTTATATATCTTGTGGAAAGGACGAAACACCGGGTCTTCGGATCCATGCGAAGAC
CTGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTT
ATCTCGTCAACTTGTTGGCGAGATTTTTGCggccgecaggaaccectagtgatggagttggccactcectct
ctgegegetegetegetcactgaggecgggegaccaaaggtegeccgacgecegggcetttgeecgggeggectcagtgagegag
cgagecgcegeagcetgectgecaggggcgectgatgeggtattttctecttacgeatctgtgeggtatttcacaccgeatacgtcaaageaa
ccatagtacgcgecctgtageggegceattaagegeggegggtgtggtggttacgecgecagegtgaccgetacacttgecagegecct
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agcgcccgctectttecgcetttcttcecttecttictcgecacgticgecggctttcccegtcaagetctaaatcgggggctecctitagggtt
ccgatttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcgecctgatagacggttttt
cgccctttgacgttggagtccacgttctttaatagtggactcttgticcaaactggaacaacactcaaccctatctcgggctattcttttgatt
tataagggattttgccgatttcggectattggttaaaaaatgagetgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttac
aattttatggtgcactctcagtacaatctgetctgatgecgeatagttaageccagecccgacacccgecaacacccgetgacgegecct
gacgggcttgtctgctceceggeatecgettacagacaagetgtgacegtctccgggagetgeatgtgtcagaggttttcaccgtcatca
ccgaaacgcegcegagacgaaagggcectcgtgatacgectatttttataggttaatgtcatgataataatggtttcttagacgtcaggtgge
acttttcggggaaatgtgcgeggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaa
tgcttcaataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgeccttattcecttttttgeggeattttgecttcetgtttttge
tcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacageggt
aagatccttgagagttttcgccccgaagaacgttttccaatgatgagceacttttaaagttctgetatgtggecgeggtattatccegtattgac
gccgggcaagageaactecggtegecgceatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacgg
atggcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgeggccaacttacttctgacaacgatcggagg
accgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgecttgatcgttgggaaccggagetgaatgaagecatac
caaacgacgagcgtgacaccacgatgcectgtagcaatggcaacaacgttgegcaaactattaactggegaactacttactctagcettcee
cggcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgegeteggeccttccggetggcetggtttattgetga
taaatctggagccggtgagegtggaagecgeggtatcattgcageactggggecagatggtaagecctececegtatcgtagttatctac
acgacggggagtcaggcaactatggatgaacgaaatagacagatcgetgagataggtgectcactgattaageattggtaactgtcag
accaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaa
aatcccttaacgtgagttttcgttccactgagegtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgecgegtaat
ctgctgettgcaaacaaaaaaaccaccgctaccageggtggtttgtttgccggatcaagagetaccaactcetttttccgaaggtaactgg
cttcagcagagcgcagataccaaatactgtecttctagtgtagecgtagttaggecaccacttcaagaactctgtagecaccgectacata
cctegetetgetaatectgttaccagtggetgetgecagtggegataagtegtgtettaccgggttggactcaagacgatagttaccgga
taaggcgcageggtcgggctgaacggggggttcgtgcacacageccagettggagegaacgacctacaccgaactgagataccta
cagcgtgagctatgagaaagcgccacgeticccgaagggagaaaggcggacaggtatccggtaageggeagggteggaacagg
agagcgcacgagggagcttccagggggaaacgectggtatctttatagtcctgtcgggtttcgecacctetgacttgagegtegattttt
gtgatgctcgtcagggggaocggagectatggaaaaacgecageaacgeggcectttttacggticectggecttttgetggecttttgetca
catgt
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(d) Sequence of pC901

