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Abstract

Prion diseases are fatal neurodegenerative diseases of mammals, caused by a misfolded
infectious protein. There are 3 aetiological forms namely sporadic, acquired or inherited. The
genetic component makes it possible for transgenic technology to be applied to the modelling
of prion diseases. In 2013 Mead et al. reported a novel prion disease linked to a stop codon
mutation at residue 163 (Y163X) in the human prion protein gene (PRNP). This mutation
results in the production of a truncated prion protein (PrP) lacking both glycosylation sites
and GPI anchor, and it is associated with an atypical prion disease phenotype including
diarrhoea, autonomic neuropathy and the accumulation of PrP amyloid in peripheral organs
and blood vessels. Typically, prion diseases predominantly affect the nervous system so the
uniqueness of the Y163X disease phenotype makes it a good candidate for the study of prion
therapeutics. The aim of this project was therefore to develop mouse models expressing
human PrP Y163X that recapitulate human disease and then to study ageing cohorts of
homozygous and heterozygous mice for spontaneous amyloid deposition. Two different
approaches were pursued as follows: (1) Conventional transgenic approach (2) Gene targeted
approach (CRISPR- Cas9 and knock-in technology). Six transgenic lines expressing HuPrP
163X under the control of the ubiquitous CAG promoter were generated alongside transgenic
wild-type controls expressing wild-type human PrP. Y163X knock-in mice and control
knock-in mice expressing wild-type human PrP generated from blastocyst injection of
embryonic stem cells were made commercially. These lines were characterised for expression
of the truncated 163X human prion protein using techniques such as western blotting, ELISA,
fluorescent immunohistochemistry and RT-PCR. Aging cohorts from homozygous lines were
set up in long term observation experiments. A panel of CNS and peripheral tissues has been
isolated at defined time points for immunohistochemical analysis to determine if the
expression of HUPrP Y163X in transgenic and knock-in mice is sufficient to cause

spontaneous PrP amyloid deposition.



Impact Statement

Inherited prion diseases account for approximately 15% of human prion diseases. These
diseases are associated with autosomal dominant mutations in PRNP that can usually be
classified as Creutzfeldt Jakob disease (CJD), Gerstmann-Straussler—Scheinker (GSS) or
Fatal familial insomnia (FFI), based on clinical symptoms and neuropathology. Over 40
pathogenic mutations have been discovered. These mutations can be separated into 3 groups:
missense, nonsense and octapeptide repeat insertion mutations and they are usually associated
with CJD, GSS or FFIl. However, stop codon mutations are associated with atypical
phenotypes that cannot be classified as FFI, CIJD or GSS. These mutations are associated with
neurofibrillary tangles and the deposition of prion protein (PrP) as amyloid in the brain and
blood vessels. In 2013, Mead and colleagues reported a novel prion disease associated with
the Y163X stop codon mutation. This mutation leads to the production of truncated PrP
without a GPI anchor. Patients harbouring this mutation presented an unusual clinical
phenotype of chronic diarrhoea and peripheral neuropathy. This disease is very debilitating
and it has a slow disease progression over 20 years. The mechanisms involved in this unique
disease are not fully understood and there are no disease modifying treatments available for
this condition. Two novel mouse models expressing human PrP 163X have been generated to
model this unique prion disease. Transgene expression has been confirmed at mMRNA and
protein level in control lines expressing wild-type human PrP, however, detection of protein
in the Y163X lines proved to be difficult to achieve. Notably, similar difficulties are observed
with patient brain samples confirming the appropriateness of the newly generated models.
Murine cell lines expressing human PrP 163X were also generated in this project as part of
the characterisation of this truncated protein. Abnormal trafficking of the mutant was protein
observed in the cell lines expressing human PrP 163X compared to the control lines

expressing wild-type human PrP.



These findings suggest that glycosylation and the GPI anchor play a role in the cellular
trafficking of PrP. Primary neuronal cells could be derived from these new mouse models in
future to further investigate the impact of PrP trafficking defects in the pathogenesis of this
disease. Several experimental groups have been set up as ageing cohorts to study spontaneous
deposition of amyloid plaques in the CNS and peripheral organs. These new mouse models
can be used as tools to dissect the molecular mechanisms involved in this atypical prion
disease. Patients with the Y163X mutation have presented with symptoms from as early as 27
years of age. Treating this cohort of patients as early as possible could potentially slow down
the disease progression and improve the survival of these patients. Once the time point for
onset of spontaneous PrP plaques has been determined through the long-term observation
experiments, these new models can be used to evaluate efficacy and safety of small
molecules and immunotherapeutics developed at the Institute of Prion Diseases, before

progressing to clinical trials.
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1. Chapter 1: Introduction
Prion diseases are fatal transmissible neurodegenerative disorders that affect humans and a
variety of animals (Collinge, 2001). The first prion disease to be identified was scrapie which
affects both sheep and goats (Jeffrey and Gonzalez, 2007). Other prion diseases affecting
animals include bovine spongiform encephalopathy (BSE) in cattle, transmissible mink
encephalopathy in mink and chronic wasting disease in deer and elk. Human prion diseases
include Creutzfeldt Jakob disease (CJD), Kuru, Gerstmann—Straussler—Scheinker (GSS)

disease and fatal familial insomnia (FFI) (Table 1.1 and 1.2).

16



Table 1.1 Prion diseases in humans

Humans Year Country of first Reference

report
Sporadic Creutzfeldt Jakob 1920 Germany (Jakob, 1921)
disease
Familial CID 1924 Germany (Meggendorfer, 1930)
Gerstmann-Straussler— 1936 Austria (Gerstmann et al., 1936)
Scheinker
Kuru 1957 New Guinea (Gajdusek and Zigas, 1959)
latrogenic Creutzfeldt Jakob 1974 USA (Duffy, 1974)
disease
Fatal familial insomnia 1986 Italy (Lugaresi et al., 1986)
Variant Creutzfeldt Jakob 1996 UK (Will et al., 1996)

disease
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Table 1.2 Prion diseases in animals

Animals Year Country of first report Reference
Scrapie (Sheep and goats) 1732 England (McGowan,
1922)
Transmissible Mink encephalopathy 1947 USA (Hartsough and Burger,
1965)
Chronic wasting disease (Elk and deer) 1967 USA (Williams and Young,
1980)
Bovine spongiform encephalopathy (Cattle) 1986 UK (Wells et al.,
1987)

Prion diseases are also experimentally transmissible to a range of different animal species

including mice, ferrets, hamsters and non-human primates (Imran and Mahmood, 2011).
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1.1 The Cellular Prion Protein

The cellular prion protein (PrPC) is an N-glycosylated protein that is attached to the cell
surface via a glycosylphosphatidylinositol (GPI)-anchor (Puig et al., 2019)

The gene encoding PrPC in humans, PRNP, is located on the short (p) arm of chromosome 20
(20p12-ter) (Makrinou et al., 2002). PrP¢ is a 253 amino-acid protein that is post-
translationally processed to remove the first 22 amino acid residues, encoding a signal
peptide at the amino terminal (Chen et al., 1995). The last 23 amino acid residues located at
the carboxyl-terminal are also cleaved off and replaced with a glycosyl phosphatidylinositol
(GPI) anchor, resulting in mature PrP¢ anchored to the cell surface, consisting of 208 amino

acids (Bueler et al., 1993; Chen et al., 1995).
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1.2 The Role of PrP¢

Studies have demonstrated that the expression of PrPC is essential for development of prion
disease; however, the function of PrPC remains enigmatic. Experiments carried out using PrP-
null (PrP °°) mice demonstrated that these mice develop normally without any gross
abnormalities (Bueler et al., 1992, 1993). PrP °° mice challenged with mouse-adapted scrapie
prions were resistant to infection and did not develop prion disease (Bueler et al., 1993).

The absence of an overt phenotype in the PrP-null mice may be due to compensation by
Doppel and Shadoo, which are both proteins that belong to the PrP family.

Nonetheless, subsequent electrophysiological studies in PrP-null mice showed several
functional abnormalities including, impaired long-term potentiation, reduced GABAergic
synaptic transmission, the disruption of slow calcium activated potassium currents and
alterations in sleep and circadian rhythms (Collinge et al., 1994; Colling et al., 1996; Tobler

etal., 1996; Curtis et al., 2003).

PrPC has the ability to bind to copper ions to the N-terminal octarepeat domain (Figure 1.1)
and it has been implicated in the regulation of copper metabolism (Brown et al., 1997a;
Stockel et al., 1998). The concentration of copper in synaptosomal fractions is 50 % lower in
PrP-null mice compared to wild-type mice, therefore it has been suggested that PrP¢ may

regulate the concentration of copper at pre-synaptic terminals (Herms et al., 1999) .
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181 197
23 51 91 231

N — NTD Octarepeat domain CcTD GPI — C

Figure 1.1: Schematic diagram of PrP¢ with the octarepeat domain marked in purple and GPI
anchor marked in green. The two glycosylation sites, Asn-181 and Asn- 197 are in the C-

Terminal domain. NTD= N-Terminal domain, CTD= C-Terminal domain.

Oxidative stress is a common feature of neurodegenerative diseases and several lines of
evidence suggest the involvement of PrPC in the protection of cells from oxidative stress.
Tissue culture experiments revealed that cerebellar neurons cultured from PrP-null mice were
more sensitive to oxidative stress compared to wild-type neurons (Brown et al., 1997b). In
vivo experiments also demonstrate that there is a reduction in the enzymatic activity of
copper/zinc-dependent superoxide dismutase 1 (SOD1) in the brains of PrP-null mice (Brown
et al., 1997b). The protective mechanisms of PrPC are yet to be determined but it has been
suggested that PrP¢ may indirectly protect cells by controlling the activities of anti-oxidant

enzymes such as SOD1 (Brown et al., 1997b; Brown and Besinger, 1998).

PrPC also interacts with a diverse range of proteins involved in cell adhesion such as the

neural cell adhesion molecule (NCAM) and laminin (Graner et al., 2000a; Santuccione et al.,

2005).
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Experiments have demonstrated that PrP¢ binds to NCAM at the neuronal cell surface. This
interaction promotes the redistribution of NCAM to lipid rafts, neurite outgrowth and leads to
the activation of Fyn kinase, an enzyme involved in NCAM signalling. The disruption of the
interaction between PrP¢and NCAM by PrP antibodies or in PrP-deficient and NCAM-

deficient neurons inhibits neurite outgrowth (Santuccione et al., 2005).