cctgecaggceagetgegegetegetegetcactgaggecgeecgggegtegggcegacctttggtcgeceggectcagtgagegage
gagcgegeagagagggagtggccaactccatcactaggggttectgeggcctCTAGAGGCTCCGGTGCCCGTC
AGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCG
GCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATG
TCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGC
AGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGCce
ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCAA
GCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGCGTGGGCTACGGCAT
CATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGA
GGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGC
TGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACT
ACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCA
GAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGC
TGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGAC
ACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTG
GAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGA
AGTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCA
AACAGCTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCG
ACACCTACATCGACCTGCTGGAAACCCGGCGGACCTACTATGAGGGACCTGGCG
AGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGG
GCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACG
CCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACG
AGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCA
AGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAAC
GAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACC
AACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAGATTATT
GAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGC
AGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAA
GAGATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGC
CTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCACACCAACGACAACCAG
ATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAGC
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AGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGA
AGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACG
GCCTGCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACG
CCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGG
ATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAG
AAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCC
ATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCACATCA
TCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGC
AGGAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGC
AGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCC
AAGGGCAAGGGCAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAAGAACG
GGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACCGGAACCTGGTGGA
TACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGT
GAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCT
GCGGCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACG
CCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGA
AACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAG
GCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATC
ACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCAC
CGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACC
CGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTAC
GACAAGGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCT
GCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCTGATTATGGA
ACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGA
ACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTA
AGTATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCA
ACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGT
ACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGGATGTGATCA
AAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAG
CTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATC
TGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGC
TGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAA
ACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCC
AGAGCATTAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAAT
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CTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAGGCCGGCGGCCACGAAA
AAGGCCGGCCAGGCAAAAAAGAAAAAGggatcctacccatacgatgttccagattacgcettacccatacga
tgttccagattacgcttacccatacgatgttccagattacgcttaagAATTCAATAAAAGATCTTTATTTTCATT
AGATCTGTGTGTTGGTTTTTTGTGTGCGGTACCTGAGGGCCTATTTCCCATGATTC
CTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTT
GACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATT
TCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTA
CCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACG
AAACACCGCTTGCTCTCACAGTACTCGCTGTTTTAGTACTCTGGAAACAGAATCT
ACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGAGATTTTT
GCCTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT
GTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAA
AATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTAT
GTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTG
GCTTTATATATCTTGTGGAAAGGACGAAACACCGGCGCAGGCGGTGGCGAGTGG
GTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTAT
CTCGTCAACTTGTTGGCGAGATTTTTGCggcecgecaggaacccectagtgatggagttggccactecctctetg
cgcegetegetegetcactgaggecgggegaccaaaggtegeccgacgeecegggctttgeeccgggeggectcagtgagegagega
gegegeagetgectgcaggggcegectgatgeggtattttetecttacgeatctgtgeggtatttcacaccgeatacgtcaaageaacca
tagtacgcgccctgtageggcegceattaagegeggegggtgtggtggttacgegeagegtgaccgetacacttgecagegeectage
gececgcetectttegetttetteccttectttctecgecacgttcgecggetttccccgtecaagetctaaatcgggggcteectttagggticeg
atttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcgecctgatagacggtttttcge
cctttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcgggcetattcttttgatttata
agggattttgccgatttcggectattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaattt
tatggtgcactctcagtacaatctgctctgatgecgeatagttaagccageccecgacaccegecaacaccegetgacgegecectgacg
ggcttgtctgetcccggeatecgettacagacaagcetgtgaccgtetcegggagcetgeatgtgtcagaggttttcaccgtcatcaccga
aacgcgcgagacgaaagggcctcgtgatacgcectatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggceactttt
cggggaaatgtgcgeggaacccectatttgtttatttttctaaatacattcaaatatgtatccgetcatgagacaataaccctgataaatgett
caataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgeccttattcecttttttgeggcattttgecttectgtttttgetcac
ccagaaacgctggtgaaagtaaaagatgctgaagatcagtigggtgcacgagtgggttacatcgaactggatctcaacageggtaag
atccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggegeggtattatcccgtattgacgec
gggcaagagcaactcggtcgecgeatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagceatcttacggatg
gcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgecggecaacttacttctgacaacgatcggaggacce
gaaggagctaaccgctttittgcacaacatgggggatcatgtaactcgecttgatcgttgggaaccggagetgaatgaagecataccaa
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acgacgagcgtgacaccacgatgcectgtagcaatggcaacaacgttgegcaaactattaactggegaactacttactctagettcecg
gcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgegeteggecctteccggetggcetggtttattgetgata
aatctggagccggtgagegtggaagecgeggtatcattgcageactggggecagatggtaageccteccgtatcgtagttatctacac
gacggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcectcactgattaageattggtaactgtcagac
caagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaa
tcccttaacgtgagttttcgttccactgagegtcagaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatet
gctgettgcaaacaaaaaaaccaccgetaccageggtggttigtttgccggatcaagagcetaccaactctttttccgaaggtaactgget
tcagcagagcgcagataccaaatactgtccttctagtgtageegtagttaggccaccacttcaagaactctgtagcaccgectacatace
tcgcetctgetaatectgttaccagtggetgetgecagtggegataagtegtgtcttaccgggttggactcaagacgatagttaccggata
aggcgcageggtegggctgaacggggggticgtgcacacageccagettggagegaacgacctacaccgaactgagatacctaca
gcgtgagcetatgagaaagegecacgcttcccgaagggagaaaggeggacaggtatccggtaageggeagggtcggaacaggag
agcgcacgagggagcttccagggggaaacgectggtatetttatagtcctgtegggttticgecacctetgacttgagegtegatttttgt
gatgctcgtcaggggggcggagectatggaaaaacgccageaacgeggcctttttacggttecctggecttttgetggecttttgetcac

atgt

(e) Sequence of pC902

cctgecaggceagetgegegetegetegetcactgaggecgeecgggegtegggcgacctttggtcgeceggectcagtgagegage
gagcgcgcagagagggagtggccaactccatcactaggggttcctgcggcct CTAGAGGCTCCGGTGCCCGTC
AGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCG
GCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATG
TCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGC
AGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGCce
ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCAA
GCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGCGTGGGCTACGGCAT
CATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGA
GGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGC
TGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACT
ACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCA
GAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGC
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TGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGAC
ACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTG
GAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGA
AGTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCA
AACAGCTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCG
ACACCTACATCGACCTGCTGGAAACCCGGCGGACCTACTATGAGGGACCTGGCG
AGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGG
GCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACG
CCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACG
AGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCA
AGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAAC
GAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACC
AACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAGATTATT
GAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGC
AGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAA
GAGATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGC
CTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCACACCAACGACAACCAG
ATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAGC
AGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGA
AGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACG
GCCTGCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACG
CCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGG
ATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAG
AAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCC
ATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCACATCA
TCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGC
AGGAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGC
AGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCC
AAGGGCAAGGGCAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAAGAACG
GGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACCGGAACCTGGTGGA
TACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGT
GAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCT
GCGGCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACG
CCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGA
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AACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAG
GCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATC
ACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCAC
CGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACC
CGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTAC
GACAAGGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCT
GCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCTGATTATGGA
ACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGA
ACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTA
AGTATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCA
ACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGT
ACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGGATGTGATCA
AAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAG
CTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATC
TGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGC
TGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAA
ACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCC
AGAGCATTAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAAT
CTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAGGCCGGCGGCCACGAAA
AAGGCCGGCCAGGCAAAAAAGAAAAAGggatcctacccatacgatgttccagattacgcettaccecatacga
tgttccagattacgcttacccatacgatgttccagattacgcttaagAATTCAATAAAAGATCTTTATTTTCATT
AGATCTGTGTGTTGGTTTTTTGTGTGCGGTACCTGAGGGCCTATTTCCCATGATTC
CTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTT
GACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATT
TCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTA
CCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACG
AAACACCGATCAGTTCGACGCGATACGGAGTTTTAGTACTCTGGAAACAGAATC
TACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGAGATTTT
TGCCTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT
GTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAA
AATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTAT
GTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTG
GCTTTATATATCTTGTGGAAAGGACGAAACACCGCGATCCGAATAGCTCGATGC
GTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTAT
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CTCGTCAACTTGTTGGCGAGATTTTTGCggecgecaggaacccectagtgatggagttggccactecctctetg
cgegetegetegetcactgaggecgggegaccaaaggtegeeccgacgecegggctttgeeccgggeggectcagtgagegagega
gegegeagetgectgcaggggcegectgatgeggtattttetecttacgeatctgtgeggtatttcacaccgcatacgtcaaageaacca
tagtacgcgccctgtageggcegceattaagegeggegggtgtggtggttacgegeagegtgaccgetacacttgecagegecctage
gececgcetectttegetttetteccttectttctecgecacgttcgecggcetttccccgtecaagetctaaatcgggggcteectttagggticeg
atttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcgecctgatagacggtttttcge
cctttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcgggcetattcttttgatttata
agggattttgccgatttcggectattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaattt
tatggtgcactctcagtacaatctgctctgatgecgeatagttaagccageccecgacaccegecaacaccegetgacgegecectgacg
ggcettgtctgetcccggeatecgettacagacaagcetgtgaccgtetcegggagcetgeatgtgtcagaggttitcaccgtcatcaccga
aacgcgcgagacgaaagggcctcgtgatacgectatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggceactttt
cggggaaatgtgcgeggaacccectatttgtttatttttctaaatacattcaaatatgtatccgetcatgagacaataaccctgataaatgett
caataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgeccttattcecttttttgeggcattttgecttectgtttttgetcac
ccagaaacgctggtgaaagtaaaagatgctgaagatcagtigggtgcacgagtgggttacatcgaactggatctcaacageggtaag
atccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggegeggtattatcccgtattgacgec
gggcaagagcaactcggtcgecgeatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagceatcttacggatg
gcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgecggecaacttacttctgacaacgatcggaggacce
gaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgecttgatcgttgggaaccggagetgaatgaagecataccaa
acgacgagcgtgacaccacgatgcectgtagcaatggcaacaacgttgegcaaactattaactggegaactacttactctagettcecg
gcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgegeteggeccttccggetggcetggtttattgetgata
aatctggagccggtgagegtggaagecgeggtatcattgcageactggggecagatggtaageccteecgtatcgtagttatctacac
gacggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcectcactgattaageattggtaactgtcagac
caagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaa
tcccttaacgtgagttttcgttccactgagegtcagaccccgtagaaaagatcaaaggatcttcttgagatectttttttctgegegtaatet
gctgettgcaaacaaaaaaaccaccgcetaccageggtggtttgtttgccggatcaagagcetaccaactctttttccgaaggtaactgget
tcagcagagcgcagataccaaatactgtccttctagtgtagcegtagttaggccaccacttcaagaactctgtagcaccgectacatace
tcgcetctgetaatectgttaccagtggetgetgecagtggegataagtegtgtcttaccgggttggactcaagacgatagttaccggata
aggcgcageggtegggctgaacgggggeticgtgcacacageccagettggagegaacgacctacaccgaactgagatacctaca
gcgtgagcetatgagaaagegecacgcttcccgaagggagaaaggeggacaggtatccggtaageggeagggtcggaacaggag
agcgcacgagggagcttccagggggaaacgectggtatetttatagtectgtegggttticgecacctetgacttgagegtegatttttgt
gatgctcgtcaggggggcggagectatggaaaaacgecageaacgeggcectttttacggttcetggecttttgetggecttttgetcac
atgt