Laminin is located in the basement membrane and it plays a role in neuronal cell migration,
survival and differentiation. PrPC has been identified as a binding partner of laminin and
studies have demonstrated that the binding of PrP€ promotes neurite outgrowth in
hippocampal neurons and PC-12 cells (Graner et al., 2000a). Graner et al. have also shown
that laser ablation of PrPC on the cell —surface of PC-12 cells induced neurite retraction

(Graner et al., 2000b).
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1.3 The Protein Only Hypothesis

It is widely accepted that prions are the unconventional transmissible agents that cause prion
disease (Prusiner, 1982). Prions are self-propagating, infectious multi-chain assemblies of
misfolded host-encoded PrP (Collinge, 2016). The first proposal that the disease agent could

be a protein was by Griffith in 1967 (Griffith, 1967).

The protein-only hypothesis proposes that prions are principally or entirely composed of a
protease-resistant, misfolded isoform of the host-encoded PrPC, designated as PrPS¢ (Prusiner,
1998). According to this hypothesis, prion replication occurs via the conversion of PrP¢ to

PrPS¢ (Prusiner, 1982, 1998; Poggiolini et al., 2013).

During this process, PrPS¢ acts as a seed or template for the recruitment and conversion of

PrP¢ to further PrPS¢ (Telling et al., 1996).

Prions were originally thought to be composed of PrPS¢but more recent evidence suggests

that prions are composed of several multi-molecular assemblies of misfolded PrP, including

protease sensitive PrP isoforms (Pastrana et al., 2006; Cronier et al., 2008; Collinge, 2016).
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1.4 The Role of the GPI anchor in Prion Disease
The role of the GPI anchor in prion disease remains elusive. Tissue culture experiments
suggest that the conversion of PrP¢ to PrPS¢ occurs at the plasma membrane and/or in

endocytic pathways (Béranger et al., 2002; Goold et al., 2011).

A study that involved the expression of epitope tagged PrP¢ in a PrP-knockdown
neuroblastoma line, reported de novo formation of epitope-tagged PrPS¢ on the plasma
membrane minutes after the cells had been infected with Rocky Mountain Laboratory (RML)

mouse prions (Goold et al., 2011).

In this study the researchers also discovered that PrPS¢ formation was inhibited when cells
were treated with reagents that disrupt the integrity of lipid rafts. These findings suggest that
the conversion of PrP¢ to PrPS¢ depends on the presence of lipid raft domains in the plasma

membrane (Goold et al., 2013).

Further experiments revealed that PrPS¢ is internalised via endosomes after it is formed at the
cell surface, where it has different fates. Some PrPS¢ is recycled back to the plasma
membrane and used as a template for PrP¢ conversion, whereas the remaining PrPS¢ is subject
to retrograde transport to the Golgi apparatus and degradation in lysosomes (Goold et al.,

2013).

Studies have also shown that expressing GPI-anchorless PrP¢ in scrapie-infected N2a mouse
neuroblastoma (ScN2a) cells abrogated PrPS¢ formation. In this study the GPI anchor was
replaced with transmembrane regions from mouse CD4, which led to the chimeric PrP (CD4

PrP°) being transported outside the lipid raft domains (Taraboulos et al., 1995).
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Overall, these findings suggest that the anchoring and localisation of PrP¢ in lipid raft

domains is important for the conversion of PrP¢ to Prp=c,

Chesebro et al.2005 generated transgenic mice expressing low levels of anchorless PrPC¢, to
investigate the role of the GPI anchor in prion disease pathogenesis in vivo (Chesebro et al.,
2005) . In earlier experiments, transgenic (Tg) mice expressing low levels of anchorless PrP
(GPI ) did not develop clinical signs of prion disease, however, prion propagation
accompanied by the additional formation of PrP amyloid was observed in the brains of these
mice following inoculation with RML or 22L-mouse adapted scrapie prions. Although the
GPl-anchorless PrP¢ was not present in lipid rafts, it was still converted into amyloidogenic
forms of disease-associated PrP. This study suggested that the GPI anchor is not required for

prion replication (Chesebro et al., 2005).

In a follow-up study Chesebro and colleagues generated transgenic mice expressing two-fold
more anchorless PrP compared to the mice in the previous experiment (Chesebro et al.,
2010). They reported that the inoculation of these mice with RML or 22L mouse prions
produced a distinct clinical phenotype when compared to non-transgenic mice inoculated
with the same mouse prions. In the transgenic mice expressing two-fold more anchorless PrP,
they observed longer incubation periods (~300-480 days) and PrP amyloidosis without gray

matter spongiosis.

However the non-transgenic mice were characterised by shorter incubation periods (~150-

160 days) and the deposition of abnormal forms of non-amyloidogenic PrP with gray matter

spongiosis (Chesebro et al., 2010).
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In another study, transgenic mice expressing higher levels of anchorless PrP developed
spontaneous disease, accompanied by the deposition of amyloidogenic PrP. The transgenic
mice were then crossed with wild-type mice to generate transgenic mice co-expressing
wildtype PrP and anchorless PrP. The co-expression of anchorless PrP and wild-type PrP¢
resulted in accelerated disease progression (Stohr et al., 2011).

These results implicate membrane-anchored PrPC in the pathogenesis of prion disease, and
demonstrate that the presence or absence of the PrP-GPI anchor can influence the

pathogenesis of prion disease (Stohr et al., 2011).
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1.5 The Role of Glycosylation in Prion Disease

Glycosylation refers to the process in which a carbohydrate (glycan) is covalently attached to
a protein or a lipid to form a glycoconjugate (Reily et al., 2019). Glycosylation can influence
the different properties of a protein including: structure, function, localisation and stability
(Roth et al., 2012; Lee et al., 2015). N-linked glycosylation involves the enzymatic transfer of
glycans to selected asparagine residues (Breitling and Aebi, 2013). This process occurs at the
consensus sequence NXT/S where N is asparagine, S is serine, T is threonine and X is any
amino acid other than aspartic acid or proline (Rao and Wollenweber, 2010). Human PrpP¢
contains two N-glycosylation sites (Asn 181 and Asn 197). Variable occupancy at these sites
produces different glycoforms of PrP: un-glycosylated (with no glycan attachment), di-
glycosylated (when both sites at 181 and 197 are occupied), mono-glycosylated (when either

residue 181 or residue 197 is occupied) (Lawson et al., 2005).

The function of PrP glycosylation under normal conditions and in the disease process remains
elusive (Tuzi et al., 2008). Studies in transgenic mice suggest that PrP glycosylation
influences the cellular location of PrP. Cancellotti and colleagues generated three lines of
transgenic mice with mutations at the first, second or both glycosylation sites - designated as
G1 (N180T), G2 (N196T) and G3 (N180T-N196T) (Cancellotti et al., 2005). G1 and G2 mice
express unglycosylated and monoglycosylated forms of PrP but lack diglycosylated PrP,

whereas G3 mice only express unglycosylated forms of PrP (Tuzi et al., 2008).
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In G1 and G2 mice they found that PrP was located on the cell surface, however in G3 mice
PrP was mainly localised intracellularly (Cancellotti et al., 2005). When these three lines
were inoculated with two different prion strains, 79A and ME?7 there were differing responses
between the lines. They reported that all three homozygous lines were susceptible to 79A,
however the incubation periods were longer for G3 mice (435 = 92 d) compared to G1 (194+
21d) and G2 mice (167+9.3d). Clinical disease was observed in all G1 and G2 mice, whereas
only 4/21 G3 mice were scored as clinically positive. G1 and G3 mice were resistant to
infection with ME7 but all G2 mice developed clinical disease following inoculation with

ME?7.

Despite the absence of spongiform degeneration and PK-resistant PrP in the brains of G3
mice, PrP-positive plaques were detected in the corpus callosum of some of these mice.
Further sub passage experiments need to be carried out to determine whether these mice are
propagating infectious PrP assemblies alongside fibrillar PrP amyloid assemblies (Terry and

Wadsworth, 2019).

The authors reported that these findings demonstrate that PrP glycosylation is not essential
for susceptibility to prion disease. They also show that PrP glycosylation influences
incubation period and the ability of strains to induce prion disease in the host (Tuzi et al.,

2008).
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1.6 Introduction to Human Prion Diseases
Human prion diseases can be inherited, occur sporadically or be acquired by infection

(Collinge and Clarke, 2007).

Sporadic Creutzfeldt-Jakob disease (sCJD)

The most common form of human prion disease is sporadic Creutzfeldt-Jakob disease and it
accounts for~ 85% of cases of human prion disease (D’Aignaux et al., 2002). Clinical
symptoms of sCJD include myoclonus, rapidly progressive cognitive decline, pyramidal and
extrapyramidal signs and cerebellar ataxia (Zanusso et al., 2016). The neuropathological
features of sCJD include spongiform degeneration, astrocytosis and neuronal loss (Belay,
1999). sCJD often has a rapid disease course with a mean survival of six months (Lahiri et

al., 2019).

Acquired human prion diseases

Acquired prion diseases include iatrogenic CJD, kuru and variant CJD and they account for

~1% of cases of human prion disease (Table 1.3) (Jackson and Krost, 2014).
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Table 1.3 Acquired human prion diseases

Acquired human Aetiology Neuropathological ~ Reference

prion disease features

latrogenic CJD Accidental transmission of CIJD Resembles sCID (Wadsworth and Collinge,
(iCJD) prions via surgical or medical 2011) (Collinge, 2001)

procedures: human dura matter
grafts, human growth hormone

treatment, contaminated

electroencephalographic electrodes

and corneal transplantation

Variant CJD Human exposure to BSE prions
(vCJD)
Kuru Cannibalism

Florid plaques

Amyloid plaques

(Wadsworth and Collinge,
2011) (Collinge, 2001)
(Wadsworth and Collinge,

2011) (Collinge, 2001)
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1.7 Inherited Prion Diseases

Inherited Prion Diseases (IPDs) are associated with autosomal dominant mutations in the
human prion protein gene (PRNP) and account for approximately 10-15% of human prion
disease (Wang et al., 2019). Over 30 pathogenic mutations in PRNP have been reported, and
these mutations can be separated into three groups: missense mutations, nonsense mutations
and octapeptide repeat insertion mutations (Windl et al., 1999; Mead, 2006; Capellari et al.,

2011) (Figure 1.2).

How PRNP mutations cause prion disease remains to be determined. However, it has been
suggested that some PRNP mutations increase the tendency of PrP€ to spontaneously fold

into disease-associated conformers of misfolded PrP (Apetri et al., 2004).
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Figure 1.2: Schematic of PRNP associated variants.
Adopted from Kim et al., 2018 (Kim et al., 2018)
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Inherited prion diseases can be sub-classified by clinical or pathological phenotypes as fatal
familial insomnia (FFI), CJD or Gerstmann-Straussler Scheinker disease (GSS) (Kovacs et

al., 2002).

FFI is characterised by insomnia, dementia, dysautonomia and thalamic atrophy (Lugaresi et
al., 1986; Parchi et al., 1995). GSS typically presents as an ataxic disorder with the later
development of dementia and it is associated with the histopathologic presence of PrP
amyloid plaques in the brain (Masters et al., 1981; Hudson et al., 1983; Kovacs et al., 2002).
Although inherited prion diseases can be sub-classified into these groups, there are instances
in which patients with the same mutation present different clinicopathological phenotypes
(Poulter et al., 1992). Also, in some cases there is an overlap in symptoms of the different
genetic forms of prion disease (Poulter et al., 1992; Hainfellner et al., 1995).

Inherited prion diseases can be caused by a variety of point mutations that result in the
substitution of a single nucleotide, which causes a single amino acid change in PrP (Table

1.4).
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Table 1.4 PRNP Missense mutations

PRNP PRNP codon 129  Amino acid change Phenotype  Reference

Mutation

P102L M Proline to Leucine GSS (Tesar et al.,
2019)

P102L \Y Proline to Leucine GSS (Youngetal.,
1997)

P105L \/ Proline to Leucine GSS (Kitamoto et
al., 1993)

All17V \ Alanine to Valine GSS (Mallucci et
al., 1999)

D178N M Aspartic acid to FFI (Medori et al.,

Asparagine 1992)

D178N \ Aspartate to Asparagine CJD (Goldfarb et
al., 1992)

E200K M/V Glutamic acid to Lysine CJD (Goldgaber et
al., 1989)
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1.8 Nonsense mutations in PRNP

Nonsense mutations in PRNP are accompanied by a variety of atypical phenotypes (Table
1.5), which cannot be classified as FFI, CID or GSS (Mead and Reilly, 2015; Bagyinszky et
al., 2018). These mutations are very rare and they lead to the integration of a stop codon,
resulting in the expression of truncated forms of PrP without a GPI anchor (Mead et al.,
2013). Truncating mutations have been associated with unique phenotypes including chronic
diarrhoea, cerebral amyloid angiopathy and neurofibrillary tangles, similar to those reported

in Alzheimer’s disease (Ghetti et al., 1996; Mead et al., 2013).
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Table 1.5 PRNP nonsense mutations

PRNP Pathological features Clinical features Reference

Mutation

Y 145X PrP-CAA, neurofibrillary Slowly progressive dementia  (Ghetti et al.,
tangles, PrP amyloid deposits 1996)

Q160X Neurofibrillary tangles, PrP Slowly progressive dementia,  (Fong et al.,
amyloid deposits Orbitofrontal syndrome 2016)

Sensorimotor polyneuropathy

Y?226X PrP CAA, PrP amyloid Dementia (Jansen et al.,
deposits Hallucinations 2010)

Q227X PrP Amyloid deposits, PrP Dementia (Jansen et al.,
CAA, neurofibrillary tangles  Extrapyramidal signs 2010)

Y 163X PrP CAA, PrP amyloid Chronic diarrhoea, (Mead et al.,
deposits, neurofibrillary sensorimotor polyneuropathy ~ 2013)

tangles
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1.9 Octapeptide Repeat Insertions in the Prion Protein Gene

The octapeptide repeat region in PrP normally contains four octapeptide repeats and one
nonapeptide repeat (Renner et al., 2004; Miura et al., 2005). Insertions of additional
octapeptide repeats in this region between codons 51 and 91 can be pathogenic (Beck et al.,
2001; Croes et al., 2004). Insertional mutations resulting in the addition of one or up to
twelve octapeptide repeats have been identified in patients (Schmitz et al., 2017). It has been
reported that disease onset occurs earlier in some patients with insertional PRNP mutations
compared to other inherited forms of prion disease and longer disease duration has been

reported in some cases (Gelpi et al., 2005).

In 1990 a new PRNP disease was reported that was associated with six octapeptide repeat
insertions (Owen et al., 1990; Gelpi et al., 2005). Core features identified in the British and
Basque-French family members include, cortical dementia, myoclonus and cerebellar ataxia
(Gelpi et al., 2005) (Mead, 2006). The deposition of PrP in the cerebellum has been
consistently reported in patients with this mutation but a spectrum of clinical and
neuropathological changes have been reported between individuals and also within members

of the same family carrying the same mutation (Gelpi et al., 2005; Xiao et al., 2013).

Evidence suggests that the polymorphism at codon 129 in PRNP (M129V) that results in a
methionine or valine allele influences the disease phenotype (King et al., 2003). The codon
129 polymorphism status of individuals could therefore contribute to the phenotypic
variability observed between and within families (Mead, 2006). Studies have also
demonstrated that the wild-type PRNP allele can contribute to the disease pathogenesis which
could also account for phenotypic heterogeneity observed in inherited prion diseases (Chen et

al., 1997; Wadsworth et al., 2006).
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1.10 Prion Strains

Prion strains can be defined as conformational variants that produce distinct phenotypes when
transmitted into inbred rodents with an identical PRNP genetic background (Telling et al.,
1996; Safar et al., 1998; Collinge and Clarke, 2007). A wide variety of distinct prion strains
exist and they are distinguished by differences in incubation periods, clinical signs and
neuropathological profiles, following passage of prions into experimental animals (Morales,

2017).

Distinct prion strains are associated with different conformations of PrPS¢ and strains can also
be distinguished biochemically based on glycosylation profiles and electrophoretic mobility
following digestion with PK (Collinge et al., 1996; Parchi et al., 1996, 1999) (Parchi et al.,

1996) (Parchi et al., 1999, 2009; Hill et al., 2003; Wadsworth et al., 2003).

Different PrP¢ types can be differentiated using western blot analysis by differences in
fragment size following PK digestion and the ratio of unglycosylated, monoglycosylated and

diglycosylated PrP (Wadsworth et al., 1999, 2003; Hill et al., 2003).

Sporadic and iatrogenic CJD (jointly designated classical CJD) are associated with four major
types of PrP>¢ (Collinge et al., 1996; Hill et al., 2003). PrP>¢ types 1-3 are observed in
classical CJD brain, whereas type 4 PrPS¢ is observed in variant CJD brain (Collinge et al.,
1996; Hill et al., 2003). The PrPs¢ types seen in inherited prion diseases vary and they are
different from those observed in classical and variant CJD (Telling et al., 1996; Piccardo et

al., 1998, 2001; Hill et al., 2006).
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1.11 Modelling Prion Diseases in Mice

Until transgenic technology made it possible to design animal models with specific genetic
modifications, prion transmission studies were initially performed using wild-type mice
(Chandler, 1961). Wild type mice were inoculated with different strains of prions and
following an incubation period, which varies depending on prion strain, levels of PrP¢
expression and genetic background of the host, mice begin to develop clinical signs of prion
disease (Carlson et al., 1986; Sandberg et al., 2011). Clinical signs of prion disease in mice

include ataxia, kyphosis and rigidity of the tail (Carlson et al., 1986; Flechsig et al., 2000).

Wild type mouse bioassays can be used to measure prion infectivity in biological samples
using two different approaches: 1) End-point titration bioassay 2) Incubation time bioassay.
In the end-point titration assay mice are inoculated with a series of 10-fold dilutions of the
sample of interest and the prion titer is determined in terms of the dilution at which 50% of

the animals inoculated develop prion disease (Prusiner et al., 1981, 1982).

Incubation time is defined as the time interval between exposure to prions and the
development of prion disease (Collinge, 2005). The incubation time bioassay uses fewer
animals and is less time consuming than the end-point titration assay, however, it is less
accurate (Prusiner et al., 1982). This bioassay determines prion infectivity by comparing the
incubation periods in prion-inoculated mice with a calibration curve generated using a sample

of known prion titer (Prusiner et al., 1982; Watts and Prusiner, 2014).
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One of the drawbacks of using wild-type mice to study prions is that the transmission of
human prions in these mice is less efficient and produces prolonged incubation periods, partly
due to the so-called species barrier effect (Telling et al., 1994). The species barrier describes
the inefficient transmission of prions from one species to another when compared to

intraspecies transmissions (Collinge, 2005; Wadsworth et al., 2010).

The similarity of the amino acid sequences between the donor and recipient influences cross-
species conversion of PrP¢ and species barriers arise due to differences in the primary
structure of PrP in the prion strain being investigated between the donor and the recipient

(Scott et al., 1989).

The generation of transgenic mice expressing human PrP permitted the analysis of a variety
of human prion strains in the absence of a species barrier. The first transgenic mouse model
of prion disease was developed by Scott and colleagues in 1989 (Scott et al., 1989). These
transgenic mice expressed hamster PrP and retained the endogenous mouse PrP so they were
susceptible to both hamster and mouse prions, whereas control wild type mice remained

resistant to hamster prions (Scott et al., 1989).

The concept of transmission barriers was introduced for situations where despite the

abrogation of the species barrier through transgenic technology, prion propagation in animal

models is still inefficient (Collinge and Clarke, 2007).
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Prion diseases were initially modelled in transgenic mice expressing human PrP transgenes
on a mouse Prnp*’* background (Telling et al., 1994, 1995). However the mouse PrP gene
interfered with the efficient propagation of human prions in these mice (Collinge et al., 1995;
Telling et al., 1995). The generation of PrP null (PrP%?) (Bieler et al., 1992) mice enabled
“humanised’’ transgenic mouse models to be developed without interference of the

endogenous mouse PrP (Bueler et al., 1992; Telling et al., 1995; Wadsworth et al., 2010).
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1.12 Transgenic Mouse Models of Prion Disease
Different approaches are used to generate animal models and each approach has its own

advantages and disadvantages.

In conventional transgenic mouse models the transgene is randomly integrated into the host
genome (Bryda et al., 2006; Asante et al., 2015). Mouse models generated using this
approach can produce variable levels of PrP. Examples of some commonly used transgenic
mouse models expressing different levels of PrP are listed in Table 1.6. This is advantageous
for prion disease modelling purposes as increasing PrP expression reduces incubation time
compared to wild-type mice (Prusiner et al., 1990). Therefore PrP overexpression models are
useful as the lifespan of a mouse is limited and in some instances the incubation period may
exceed the natural lifespan of a mouse which is approximately two years depending on the

mouse strain (Dickinson et al., 1975; Wang et al., 2020).