242



(f) Sequence of pC904

cctgecaggceagcetgegegetegetegetcactgaggecgeecgggegtegggegacctttggtcgeeccggectcagtgagegage
gagcgcgcagagagggagtggccaactccatcactaggggttcctgcggcct CTAGAGGCTCCGGTGCCCGTC
AGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCG
GCAATTGATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATG
TCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGC
AGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGCce
ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCCAA
GCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGCGTGGGCTACGGCAT
CATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAAAGA
GGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGC
TGAAGCGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACT
ACAACCTGCTGACCGACCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCA
GAGTGAAGGGCCTGAGCCAGAAGCTGAGCGAGGAAGAGTTCTCTGCCGCCCTGC
TGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGGTGGAAGAGGAC
ACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTG
GAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGA
AGTGCGGGGCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCA
AACAGCTGCTGAAGGTGCAGAAGGCCTACCACCAGCTGGACCAGAGCTTCATCG
ACACCTACATCGACCTGCTGGAAACCCGGCGGACCTACTATGAGGGACCTGGCG
AGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGATGCTGATGG
GCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACG
CCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACG
AGAACGAGAAGCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCA
AGCAGAAGAAGAAGCCCACCCTGAAGCAGATCGCCAAAGAAATCCTCGTGAAC
GAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCGGCAAGCCCGAGTTCACC
AACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAGATTATT
GAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGC
AGCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAA
GAGATCGAGCAGATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGC
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CTGAAGGCCATCAACCTGATCCTGGACGAGCTGTGGCACACCAACGACAACCAG
ATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAAGGTGGACCTGTCCCAGC
AGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCGTCGTGA
AGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACG
GCCTGCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACG
CCCAGAAAATGATCAACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGG
ATCGAGGAAATCATCCGGACCACCGGCAAAGAGAACGCCAAGTACCTGATCGAG
AAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTGTACAGCCTGGAAGCC
ATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCACATCA
TCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGC
AGGAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGC
AGCGACAGCAAGATCAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCC
AAGGGCAAGGGCAGAATCAGCAAGACCAAGAAAGAGTATCTGCTGGAAGAACG
GGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACCGGAACCTGGTGGA
TACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGAGT
GAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCT
GCGGCGGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACG
CCGAGGACGCCCTGATCATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGA
AACTGGACAAGGCCAAAAAAGTGATGGAAAACCAGATGTTCGAGGAAAAGCAG
GCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGAGATCTTCATC
ACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCAC
CGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACC
CGGAAGGACGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTAC
GACAAGGACAATGACAAGCTGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCT
GCTGATGTACCACCACGACCCCCAGACCTACCAGAAACTGAAGCTGATTATGGA
ACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAAACCGGGA
ACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTA
AGTATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCA
ACAGCAGAAACAAGGTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGT
ACCTGGACAATGGCGTGTACAAGTTCGTGACCGTGAAGAATCTGGATGTGATCA
AAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTATGAGGAAGCTAAGAAG
CTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACAACGATC
TGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGC
TGAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAA
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ACATGAACGACAAGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCC
AGAGCATTAAGAAGTACAGCACAGACATTCTGGGCAACCTGTATGAAGTGAAAT
CTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAGGCCGGCGGCCACGAAA
AAGGCCGGCCAGGCAAAAAAGAAAAAGggatcctacccatacgatgttccagattacgcettacccatacga
tgttccagattacgcttacccatacgatgticcagattacgcttaagaattcctagagetcgetgatcagectegactgtgecttctagttge
cagccatctgttgtttgccectecceegtgecttecttgacectggaaggtgccactcecactgtectttcctaataaaatgaggaaattge
atcgcattgtctgagtaggtgtcattctatictggggggtggggtggoocaggacagcaagggggaggattgggaagagaatagea
ggcatgetggegaggtacCTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGA
TACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATA
TTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTT
TAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTT
CGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCTTGCTCTCAC
AGTACTCGCTGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAAT
GCCGTGTTTATCTCGTCAACTTGTTGGCGAGATTTTTGCCTGAGGGCCTATTTCCC
ATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAA
TTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGT
AATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCAT
ATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAA
AGGACGAAACACCGCTGTAGCAAGCTCTGGAACTCGTTTTAGTACTCTGGAAAC
AGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGA
GATTTTTGCggccgcaggaacccctagtgatggagttggccactcectctetgegegetegetegetcactgaggeegggeg
accaaaggtcgcccgacgeccegggctttgececcgggeggectcagtgagegagegagegegeagetgectgecaggggegectgat
geggtattttctccttacgcatctgtgeggtatttcacaccgceatacgtcaaagcaaccatagtacgegecctgtageggegceattaage
geggegggtotggtgottacgecgecagegtgaccgcetacacttgecagegecctagegececgcetectttegetttettcecttectttete
geccacgttcgecggcetttcceccgtcaagetctaaatcgggggcteectttagggticegatttagtgetttacggeacctcgaccccaaa
aaacttgatttgggtoatggticacgtagtgggccatcgecctgatagacggtttttcgecctttgacgttggagtccacgttetttaatagt
ggactcttgttccaaactggaacaacactcaaccctatctcgggctattcttttgatttataagggattttgccgatttcggectattggttaa
aaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaatctgetctgat
gccgeatagttaagecagecccgacacccgecaacacccgetgacgegeectgacgggcttgtetgetcceggeatecgettacag
acaagctgtgaccgtctccgggagetgeatgtgtcagaggttttcaccgtcatcaccgaaacgegegagacgaaagggcectegtgat
acgcctatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggcacttticggggaaatgtgcgeggaacccctatttgt
ttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagta
ttcaacatttccgtgtcgeccttattcecttttttgecggeattttgecttectgtttttgetcacccagaaacgetggtgaaagtaaaagatget
gaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacageggtaagatccttgagagttttcgeccccgaagaacgttt
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tccaatgatgagcacttttaaagttctgctatgtggegeggtattatcccgtattgacgecgggcaagageaactcggtegecgeataca
ctattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctge
cataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgg
gggatcatgtaactcgecttgatcgttgggaaccggagetgaatgaagecataccaaacgacgagegtgacaccacgatgectgtag
caatggcaacaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggat
aaagttgcaggaccacttctgegcteggeccttccggetggcetggtttattgetgataaatctggagecggtgagegtggaagecgeg

gtatcattgcagcactggggccagatggtaagecctecegtatcgtagttatctacacgacggggagtcaggcaactatggatgaacg
aaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaa
acttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagegt

cagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgecgegtaatctgetgettgcaaacaaaaaaaccaccgetacc
agcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagegeagataccaaatactgtectt
ctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgectacatacctcgetctgetaatectgttaccagtggetgctg
ccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggegeageggtegggctgaacgggggatt

cgtgcacacagcccagcettggagegaacgacctacaccgaactgagatacctacagegtgagetatgagaaagegecacgcettece
gaagggagaaaggcggacaggtatccggtaageggeagggtcggaacaggagagegeacgagggagcettccagggggaaacg
cctggtatctttatagtcctgtcgggtttcgccacctetgacttgagegtegatttttgtgatgctegtcaggggggcggagectatggaa

aaacgccagcaacgcggcctttttacggttcctggcecttttgetggecttttgetcacatgt

Appendix 2. Sanger sequencing of DNA bands.

(a) Sequencing of unedited band

NNNNNNNNNNNGGNNNNNGATTTNNCGNCCGCGAATTCGCCCTTACCNGTCGCT
AGAGGCGAAAGCCCGACACCCAGCTTCGGTCAGAGAAATGAGAGGGAAAGTAA
AAATGCGTCGAGCTCTGAGGAGAGCCCCCGCTTCTACCCGCGCCTCTTCCCGGCA
GCCGAACCCCAAACAGCCACCCGCCAGGATGCCGCCTCCTCACTCACCCACTCGC
CACCGCCTGCGCCTCCGCCGCCGCGGGCGCAGGCACCGCAACCGCAGCCCCGCC
CCGGGCCCGCCCCCGGGCCCGCCCCGACCALCGLLCCCEGLeCCaGCCCCTAGCGC
GCGACTCCTGAGTTCCAGAGCTTGCTACAGGCTGCGGTTGTTTCCCTCCTTGTTTT
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CTTCTGGTTAATCTTTATCAGGTCTTTTCTTGTTCACCCTCAGCGAGTACTGTGAG
AGCAAGTAGTGGGGAGAGAGGGTGGGAAAAACAAAAACACACACCTCCTAAAC
CCACACCTGCTCTTGCTTGACCCCGCCCCCAAAGGAGAAGCAACCGGGCAGCAG
GGACGGCTGACACACCAAGCGTCATCTTTTACGTGGGCGGAACTTGTCGCTGTTT
GACGCACCTCTCTTTCCTAGCGGGACACCGTANGTTACGTCTGTCTGTTTTCTATG
TGCGATGACNAANGNCGAATTCGTTTAAACCTGCANGACTAGTCCCTTTANTGAG
GGTTAATTCTGANCTTGGCNTAATCATGGTCATANCTGTTNCCTGTGTGAAATNN
TTANCCNCNNNNNTTCCACNCAACANACNAGCCGGAANGCATAANNNGNNAAN
NNNNNGGNGNNNANNGAGNNNNN