However, as the transgene is randomly inserted into the genome, position effects can interfere
with transgene expression (Feng et al., 2001). This can lead to variable spatial expression
patterns of PrP in different lines (Kaczmarczyk and Jackson, 2015; Kaczmarczyk et al.,

2016).
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Table 1.6 Expression levels of transgenic mice overexpressing human PrP¢

Mouse line PrP genotype Fold expression Reference
above endogenous

levels of PrP¢

Tgl152 HuPrP 129V 4-8 (Telling et al., 1994)
Tg35 HuPrP 129M 2 (Asante et al., 2002)
Tg45 HuPrP 129M 4 (Asante et al., 2002)
Tg650 HuPrP 129M 6 (Béringue et al., 2008)

Several different experimental models of inherited prion diseases have been produced via the

transgenic approach (Table 1.7).
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Table 1.7 Transgenic mouse models of inherited prion disease

PRNP Mouse PrP Fold Spontaneous  Reference
Mutation line sequence  expression formation of
above prions?
endogenous
levels of Prp¢
P102L Tgl74 Mouse 8x Yes (Hsiao et al.,
1990)
P102L Tg27 Human 3x No (Asante et al.,
2009)
Al1l17V  Tg30 Human 3x Yes (Asante et al.,
2020)
E200K  Tg23 Human 3x No (Asante et al.,
2009)
D178N, FFI Mouse 2X Yes (Bouybayoune
M129 etal., 2015)
D178N, CJD Mouse 2X Yes (Dossena et
V129 al., 2008)
A224V  Tg Human 1.5-3.2 x No (Watts et al.,
(HuPrP, 2015)
V129,
A224V)
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Some models express human PrP whereas others express mouse homologues of the human
pathogenic mutations. Many of these lines expressing mouse homologue of human PRNP
mutations on the mouse prion protein develop spontaneous prion disease accompanied with
disease specific neuropathological changes (Hsiao et al., 1990; Jackson et al., 2009, 2013).
However, contrasting results have been obtained using models generated from direct
modelling of human PrP mutations on the human prion protein, compared with mouse models
expressing mouse PrP with the mouse equivalent of the human mutation (Manson et al.,

1999; Asante et al., 2015).

Prions generated in gene-targeted mice expressing mouse PrP 101L that had been challenged
with human GSS-102L prions were capable of transmitting disease to wild-type mice and
101L PrP knock-in mice upon serial passage (Manson et al., 1999). However, prions
produced in transgenic mice expressing human PrP 102L challenged with GSS-102L were
unable to infect transgenic mice expressing wild-type human PrP (Asante et al., 2015). These
contrasting findings question the relevance of data obtained from models that superimpose

human PrP mutations onto rodent PrP (Asante et al., 2015).
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1.13 Knock-in models of Prion Disease

Gene targeted models are produced by the insertion of the transgene into a specific locus in
the host genome via homologous recombination (Jackson et al., 2009; Kaczmarczyk et al.,
2016). The classical approach to generating gene-targeted mouse models involves the
electroporation of a targeting vector into embryonic stem cells (Bouabe and Okkenhaug,
2013a). The transgene is flanked by sequences from the mouse genome on both sides

(Noguchi et al., 2004).

This flanking sequence induces homologous recombination at the target site, leading to the
insertion of the transgene at a specific locus (Bouabe and Okkenhaug, 2013a) (Bouabe and

Okkenhaug, 2013b).

Models using this technology are more precise and better reflect inherited mutations as the
endogenous gene is replaced by the transgene at a specific locus, therefore the transgene is
under physiological control and endogenous expression levels are obtained (Kaczmarczyk

and Jackson, 2015).

Fewer mouse models of inherited prion diseases have been generated using the gene targeted

approach (Table 1.8).
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Table 1.8 Knock-in mouse models of inherited prion disease

PRNP Tg Line PrP sequence Spontaneous Reference
Mutation formation of
prions?
P102L 101LL Mouse (P101L) No (Manson et al.,
1999)
D178N, M129 Ki-3F4-FFI Mouse (D177N, Yes (Jackson et al.,
M128) 2009)
E200K Ki-3f4-CJD  Mouse (E199K) Yes (Jackson et al.,
2013)

Knock-in mice expressing endogenous levels of MoPrP (P101L) failed to develop
spontaneous disease (Manson et al., 1999), however transgenic Tg174 mice overexpressing
MoPrP (P101L) at 8x levels developed a spontaneous neurological disease (Hsiao et al.,

1990).

This difference may be due to the fact that in the knock-in model, the required incubation
period exceeded the normal mouse lifespan. Jackson and colleagues developed two knock-in
lines, Ki-3F4-FFI and Ki-3f4-CJD that developed spontaneous disease with neurological
symptoms that mirrored those observed in patients. Gliosis and neuronal loss was observed in
the thalamus of Ki-3F4-FFI mice and Ki-3f4-CJD line developed spongiform degeneration

and PrP deposits in the brain (Jackson et al., 2013).

High levels of PrP overexpression may be pathogenic in some instances and lead to the
development of abnormal pathologies that are not typically associated with prion diseases
(Westaway et al., 1994; Marin-Moreno et al., 2020). Increasing protein expression beyond
physiological levels can also disrupt the function of genes near the transgene insertion site

and introduce artefacts (Kuang et al., 2006).
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Some of these pitfalls could be avoided by using knock-in mice that express physiologically
relevant levels of PrP. However as the incubation period is inversely proportional to level of
PrP expression, endogenous levels of PrP may result in prolonged incubation periods that do
not enable prion disease to be observed during the short lifespan of a mouse (Sandberg et al.,

2011, 2014; Marin-Moreno et al., 2020).

For example human PrP knock-in mice were resistant to infection with BSE but were
susceptible to vCJD prions (Bishop et al., 2006). In contrast, both BSE and vCJD prions
successfully infected transgenic mice overexpressing human PrP 129M producing a vCJD-
like phenotype (Asante et al., 2002). In this instance the knock-in models were not able to
report BSE infection and the author would have reached the conclusion that BSE was not the
cause of vCJD, but overexpression models proved otherwise. These findings demonstrate that
in some cases overexpression is required for transmission (Wadsworth et al., 2010).

There are also instances where PrP knock-in mice recapitulate human prion diseases better

compared to transgenic models.

Bian et al. 2019 reported that transgenic mice expressing cervid PrP€ were relatively
resistant to intraperitoneaal challenges with different chronic wasting disease (CWD) isolates
whereas PK-resistant PrP accumulated in the spleens of knock-in mice expressing cervid
PrP¢ following intracerebral and intraperitoneal challenges with CWD prions (Bian et al.,

2019).
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The authors concluded that the greater efficiency in disease induction observed in the gene
targeted mice was due to the more accurate control of cervid PrP expression in the periphery
by PRNP regulatory sequences in these mice (Bian et al., 2019).

Therefore in this instance knock-in mice were more suitable for investigating the peripheral

pathogenesis of CWD.

Further experiments have also demonstrated that the transmission of a CWD isolate (M-N
02) from Norwegian moose was more efficient in knock-in mice expressing elk or deer PrP
compared to transgenic counterparts. They also observed that the transmission efficiency of
Norwegian reindeer CWD prions was equally efficient or faster in the PrP knock-in mice
compared to the transgenic counterparts (Bian et al., 2021).

These findings highlight the importance of using both transgenic and knock-in mouse models

in prion disease modelling

48



1.14 Generating mouse models using CRISPR/Cas9 technology
Generating knock-in mice using embryonic stem cells is expensive, time consuming and
labour intensive compared to using CRISPR technology as it requires culturing of embryonic

stem cells and chimera breeding (Kaczmarczyk and Jackson, 2015).

The development of programmable nucleases such as clustered regularly interspaced short
palindromic repeat (CRISPR) — CRISPR-associated protein 9 (Cas9) into gene editing tools
has enabled the development of knock-in mice without culturing embryonic stem cells

(Kaczmarczyk and Jackson, 2015).

The CRISPR/Cas9 system has recently transformed genome editing (Hsu et al., 2014).This
system exists in bacteria and archaea as a defence mechanism against invading
bacteriophages (Kaczmarczyk and Jackson, 2015). It has been developed into a gene editing

tool for the generation of precise animal models of disease (Hsu et al., 2014) .

The native bacterial CRISPR/Cas9 system utilises a dual guide RNA (gRNA) system that
consists of CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA). The
crRNA and tracrRNA form the interference complex with Cas9 that targets and cleaves
foreign nucleic acids (Charpentier et al., 2015). However, the dual gRNA system can be
engineered as a single guide RNA for experimental purposes (Jinek et al., 2012; Saayman et
al., 2015). The Cas9/sgRNA complex recognises the downstream protospacer-adjacent motif
(PAM) sequence and the complementary 20 bp target DNA sequence (Figure 2A). The PAM

sequence recognised by Cas9 is 3-bp NGG, where N= any nucleotide (Zhang et al., 2014).

49



This short sequence is located next to the target DNA sequence and it is required in
distinguishing between bacterial self and non-self DNA (Gleditzsch et al., 2019). The Cas9
protein cuts approximately 3 base pairs upstream of the PAM sequence resulting in DNA

double-strand breaks (Figure 1.3A) (Mou et al., 2015).

This leads to the activation of the DNA repair system which can occur via two mechanisms:
1) Non-homologous end joining (NHEJ) 2) Homology directed repair (HDR) (Figure 1.3B).
Non-homologous end joining introduces small insertions and deletions (INDELS) into the
genome. Whereas, homology directed repair can be used to generate precise genome edits
through the incorporation of a DNA donor template that contains the desired genomic

modification at the target site (Mou et al., 2015; Aird et al., 2018).
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Figure 1.3: CRISPR/Cas9-directed cleavage using sgRNA. Adapted from Saayman et al., 2015.
(Saayman et al., 2015)

A. The PAM sequence and the target genomic sequence is recognised by the Cas9/sgRNA complex, and then Cas9
induces a double-strand break at the targeted genomic region.

B. B. Then the DNA is repaired via non-homologous end joining (NHEJ) or homology directed repair (HDR).

The CRISPR/Cas9 system has high therapeutic potential but it is hindered by the off-target
effects (Aird et al., 2018). Off-target effects refer to the unintended cleavage and introduction
of point mutations at sites other than the target site which have a sequence which is non-

identical but similar to the target site (Modrzejewski et al., 2019, 2020).
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Another one of the drawbacks using this approach is genetic mosaicism in founder animals

(Yang et al., 2013; Mizuno et al., 2014; Mehravar et al., 2019).