(b) Sequencing of T4B/T5B edited band

NNNNNNNNNNNNNGNNNNTGNTTTNNCGNCCGCGAATTCGCCCTTCGTCATCGC
ACATAGAAAACAGACAGACGTAACCTACGGTGTCCCGCTAGGAAAGAGAGGTGC
GTCAAACAGCGACAAGTTCCGCCCACGTAAAAGATGACGCTTGGTGTGTCAGCC
GTCCCTGCTGCCCGGTTGCTTCTCTTTTGGGGGCGGGGTCTAGCAAGAGCATGGG
TGAGTGAGGAGGCGGCATCCTGGCGGGTGGCTGTTTGGGGTTCGGCTGCCGGGA
AGAGGCGCGGGTAGAAGCGGGGGCTCTCCTCAGAGCTCGACGCATTTTTACTTTC
CCTCTCATTTCTCTGACCGAAGCTGGGTGTCGGGCTTTCGCCTCTAGCGACTGGT
AAGGGCGAATTCGTTTAAACCTGCAGGACTAGTCCCTTTAGTGAGGGTTAATTCT
GAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGNGTGAAATTGTTATCCGCTC
ACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCC
TAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCANT
CGGGAANCNTNNNNTGCCANCTGCATTANNNNNTCNGCCAANGCGCGGNNNNN
NNCGNTNNNNNNNNNNNGCNNNCTNNNNNTNNNTCNNNCNNTNNNTNNNNTNN
NNNNNNNNNNNNN
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(c) Sequencing of T41/T5B edited band

NNNNNNNNNNNNGGNNANNGNNNTNNCGNCCGCGAATTCGCCCTTCGTCATCGC
ACATAGAAAACAGACAGACGTAACCTACGGTGTCCCGCTAGGAAAGAGAGGTGC
GTCAAACAGCGACAAGTTCCGCCCACGTAAAAGATGACGCTTGGTGTGTCAGCC
GTCCCTGCTGCCCGGTTGCTTCTCTTTTGGGGGCGGGGTCTAGCAAGAGCAGGTG
TGGGTTTAGGAGGTGTGTGTTTTTGTTTTTCCCACCCTCTCTCCCCACTACTTGCT
CTCACAGTACTCTGGGTGAGTGAGGAGGCGGCATCCTGGCGGGTGGCTGTTTGG
GGTTCGGCTGCCGGGAAGAGGCGCGGGTAGAAGCGGGGGCTCTCCTCAGAGCTC
GACGCATTTTTACTTTCCCTCTCATTTCTCTGACCGAAGCTGGGTGTCGGGCTTTC
GCCTCTAGCGACTGGTAAGGGCGAATTCGTTTAAACCTGCAGGACTAGTCCCTTT
AGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTG
AAATTGTTATCCGCTCACAATTCCACACNANATACGAGCCGGANGCATAAAGTG
TAAAGCCTGNGGTGNNNNNNGAGTGAGCTAACTNNNNNTAATTGCGTTGCGCTC
ACTGCCCGCTTTCNNGTCNGGAANNCTGTCNNGNCNNNNTGCATNNNNNNNNNN
NNNANNCNNGGNNNNNN

Appendix 3. Sanger sequencing of C9-500 BAC amplified G4C2 flanking sequences.

(a) Sequencing of G4C2 upstream region

NNNNNNNNNGGNNATTGATTTAGCGGCCGCGAATTCGCCCTTCGACTCCTGAGT
TCCAGAGCTTGCTACAGGCTGCGGTTGTTTCCCTCCTTGTTTTCTTCTGGTTAATC
TTTATCAGGTCTTTTCTTGTTCACCCTCAGCGAGTACTGTGAGAGCAAGTAGTGG
GGAGAGAGGGTGGGAAAAACAAAAACACACACCTCCTAAACCCACACCAAGGG
CGAATTCGTTTAAACCTGCAGGACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCT
TGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATT
CCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGA
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GTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAA
ACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTT
TGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTT
CGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACA
GAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGC
CAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCT
GACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAANNCCGACAGG
ACTATAAAGATACCAGGCGTTTCCCCCTGNAAGCTCCCTCGTGCGCTCTCCTGTT
CCGACCCTGCCGCTTANCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGG
CGCTTTCTCATAGCTCACGCTGTAGGTATCTCNGTTCGGTGTNGNCGTTCGCTCN
AAGCTGGGCTGTGTGNACNAACCCCCCGTTNNANNNNGNACCGNNNNNNNCNTA
NNCNN

(a) Sequencing of G4C2 downstream region

NNNNNNNNNNNNNNNGATTGATTTAGCGGCCGCGAATTCGCCCTTCTCCTGGGA
AAGTGCAGGACCTCCCTCCTGTTTCCGAATACAAAGCCTGGTGGTGTTCAACGCG
GCCAGATAGACCCAATGAGCACACGGACATGTAATCTGTGCACTTCTTTAGACA
ACTGATTACCATCAGTCAAGTGATGCCCAAGTCACAATAGTCACTTCCTTTAAGC
AAGTCTGTGTCATCTCGGAGCTGTGAAGCAACCAGGTCATGTCCCACAGAATGG
GGAGCACACCGACTTGCATTGCTGCCCTCATATGCAAGTCATCACCACTCTCTAG
AAGCTTGGGCTGAAATTGTGCAGGCGTCTCCACACCCCCATCTCATCCCGCATGA
TCTCCTCGCCGGCAGGGACCGTCTCGGGTTCCTAGCGAACCCCGACTTGGTCCGC
AGAAGCCGCGCGCCGCCCACCCTCCGGCCTTCCCCCAGGCGAGGCCTCTCAGTAC
CCGAGGCTCCCTTTTCTCGAGCCCGCAGCGGCAGCGCTCCCAGCGGGTCCCCGGG
AAGGAGACAGCTCGGGTACTGAGGGCGGGAAAGCAAGGAAGAGGCCAGATCCC
CATCCCTTGTCCCTGCGCCGCCGCCGCCGCCGCCGCCGCCGGGAAGCCCGGGELC
CGGATGCAGGCAATTCCACCAGTCGCTAGAGGCGAAAGCCCGACACCCAGCTTC
GGTCAGAGAAATGAGAGGGAAAGTAAAAATGCGTCGAGCTCTGAGGAGAGCCC
CCGCTTCTACCCGCGCCTCTTCCCGGCAGCCGAACCCCAAACAGCCACCCGCCAG
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GATGCCGCCTCCTCACTCACCCACTCGCCACCGCCTGCGCCTCCGCCGCCGCGGG
CGCAGGCACCGCAACCGCAAAGGGCGAATTCGTTTAAACCTGCAGGACTAGTCC
CTTTAGTGAGGNTNATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGT
GTGAATTGTATCCGCTCACATTCACACACATACGAGCCGGAAGCATAAAGNGTA
AAGCCTGGGNGCCTAATGAGTGAGCTAACTCACATTAANNGCGTTGCGCTCACT
GCCNNCTTTCCANNCGGGAAACCTGNCGNNNNGCTGCNTANNANCNNCCANNNN
NGGGGANAGGNGGNNNNNNATTGGGGNNNNNTTCGCTTCNTCNNNNNTGANTC
NCNNNNNTCGGNNNTNCNNNN

Appendix 4. Repeat-primed PCR traces from additional embryos used.
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Appendix 5. Additional Dot blot showing decrease in poly-(GP) DPRs upon treatment with
C901 or C904.
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Appendix 6. ELISA assay for poly-(GR) in protein extracts from C9-500 BAC cortical

neurons.
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Appendix 7. Open-field test done at a later time-point (26-28 weeks).
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Appendix 8. CMAP amplitudes from in vivo electrophysiology taken at a later timepoint (26-
28 weeks).
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Appendix 9. C901-mediated in vivo excision of G4C2 repeat expansion from adult C9-500
BAC.
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Appendix 10. Excerpt from the Jackson laboratory website (The Jackson laboratory, 2020)
regarding their internal investigation into C9-500 BAC phenotype, not peer-reviwed. This is a

direct quotation.