The CRISPR/Cas9 components are often injected directly into fertilised zygotes as RNA,
DNA or protein molecules and sustained activity of the Cas9/sgRNA complex can lead to the
cleavage of different genes during different stages of embryonic development, leading to

genetic mosaicism in founders (Yang et al., 2013; Yen et al., 2014; Mehravar et al., 2019).

CRISPR/Cas9 technology can be used to generate knock-out and knock-in mice. Knock-out
mice can be generated by designing sgRNAs that direct Cas9 to the genomic target site (Hall
et al., 2018). Once Cas9 has been recruited to the target site it creates a double-stranded break
that can be repaired by NHEJ which introduces INDELSs (Horii and Hatada, 2016; Hall et al.,
2018). These NHEJ mediated mutations lead to the production of knock-out mice (Horii and

Hatada, 2016; Hall et al., 2018).

The generation of knock-in mice is technically more challenging as knocking in a gene

requires precise repair via HDR and an exogenous DNA template (Salsman et al., 2017; Lee
et al., 2018; Ranawakage et al., 2021). HDR is less efficient than NHEJ in mammalian cells
whereas NHEJ is more efficient but less accurate compared HDR (Salsman et al., 2017; Lee

et al., 2018; Ranawakage et al., 2021).

52



Many different strategies have been developed by researchers to increase knock-in efficiency
and studies suggest that the design of the donor template is crucial in determining the success

of HDR (Bollen et al., 2018; Ranawakage et al., 2021).

There are different types of donor templates including, double-stranded DNA donors
(dsDNA), single-stranded oligo DNA nucleotides (ssODNSs), single-stranded DNA donors
(ssDNA) and viral or plasmid based donors (Quadros et al., 2017; Bollen et al., 2018; Roth et

al., 2018; Okamoto et al., 2019).

Knock-in efficiency is higher using ssDNA donors compared with dsDNA donors (Miura et
al., 2015; Codner et al., 2018; Zhang et al., 2021). This is due to the fact that sSSDNA donors
require shorter homology arms so they can be inserted into the genome more efficiently than
dsDNA donors that require longer homology arms (Miura et al., 2015, 2018; Quadros et al.,

2017).

Efficient additions with ssSDNA inserts-CRISPR (Easi-CRISPR) was developed to improve
the efficiency of DNA donor insertion into the genomic target site (Quadros et al., 2017)
(Miura et al., 2018). This strategy uses in vitro Transcription and Reverse Transcription
(ivTRT) to generate long ssDNA donors that are assembled with crispr RNA (crRNA), trans-
activating crispr RNA (tracrRNA) and Cas9 protein. This ssDNA+crRNA + tracrRNA + Cas9
complex is then microinjected into mouse zygotes (Quadros et al., 2017; Miura et al., 2018).
Miura et al. (2018) reported that the insertion efficiency of the long sSDNA donor was 2.5

times higher compared to a dsSDNA donor (Miura et al., 2018).
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The synthesis of the long ssDNA donor remains a challenge using this strategy. Long sSDNA
donors can be synthesised commercially or generated in house, however the stability of
ssDNA sequences varies (Erwood and Gu, 2020). Single stranded DNA structures can also
form secondary structures within a long ssDNA donor which could cause the donor sequence
to be skipped during the DNA repair process (Pal and Levy, 2019; Erwood and Gu, 2020).
There have been no reports of any mouse models of prion disease generated using the
CRISPR-Cas9 system to date. With the development of many different strategies to boost
HDR efficiency and the insertion of DNA donor templates this technique could be used to

generate mouse models of inherited prion diseases.
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1.15 Aims of the project

A unique phenotype associated with Y163X PRNP truncation mutation

Mead et al. (2013) identified the Y163X-129V stop codon mutation in a large British family
(Mead et al., 2013). This PRNP truncation mutation is associated with unusual symptoms
referred to as PrP systemic amyloidosis (Mead and Reilly, 2015). Reported clinical symptoms
include chronic diarrhoea, autonomic neuropathy and the accumulation of amyloidogenic PrP
in peripheral organs and blood vessels (Cerebral amyloid angiopathy (CAA). The disease
progression for this mutation is slow (>20 years) and cognitive decline occurs in the later

stages of the disease (Mead et al., 2013).

The transmission of brain tissue from patients with the Y 163X mutation into transgenic mice
expressing wild type human PrP-129V resulted in negative transmissions (Mead et al., 2013).
However, these negative transmission results may be due to different PrP sequences between
the donor and recipient (Asante et al., 2013). Previous experiments have demonstrated that
transmission barriers may be due to incompatibility between the host and donor PrP.
Therefore transgenic mice expressing the homologous mutant PrP may be required to
demonstrate the transmissibility of prions produced in patients with the Y 163X mutation

(Asante et al., 2013, 2015).

This novel prion disease is distinct from previously reported inherited prion diseases due to
the presence of a non-neurologic phenotype. The uniqueness of the disease phenotype
associated with the Y163X mutation, characterised by the deposition of PrP amyloid in

peripheral organs makes this mutation a good candidate for the study of prion therapeutics.
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Modelling the Y163X PRNP truncation mutation in mice
Previous studies demonstrate that the accurate control of PrP expression by endogenous
regulatory elements may be necessary to study peripheral pathogenesis of prion diseases

(Bian et al., 2019) (Bian et al., 2021).

Against this background, the aims of this thesis were to generate and characterise mouse
models expressing human PrP Y163X that recapitulate human disease using two different
approaches:

1) Conventional transgenic approach

2) Gene targeted approach — Gene Knock-in and CRISPR-Cas9 technology

Cell lines expressing human PrP 163X will also be generated as part of the characterisation of

this unique inherited prion disease to investigate the subcellular localisation of this mutant

protein.
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2. Chapter 2: Materials and Method

2.1 Materials and reagents

Luria broth (LB), 1L

25 g LB powder (Invitrogen, Massachusetts, USA)

1 L double-distilled water (ddH20)

2-YT broth, 1L

25 g 2-YT broth powder (Invitrogen, Massachusetts, USA)

1 L double-distilled water (ddH20)

LB Agar Plates

3 g Agar powder (Invitrogen, Massachusetts, USA)

200 ml LB media (Invitrogen, Massachusetts, USA)

Lysis buffer

10 ml RIPA buffer (Sigma-Aldrich, Missouri, USA)

1 ml Protease inhibitor cocktail (100 ul/ ml) (Sigma-Aldrich, Missouri, USA)
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Sample buffer

200 ul Novex Tris-Glycine SDS Sample Buffer (2X) (Invitrogen, Massachusetts, USA)
10 pl B-mercaptoethanol (Sigma-Aldrich, Missouri, USA)
20 pl

Sterile H20 (Global Life Sciences Solutions Operations UK Ltd, Sheffield, UK)

PBST (0.05%)

100 ml 10X PBS (VWR International Ltd, Pennsylvania, USA)
0.5 ml Tween 20 (Sigma-Aldrich, Missouri, USA)

899.5 ml dd H20

PBST (1%)

5 ml 10X PBS (VWR International Ltd, Pennsylvania, USA)
0.5 ml Tween 20 (Sigma-Aldrich, Missouri, USA)

44.5 ml ddH20

Carbonate coating buffer

2.93 g Sodium bicarbonate (Sigma-Aldrich, Missouri, USA)
1.59 g Sodium carbonate (Sigma-Aldrich, Missouri, USA)

In 1L of dd H20
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IP Capture Buffer

0.4 g Sarkosyl (Sigma-Aldrich, Missouri, USA)

0.4 g BSA (Sigma-Aldrich, Missouri, USA)

0.4 ml Triton X-100 (Sigma-Aldrich, Missouri, USA)

1 ml 1.0M Tris (VWR International Ltd, Pennsylvania, USA)

Made up to 20 ml with ddH20
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2.2 Restriction enzymes

Restriction enzymes (Table 2.1) were purchased from New England Biolabs, Massachusetts,

USA and Thermo Fisher Scientific, Massachusetts, USA.
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Table 2.1 List of restriction enzymes used

Enzyme

BamHl|

Hindlll

Notl

Smal

Sall

Sall

Xbal

Xhol

Recognition sequence

(57-3%)

GGATCC

AAGCTT

GCGGCCGC

CCCGGG

GTCGAC

GTCGAC

TCTAGA

CTCGAG

Incubation
temperature (°C)

37

37

37

30

37

37

37

37

Company

New England

Biolabs

New England

Biolabs

New England
Biolabs
Thermo Fisher

Scientific

New England

Biolabs

Thermo Fisher

Scientific

Thermo Fisher
Scientific
New England

Biolabs
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2.3 Primers

Oligonucleotide primers used for cloning, PCR, RT-PCR and gPCR (Table 2.2) were
designed using the Eurofins Genomics PCR Primer Design Tool
(https://eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/). Primers were ordered from
Eurofins Genomics and diluted with TE (Thermo Fisher Scientific, Massachusetts, USA) to a

stock concentration of 100uM.
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Table 2.2 List of oligonucleotide primers used for sub-cloning, PCR and RT-PCR

Name Sequence

Cloning Primers

Not-Sal_Sn3 GGCCGCGGTACCCTCGAGCCCGGGGTCGACC
Not-Sal_Asn3 TCGAGGTCGACCCCGGGCTCGAGGGTACCGC
Bam-Xho linker GATCGCTCGAGG

HuPrP_ORF_Sn2 CTGCAGGTCGACGCCACCATGGCGAACCTTGGCTGCTGGA
HuPrP_ORF_Asn2 CCCGGGTCTAGATCATCCCACTATCAGGAAGATG
PCR Primers

Hul GTGGCCACATGGAGTGACCTGGGCCTC

Hu2 GGCACTTCCCAGCATGTAGCCG

P10 GTACCCATAATCAGTGGAACAAGCCCAGC

315 GTGCTGCTGGATCTTCTCCCGTC

P3 ATTCGCAGCGCATCGCCTTCTATCGCC
CAG_ASN3 CCAGTGTTCCATCCTCCAG

CAG_SN3 GCCTCTGCTAACCATGTTC

F2 AGGAGATTCTTGGCTTTGTGCTTA

R2 TGTGAGTTCTAATACATCTGGGCT

KI-F3 GGCTGGTAAGGGATATTTGCCTG

KI-R3 CCAGCCTAGACCACGAGAATGCG

KO-Sn2 TGCCCATTTCCAAATTCCAC

KO-Asn6 ATCGAAAGACACCCCCAAG

Sn2 GAGGATGGGATGAGCTGTG

Asn3 GACCTGAAGCAAAGAGCAAC
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RT-PCR and gPCR Primers

RT-primer MoPrP-20 (V2)
HuPrP pLNCX2 Forward
HuPrP pLNCX2 Reverse
Tyx_pCAG-TagMan_Sn
Tyx_pCAG-TagMan_Asn

Tyx_pCAG-Probe

CACAGAGAAGCAAGAATGAG
AAGCCTGGAGGATGGAACAC
ATGTTGGTTTTTGGCTTACTCG
TGCACGACTGCGTCAATATCA
TCGGTCTCGGTGAAGTTCTCC

TCACCACAACCACCA (FAM/TAMRA)

2.4 CRISPR Guide RNA sequences

The CRISPR guides (Table 2.3) were designed using the online platform called “Breaking

Cas” (https://bioinfogp.cnb.csic.es/tools/breakingcas/?gset=8x1 GENOMES Ensembl 104)

and synthesised by Integrated DNA Technologies (IDT, lowa, USA).

Table 2.3 CRISPR Guide RNA sequences

Mo PrP Left Guide:

Mo PrP Right Guide:

TCAGTCATCATGGCGAACCT

GCCTCCCTCATCCCACGATC
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2.5 Antibodies

2.5.1 ICSM anti-prion protein monoclonal antibodies

Briefly, the ICSM anti-prion antibodies (Table 2.4) were produced by immunising
F10_FVB/PrP null mice with human recombinant a- or B-PrP%-2% (Khalili-Shirazi et al.,
2005).

Table 2.4 ICSM anti-prion antibodies

Epitope Host Reactivity Use
ICSM 17 140-159 Mouse Human wWB
ICSM 18 143-153 Mouse Human WB
ICSM
35/ICSM35- 93-105 Mouse Human, Mouse wWB
biotin
ICSM 37 96-105 Mouse Human wWB
ICSM 61 96-105 Mouse Human WB
ICSM 62 96-105 Mouse Human wWB
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The rest of the antibodies used for this project are described in Table 2.5

Table 2.5 Other Primary and secondary antibodies used

Epitope Host Reactivity Manufacturer Use
Primary antibodies
Anti-Alpha 1 *N/A Mouse Canine, Merck IF
Na*/K*- Human,
ATPase Monkey,
Mouse, Pig,
Rabbit, Rat,
Sheep,
Xenopus
Anti-Prion 57-88 Mouse Bovine, Bertin wWB
Protein- Hamster, Bioreagent
SAF32 Human,
Mouse,
Ovine
Anti-Prion 109-112 Mouse Human BioLegend WB,ELISA
Protein-3F4
Anti-Prion 95-110 Mouse Human BioLegend WB, IF

Protein-6D11
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Secondary antibodies
Antimouse

IgG Alkaline
phosphatase
Anti-mouse

1gG1

Rhodamine
Anti-mouse

IgG2a Alexa

Fluor488

Goat

Goat

Goat

Mouse

Mouse

Mouse

Merck WB
Jackson IF
ImmunoResearch
Jackson IF
ImmunoResearch

*Not Available
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2.6 DNA methods

2.6.1 Restriction enzyme digestions

Restriction enzyme digestions were performed in a volume of 50-70ul per reaction with 2-
5ug of template DNA, 5U of enzyme and the appropriate volume of 10x restriction enzyme
buffer. The reactions were incubated overnight in a water bath at 37°C (with exception of
Smal at 30°C for 1hr). This was followed by agarose gel electrophoresis and DNA
purification using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research, USA),

following the manufacturer’s instructions to purify DNA fragments from agarose gels.

2.6.2  Filling-in reactions to blunt sticky ends

The sticky end of digested DNA with a 5° overhang was blunted using the Klenow fragment
of DNA Polymerase | (New England Biolabs, Massachusetts, USA) filling in the sticky end.
Briefly, 19l of restriction enzyme digested DNA, 3ul of 10x NEB buffer 2 (New England
Biolabs, Massachusetts, USA), dNTPs (10mM) (New England Biolabs, Massachusetts,
USA), Klenow enzyme was brought up to a final volume of 30ul with dH20 and incubated
for 15 minutes at 25°C. The reaction was stopped by adding EDTA (ITW Reagents,
Barcelona, Spain) to a final concentration of 10mM and heating for 20 minutes at 75°C in a

heating block to inactivate the Klenow enzyme.
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2.6.3 DNA End Modification: Dephosphorylation

Phosphate groups from 5'-ends of the digested DNA were removed using Calf intestinal
alkaline phosphatase (CIAP) enzyme (New England Biolabs, Massachusetts, USA). DNA
was digested in a 20ul volume and added to 5ul of 10x Cut Smart buffer (New England
Biolabs, Massachusetts, USA), 1ul of alkaline phosphatase and brought up to a final volume
of 50ul with dH20. The reaction was then incubated for 30min at 37°C in a water bath,

followed by incubation at 65°C for 10 min on a heating block to heat inactivate the enzyme.

2.6.4 Annealing oligonucleotides for cloning

Equal amounts (in ug) of the oligonucleotides were added together and brought up to a final
volume of 20l with TE buffer in an Eppendorf tube. The tube containing the
oligonucleotides was then incubated at 70°C for 5 min to denature the strands. Following the
incubation period, the tube was transferred into a beaker containing water at 65°C and was

allowed to cool slowly until the temperature was below 30°C.

2.6.5 Agarose gel electrophoresis

Agarose gels (1-2%) were used to separate digested plasmid DNA, for DNA quantification,
fragment purification and for the analysis of PCR products. Agarose was dissolved in 1x
TAE buffer (Geneflow Ltd, Lichfield, UK) and heated until the agarose completely
dissolved. Ethidium bromide solution (Merck Life Science , New Jersey, USA) was added to
a final concentration of 0.2 pg/mL once the agarose solution had cooled down to
approximately 50°C. GeneRuler 1kB DNA ladder (Thermo Fisher Scientific, Massachusetts,
USA) was included in every run as reference for determining DNA fragment sizes, and an
image of the gel was acquired using the Bio-Rad Gel Doc ™ XR+ documentation system

(Bio-Rad Laboratories, California, USA).
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2.6.6 Gel extraction

The agarose gel was placed on a UV transilluminator (Analytik Jena, Germany) and the
desired DNA fragment was excised from the agarose gel using a scalpel blade. The DNA was
then extracted using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research, USA)

according to the manufacturer’s instructions.

2.6.7 Purification of DNA fragments

The Zymoclean™ Gel DNA Recovery Kit (Zymo Research, USA) was used to purify DNA
fragments. The excised DNA fragment was placed into a 1.5ml microcentrifuge tube. Then 3
volumes of buffer ADB was added to 1 volume of gel slice (volume: weight).

The gel slice was then incubated in ADB for 5-10 minutes, or until the agarose completely
dissolved at 55°C. Once the gel slice had completely dissolved, the melted agarose solution
was transferred to a Zymo-Spin™ Column, incubated for 5-10 minutes and centrifuged for 1
minute at 13,000 x g. The flow through was discarded and the column was washed by adding
wash buffer to the column and centrifugation at 13,000 x g. After the wash steps the DNA

was eluted in elution buffer.
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2.6.8 Purification of PCR products

PCR products were purified using the Wizard® SV Gel and PCR Clean-Up System
(Promega, Wisconsin, USA). The excised PCR product was placed into a 1.5ml
microcentrifuge tube and membrane binding solution was added at a ratio of 10ul of solution
per 10mg of agarose gel slice. The mixture was then vortexed and incubated between 50—
65°C for 10 minutes, or until the agarose completely dissolved. The dissolved gel slice was
then transferred into a SV Minicolumn in a collection tube and incubated for 1 minute at
room temperature. This was followed by centrifugation at 16,000 x g for 1 minute, then the
flow-through was discarded and the membrane was washed by adding Membrane Wash
Solution and centrifugation at 16,000 x g for 1 minute. The SV minicolumn was then
transferred into a clean 1.5ml microcentrifuge tube and the DNA was eluted by adding 20 pl
TE (Thermo Fisher Scientific, Massachusetts, USA) and centrifugation at 16,000 x g for 1

minute.

2.6.9 Preparation of competent bacterial cells

Escherichia coli SCS110 (Agilent Technologies, California, USA) glycerol stock was
streaked onto an LB-agar plate with no antibiotics. The plate was incubated overnight at 37°C
and the next morning a colony was picked and used to inoculate 10ml of LB.

The culture was then incubated overnight at 37°C in a shaking incubator. The following
morning 250ml of LB (with no antibiotic) was inoculated with 6.25ml of the overnight
culture and incubated at 37°C in a shaking incubator until the absorbance read at A550

reached 0.4-0.5.
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Next, the culture was transferred into a centrifuge tube and incubated on ice for 30 minutes.
This was followed by centrifugation between 4000 x g for 10 minutes at 4°C. Then the
supernatant was discarded and the pellet was resuspended in 50ml of ice-cold 100 mM CaCl:
(Merck Life Science, New Jersey, USA) incubated on ice again for 30 minutes. This was
followed by centrifugation at 4000 x g for 10 minutes at 4°C. The supernatant was discarded
and the pellet was resuspended in 6ml of ice cold 100mM CaClz containing 15% glycerol
(VWR International Ltd, Pennsylvania, USA). The cells were then aliquoted into sterile
1.5ml microcentrifuge tubes and kept on ice at 4°C overnight. After the overnight incubation

the cells were snap frozen on dry ice and stored at -70°C.

2.6.10 Ligation and transformation

The vector and insert were ligated in a ratio of 1:4 respectively; the two fragments were
added to 1 ul of 10x ligation buffer (Promega, Wisconsin, USA), brought up to 9ul with
ddH20 and incubated at 37°C for 10 min on a heating block before adding 1ul of T4 DNA
ligase (Promega, Wisconsin, USA). This was followed by overnight incubation at 15°C in a

water bath.

The following day, SCS110 competent cells (Agilent Technologies, California, USA) were
thawed on ice before adding the 2 ul ligation mix, then mixed and incubated on ice for 60
min. The cells in the transformation reaction were then heat shocked at 42°C for 80 sec,

chilled on ice for 10 min and left at room temperature for 10 min.
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Following the addition of 850ul of LB, the cells were incubated at 37°C for 1hr with shaking
at 200-300rpm. Then 150ul of the cells were spread onto LB-agar plates containing 100
ug/ml of Ampicillin or Kanamycin (Merck Life Science, New Jersey, USA), depending on
the antibiotic resistance gene in the plasmid. The plates were incubated overnight at 37°C and

checked in the morning for the presence of bacterial colonies.