Please note: The Jackson Laboratory has received inquiries noting that this strain was not
demonstrating some of the initial phenotypes reported in the original publication (Liu et al.
2016 Neuron 90:521). In particular that the mice did not develop paralysis. In an independent
investigation at The Jackson Laboratory involving over 100 hemizygous females and controls
aged more than 15 months, we noted that the mice exhibit some of the key features noted in
the publication, including hyperactivity, kyphosis and lethality in a small percentage of mice.
However, in our hands, these phenotypes were seen in the same frequency as wildtype
(noncarrier) control animals. The nature of the lethalities also appear to correlate with seizures,
a trait noted in the FVB/N background. No indication of paralysis were observed in the mice
on the study performed at The Jackson Laboratory, and Compound Muscle Action Potential
(CMAP) did not vary between hemizygous animals and controls. It should be noted that in the
original publication, the penetrance of this phenotype was low. Considerations such as gene by
environment interactions can play a part in phenotypic manifestations, and we continue to work
closely with the donating investigator and the scientific community to resolve these features in
this mouse model. The Jackson Laboratory has confirmed that mice do express the transgene
and that dipeptide repeat (DPR) levels of polyGP (as measured by ELISA) are 100X higher
than background at two months of age. [2019]
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Legends for supplementary videos

Supplementary video S1. Video of a C9-500 BAC mouse exhibiting a normal exploratory
behaviour in a new environment. This video is shown to highlight the stark difference between
littermates with normal and the hyperactive rotating behaviour, which is shown in

supplementary video S2.

Supplementary video S2. Video of a C9-500 BAC mouse with a striking hyperactive

behaviour characterised by successive runs in circles, always to the same side.

Supplementary video S3. Video showing an example of a transgenic C9-500 BAC mouse

with a severe syndrome, exhibiting lethargy, extreme weakness and clasping, but no paralysis.

Supplementary video S4. Video showing a second example of a transgenic C9-500 BAC
mouse with a severe syndrome, in this case exhibiting lethargy, extreme weakness and

kyphosis but no paralysis.

Supplementary video SS. Video showing an example of a transgenic C9-500 BAC mouse
with a mild syndrome, several weeks after suffering from severe symptoms. In the video, the
asymptomatic littermates can be seen reacting to stimuli and interacting with the handler and
with each other. In contrast, the diseased mouse shows lack of interest in its surroundings,
withdrawal from social interactions with its littermates and is unreactive to stimuli, despite not

showing obvious signs of distress.

Supplementary video S6. Video showing an example of a non-transgenic littermate with a

severe syndrome, exhibiting lethargy, extreme weakness and accelerated/troubled breathing.
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Supplementary video S7. Video showing a second example of a non-transgenic littermate

with a severe syndrome, exhibiting lethargy and extreme weakness.
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Research outputs from PhD

Communications in conferences

Oral platform communications:

Jodao Alves-Cruzeiro, Claudia Bauer, lan Coldicott, Guillaume Hautbergue, Monika
Myszczynska, Laura Ferraioulo, Mimoun Azzouz. Gene editing as a potential therapeutic
approach for ALS/FTD-associated with expanded COORF72. Presented in Tours, France, at
The European Network for the Cure of ALS (ENCALS) conference in May 2019.

Joao Alves-Cruzeiro. Exploring the role of CRISPR-mediated gene editing as a therapy for
C90ORF72-ALS/FTD. Presented in London, UK, at The 2nd European COORF72 workshop in
January 2020.

Scientific posters:

J Alves-Cruzeiro, E Karyka, C Bauer, I Coldicott, G Hautbergue, C Webster, L. Castelli, M
Myszczynska, L Ferraioulo, M Azzouz. AAV-mediated gene editing as a potential therapeutic
approach for COORF72-linked ALS/FTD. Selected for presentation in Barcelona, Spain, at the
European Society for Gene and Cell Therapy (ESGCT) conference in October 2019.
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Jodao Alves-Cruzeiro, Claudia Bauer, Evangelia Karyka, Ian Coldicott, Guillaume
Hautbergue, Christopher Webster, Lydia Castelli, Monika Myszczynska, Laura Ferraioulo,
Mimoun Azzouz. Gene editing as a potential therapeutic approach for ALS/FTD-associated
with expanded C9ORF72. Presented in Sheffield, UK, at the British Society for Gene and Cell
Therapy (BSGCT) conference in June 2019.

Conferences attended and co-chaired:

I have co-chaired the session “Viral and non-viral vector development” and volunteered as a
delegate at the British Society for Gene and Cell Therapy (BSGCT) conference in Sheffield,
UK, in June 2019.

I have attended the British Society for Gene and Cell Therapy (BSGCT) conference in London,
UK, in November 2018.

I have attended and co-chaired the session "Introduction to Sheffield Translation

Neuroscience" in the Sheffield Neuroscience Conference, July 2017.

I have attended the British Society for Gene and Cell Therapy (BSGCT) conference in Cardiff,
UK, in April 2017.
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Marcelo A, Brito F, Carmo-Silva S, Matos CA, Alves-Cruzeiro J, Vasconcelos-Ferreira A,
Koppenol R, Mendonga L, de Almeida LP, Nobrega C. 2019. Cordycepin activates autophagy
through AMPK phosphorylation to reduce abnormalities in Machado-Joseph disease models.

Human Molecular Genetics.

Status: published
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