2.6.11 Screening of colonies

Single colonies were picked and transferred into 5ml of 2-YT (Invitrogen, Massachusetts,
USA) containing 100 pg/ml of Ampicillin/Kanamycin (Life Science UK Limited, Dorset,
UK) and incubated at 37°C overnight. The bacterial cells were then harvested by
centrifugation at 16,000 x g for 10 seconds and DNA was isolated using the QIAprep Spin
Miniprep Kit (Qiagen Ltd, Hilden, Germany), following the manufacturer’s instructions.
Diagnostic restriction digestions were performed to identify positive clones. Purified DNA
was digested with different restriction endonucleases and the reactions were run on an
agarose gel and compared to the vector backbone to determine recombinant plasmids

containing the correct insert.

2.6.12 Mini-Preps of plasmid DNA

Minipreparations of plasmid DNA were made using the QIAprep Spin Miniprep Kit (Qiagen
Ltd, Hilden, Germany). After harvesting the cells, the pellet was resuspended in buffer P1
and the cells were lysed in buffer P2. Cell lysis was then neutralised by the addition of buffer
N3 which lead to protein precipitation. The white precipitate was removed following
centrifugation for 10 minutes at 16,000 x g. The supernatant containing the plasmid DNA
was applied to a QlAprep spin column containing a silica membrane. The flow-through was
discarded and endonucleases and salts were removed by adding buffer PB and buffer PE

sequentially to the column followed by centrifugation at 16,000 x g for 1 minute.
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DNA was eluted was by adding 20ul buffer EB to the column and centrifugation at 16,000 x

g for 1 minute.

2.6.13 Maxi-preps of plasmid DNA

Maxipreparations of plasmid DNA were made using the Hi Speed Plasmid Maxi Kit (Qiagen
Ltd, Hilden, Germany). Briefly, after harvesting the cells, the pellet was resuspended in
buffer P1 and the cells were lysed in buffer P2. Cell lysis was then neutralised by the addition
of buffer P3 and the lysate was transferred into a QlAfilter maxi cartridge and incubated for
10 min. A plunger was then inserted into the QIAfilter maxi cartridge and the lysate was
filtered into a previously equilibrated HiSpeed Maxi Tip. Once the lysate had completely
passed through the resin of the HI Speed Maxi Tip, the resin was washed with Buffer QC.
Then the DNA was eluted in Buffer QF and precipitated by adding 10.5ml of isopropanol to
the eluted DNA suspension. The mixture of DNA and isopropanol was incubated for 5

minutes.

This was followed by centrifugation at 4000 x g for 30 minutes at 4°C, then the isopropanol
was discarded and the DNA pellet was washed by adding 70% ethanol and centrifugation for
10 minutes at 4000 x g. The ethanol was discarded and the pellet was then dried for 10

minutes and resuspended in 100-200 ul TE (Thermo Fisher Scientific, Massachusetts, USA).
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2.6.14 TagMan Quantitative Polymerase Chain Reaction (QPCR) assays
The probes and PCR primers used in the TagMan gPCR assays were designed using Eurofins
Genomics qPCR assay design software. TagMan qPCR reactions were performed in triplicate

according to Table 2.6.

Table 2.6 Reaction mixture for the TagMan gPCR assay

Reagent Per Sample (ul)
Qiagen mix 12.5
Tyx_pCAG-TagMan_Sn (10uM) 1.0
Tyx_pCAG-TagMan_Asn (10uM) 1.0
Tyx_pCAG Probe (10uM) 0.5
GAPDH forward (10uM) 0.25
GAPDH reverse (10uM 0.25
GAPDH forward probe (10uM) 0.25
DNA (15ng) 9
Water 0.25
Final volume 25

The TagMan reactions were set up in optical 96-well reaction plates (Applied Biosystems,
Massachusetts, USA) and run in an ABI Prisma 7000 sequence detection system (Applied
Biosystems, Massachusetts, USA) .The following thermal profile was used for the reactions:

95°C 10 min (Hot start), (94°C 15min, 94°C 15 sec, 60°C 60 sec) x40.
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2.6.15 gPCR data analysis using the double delta Ct (ddCt) method

The Crvalues were exported from the QuantStudio™ 12K Flex software (Applied
Biosystems, Massachusetts, USA) into a Microsoft Excel spreadsheet for analysis.
Experimental values were corrected by subtracting the GAPDH control Ct value from the
CAG Crvalue to obtain the delta Ct (dCt) value. The dCt value for the heterozygous control
sample was also calculated by subtracting its GAPDH control Ct value from the

corresponding CAG Cr value.

The averaged dCt value for the heterozygous control sample was then subtracted from the
experimental dCt values to calculate the ddCt values. The ddCt value of each experimental
sample was then raised to the power of 2 to determine the relative value (RV) and the mean
RV was calculated for each sample analysed in triplicate. DNA extracted from heterozygous
animals from the same line being analysed were used as control samples for the qPCR assays.
Heterozygous animals were identified as having a mean RV of 1.00 and homozygous animals

were identified by having a mean RV of 2.00 (Figure 2.1).

Tg377gPCR analysis

Sample Name GAPDH CAG dCt ddCt RV mean RV

oy 22119 27.044 4.92453 4.784531 0.139999 0.90752 [JM@HE0Y Heterozygous Control
C1 22,625 27110  4.485 -0.29964 1.230836

o 22240  27.184 4.94417 0.159639 0.895249

S1 21.957 25749  3.791 -0.993 1.990454 |[ISREER Homozygote

s1 22200 25.826 3.626497 -1.15803 2.231531

s1 22.399  25.947 3.547878 -1.23665 2.356512

Figure 2.1 Identification of homozygous Tg377 mouse by TagMan gPCR assay
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2.7 RNA methods

2.7.1 Purification of total RNA from tissues

*All centrifugation steps were performed at 16,000 x g for 30 seconds unless stated

otherwise.

Total RNA was extracted from mouse tissues stored in RNAlater (Invitrogen, Massachusetts,
USA) using the Direct-zol™ RNA Miniprep Kit (Zymo Research, USA) according to the
manufacturer’s instructions. The tissue sample was removed from the RNAlater stabilisation
solution and transferred onto an RNase free cell culture dish (Eppendorf , Hamburg,
Germany). Tissue samples were then weighed and 20-30 mg of tissue was cut and placed into

a Precellys lysing tube (Bertin Instruments, France) containing 600ul of TRI Reagent®.

This was followed by sample homogenisation in a Minilys Personal Homogenizer (Bertin
Instruments, France) for 2 minutes and 30 seconds. One volume of 100% ethanol was mixed
thoroughly with the sample lysed in TRI Reagent and transferred into a Zymo-Spin™ IICR
Column that had been placed in a collection tube and centrifuged. The flow-through was

discarded and the column was transferred into a new collection tube.
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Next, 400 pl Direct-zol™ RNA PreWash was added to the column and centrifuged. Once the
flow through had been discarded the column was washed again by adding 700 pl RNA Wash
Buffer to the column and centrifugation for two minutes to ensure the wash buffer was
removed completely. The spin column was then placed into a new RNase-free tube and the

RNA was eluted in 50 pl of RNase free TE (Invitrogen, Massachusetts, USA).

2.7.2 DNase treatment of RNA

*All centrifugation steps were performed at 16,000 x g for 30 seconds unless stated
otherwise.

The DNase | Reaction Mix was set up according to Table 2.7 in an RNase free-tube and

incubated at room temperature for 30 minutes

Table 2.7 DNase | Reaction Mix

Sample 40 ul
DNase I (1 U/ ul) (Zymo Research) Sul

DNA Digestion Buffer (Zymo Research) 5ul

The RNA was then recovered using the RNA Clean & Concentrator™ kit (Zymo Research,
USA). Each sample was mixed with two volumes of RNA binding buffer and then an equal
volume of 100% ethanol was added to the mixture. The sample was then transferred into a
Zymo-Spin™ IC Column in a Collection Tube and centrifuged. The flow-through was

discarded and the column was transferred into a new collection tube.
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Next, 400 ul RNA Prep Buffer was added to the column and centrifuged. Once the flow-
through had been discarded the column was washed again by adding 700 pul, then 400 pl
RNA Wash Buffer was added to the column and centrifuged for two minutes to ensure the
wash buffer was removed completely. The spin column was then placed into a new RNase-
free tube and the RNA was eluted in 15 ul of RNase free TE (Invitrogen, Massachusetts,

USA).

2.7.3  RNA synthesis using the nMESSAGE mMACHINE T7 Ultra Kit (Ambion, Texas,
USA)

RNA was synthesised using the MMESSAGE mMACHINE T7 Ultra Kit (Ambion, Texas, USA). The

in vitro transcription reaction was set up on ice according to Table 2.8.

Table 2.8 Reaction mixture for in vitro transcription reaction

Component Volume per reaction (pl)
*T7 2X NTP/ARCA 10

10X T7 Reaction Buffer 2

T7 Enzyme Mix 2

Linear template DNA, up to 1ug Variable

Nuclease-free Water Variable

Final reaction volume 20

* A neutralized buffered solution containing:15mM ATP, 15mM CTP, 15mM UTP, 3mM

GTP and 12mM ARCA.
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The reaction mix was then incubated at 37 °C for 4 hours in a thermomixer. After 4 hours the
reaction was terminated by adding 1 pl of TURBO DNase. The synthesised RNA was then
purified using the MEGA clear Kit (Ambion, Texas, USA), following the 15- minute incubation

with TURBO DNase at 37 °C.

2.7.4 RNA purification using the MEGA clear Kit (Ambion, Texas, USA)

RNA synthesised via in vitro transcription was purified using the MEGA clear Kit (Ambion,
Texas, USA). The RNA sample was brought up to 100 ul with Elution Solution. Then 350 pl
of Binding Solution Concentrate and 100% ethanol were added to the sample sequentially.
The mixture was then transferred into a Filter Cartridge and centrifuged at 13, 000 x g for 1
minute. The flow-through was discarded and the filter was washed twice with 500 pl of Wash
Solution followed by centrifugation at 13, 000 x g for 1 minute. After the wash step, the filter

was transferred into an RNase-free tube and eluted in 20-50 pl of Elution Solution.

2.7.5 Complementary DNA (cDNA) synthesis using the QuantiTect ReverseTranscription Kit

cDNA was synthesised using the QuantiTect ReverseTranscription Kit (Qiagen Ltd, Hilden,
Germany) according to the manufacturer’s instructions. The genomic DNA elimination
reaction was set up on ice according to Table 2.9 and incubated for 10 minutes at 42°C in a

thermomixer.
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Table 2.9 gDNA Wipeout reaction mix

Component

Volume per reaction (ul)

gDNA Wipeout Buffer, 7x
Template RNA, up to 1pg
RNase-free water

Total reaction volume

2

Variable

Variable

14

The reaction tube was then immediately placed on ice and the reverse-transcription reaction

mix was then prepared according to Table 2.10. Separate reaction mixes without the reverse

transcriptase enzyme were prepared for each sample being analysed as negative controls.

Another reaction without template RNA was set up as an additional negative control. The

reaction mix was then incubated at 42 °C for 30 minutes in a thermomixer. The reaction mix

was then incubated at 95°C for 3 minutes, then 2.5 ul of RNase H (New England Biolabs,

Massachusetts, USA) to the reaction mix and was incubated for 40 minutes at 37°C in a

thermomixer.
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Table 2.10 Reverse transcription reaction mix using the QuantiTect Reverse Transcription Kit

Reagent Volume per reaction (pl)
Template RNA 14

Quantiscript RT Buffer, 5x 4

Gene specific primers 1.5

Quantiscript Reverse Transcriptase 1

Total reaction volume 20.5

The cDNA was purified from the enzymatic reaction using the SSDNA/RNA Clean &

Concentrator purification kit (Zymo Research, USA), according to the manufacturer’s instructions.
The reaction volume was adjusted to 50 ul with RNase-free water and two volumes of DNA/RNA
binding buffer to the reaction and mixed by pipetting. The mixture was then transferred into a Zymo-

Spin™ TIC Column and centrifuged at 16, 000 x g for 1 minute.

Then one volume of ethanol was added to the flow through and mixed by pipetting. The mixture was
then transferred back into the Zymo-Spin™ IIC Column and centrifuged at 16, 000 x g for 1 minute
and the flow-through was discarded. Next, 400 ul of DNA/RNA Prep Buffer was added to the column
and centrifuged at 16, 000 x g for 1 minute. The spin column was then washed twice by adding
DNA/RNA Wash Buffer to the column and centrifuging at 16, 000 x g for 1 minute. After the wash
step, the spin column was centrifuged at full speed to dry the membrane. The column was then
transferred into an RNase-free tube and the cDNA was eluted in 20-50 pl of RNase free TE

(Invitrogen, Massachusetts, USA).
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2.7.6  cDNA synthesis using the SuperScript™ VILO™ ¢DNA Synthesis Kit

cDNA was synthesised using the SuperScript™ VILO™ c¢cDNA Synthesis Kit (Invitrogen,
Massachusetts, USA). The reverse transcription reaction was set up on ice according to Table

2.11.

Table 2.11Reverse transcription reaction mix using the SuperScript™ VILO™ cDNA Synthesis
Kit

Component Volume per reaction (pl)
5X VILO™ Reaction Mix 4

10X SuperScript™ Enzyme Mix 2

RNA (up to 2.5 ug) Variable

Nuclease-free Water Variable

Final volume 20

The reaction mixture was then incubated at 25°C for 10 minutes, then at 42°C for 60 minutes.
The reaction was terminated by heating at 85°C for 5 minutes. The synthesised cDNA was

then purified by ethanol precipitation.
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2.7.7 Ethanol precipitation

The DNA solution was brought up to an appropriate volume with sterile H20 (Global Life
Sciences Solutions Operations UK Ltd, Sheffield, UK) (minimum volume of 50 pul). Then
1/10 volume of sodium acetate (3 M final concentration, pH 5.2). (Sigma-Aldrich, Missouri,
USA). This was followed by the addition of 2.5 volumes of 100% (ice-cold) ethanol (Thermo
Fisher Scientific, Massachusetts, USA). The nucleic acid/salt/ethanol mixture was then
incubated for 20 minutes at -20 °C and centrifuged at 13,000 x g for 15 minutes (4°C). Then
the supernatant was discarded and the pellet was washed 3 times with 500 pl of 70% ethanol,
followed by centrifugation at 13,000 x g for 5 minutes (4°C). The pellet was then air dried
(~5-10 minutes) and resuspended in an appropriate volume of TE (Thermo Fisher Scientific,

Massachusetts, USA), depending on downstream applications.

2.7.8 Reverse transcription-polymerase chain reaction (RT-PCR)

cDNA prepared using the method described in 2.7.3 was used as a template in PCRs. The 25
ul PCR reaction mix consisted of 2 pul cDNA (10ng/ pl), 12.5 ul MangoMix™ (Meridian
Bioscience, Ohio, USA) and primers Huland Hu2 or HuPrP pLNCX2 Reverse and HuPrP

pLNCX2 Forward oligonucleotide primers at 10 uM.

The human only PCR assay was run with the cycling conditions listed in Table 2.12. Hul and

Hu2 amplify a sequence in the HUPrP open reading frame (ORF) to produce a 400bp PCR

product.
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Table 2.12 Human only PCR cycling conditions

Cycle Temperature Time Cycles
Initial denaturation 94°C 5 min 1
Denaturation 94°C 30s

Annealing 61.5°C 45s 34
Extension 72°C 1 min

Final extension 72°C 10 min 1

The cycling conditions for the HUPrP pLNCX2 assay are listed in Table 2.13. The HuPrP

PLNCX2 Reverse and HUPrP pLNCX2 Forward primers amplify a sequence in the HUPrP

ORF to produce a 248 bp PCR product.
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Table 2.13 HUPrP pLNCX2 PCR cycling conditions

Cycle Temperature Time Cycles
Initial denaturation 94°C 5 min 1
Denaturation 94°C 1 min

Annealing 58.8°C 1 min

Extension 72°C 1 min

Final extension 72°C 10 min 1

PCR products were run on a 1% agarose gel to confirm the presence of the expected band

sizes.
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2.8 Biochemistry techniques

2.8.1 Tissue homogenisation

Mouse tissue samples were snap-frozen in liquid nitrogen after collection and stored at -70°C
until needed. Prior to homogenisation the tissue was placed on a petri dish on ice and
chopped into smaller pieces. Next, the tissue was weighed and transferred into a Precellys
lysing tube (Bertin Instruments, France) and the appropriate volume of lysis buffer was added
to the sample to obtain a 20% (w/v) tissue homogenate. The sample was then homogenised in
a Minilys Personal Homogenizer (Bertin Instruments, France) for 1 minute and 45 seconds.
Following this, the lysate was then kept on ice for 10 minutes to reduce foam and then an
equal volume of lysis buffer was added to the sample to obtain a 10% (w/v) tissue
homogenate. The 10% (w/v) tissue homogenates were then centrifuged at 16,000 x g for 10

minutes at 4°C. The supernatant was then aliquoted into Eppendorf tubes and stored at -20°C.

2.8.2 Sodium Dodecyl Sulphate—Polyacrylamide (SDS-PAGE) Electrophoresis

The mouse tissue homogenate was centrifuged at 300 xg for 1 minute and an equal volume of
sample buffer was added to the homogenate in a fume cupboard. The samples were then
denatured at 100°C for 10 minutes and centrifuged at maximum speed for 1 minute before
loading them onto a 16% Tris-Glycine gel (Invitrogen, Massachusetts, USA). Samples were
then run alongside the SeeBlue™ Pre-stained Protein Standard marker (Invitrogen,
Massachusetts, USA) for 80 minutes at 200V in Tris-Glycine SDS running buffer

(Geneflow Ltd, Lichfield, UK).
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2.8.3 Western blot

After SDS-PAGE electrophoresis, the gels were blotted onto a Polyvinylidene Fluoride
(PVDF) membrane (Merck Life Science, New Jersey, USA) that had been activated by
soaking it in 100% methanol for 2-3 minutes. The membrane was then equilibrated in Tris
Glycine electroblotting buffer (Geneflow Ltd, Lichfield, UK) before use. The gel and PVDF
membrane were assembled into a transfer sandwich along with several sheets of Whatman
paper (Merck Life Science, New Jersey, USA) and transfer blotting pads. The transfer
sandwich was prepared in a cassette submerged in transfer buffer. Electrotransfer was

performed at 35V for 2 hrs.

Once the transfer was complete, the membranes were blocked for 1 hour in 5 % (w/v) non-fat
milk powder (Oxoid Limited, Hampshire, UK) prepared in PBST to reduce background and
block-non-specific binding of antibodies. The membranes were then washed thoroughly in
PBST and then incubated with a primary antibody diluted in 20 ml of PBST, to give a final
concentration of 0.25ug/ ml, for 1 hour at room temperature or overnight at 4°C on a rocking
shaker. After incubation the membranes were washed in PBST once for 2 minutes, once for

15 minutes and then 3 times for 5 minutes.

The membrane was then incubated for 40 minutes at room temperature with Antimouse IgG
Alkaline phosphatase diluted 1:20,000 in 40 ml of PBST on a rocking shaker. After
incubation the membranes were washed in PBST once for 2 minutes, once for 15 minutes and
then 3 times for 5 minutes. This was then followed by 2 x 3-minute washes in 1x TAB buffer

to remove excess antibody (Applied Biosystems).
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The blots were developed with Tropix CDP-Star (Applied Biosystems, Massachusetts, USA)
which detects alkaline phosphatase- labelled molecules. After incubation with CDP-Star® for
5 minutes, the membranes were exposed to BioMax MR Film (Carestream Health, New

York, USA) for different durations and developed manually using GBX Developer and Fixer

(Carestream Health, New York, USA).

2.8.4 Total protein quantitation using the bicinchoninic acid assay

Total protein quantitation was carried out using the Pierce™ bicinchoninic acid (BCA) assay
kit (Thermo Fisher Scientific, Massachusetts, USA). Albumin (BSA) standards were diluted
in the lysis buffer used to extract the protein). The BCA working reagent was prepared by
mixing Reagent A with reagent B (50:1, Reagent A: B). Then 200 ul of the working reagent
was pipetted into a 96-well microplate. After this, 25 pul of each standard or sample was
pipetted in triplicate into the same 96-well microplate. The contents of the microplate wells
were then mixed on a microplate shaker for 30 seconds and then incubated at 37°C for 30
minutes in an incubator. The plate was then left to cool down to room temperature before the
absorbance was measured. Absorbance was read at 560nm with the Tecan Infinite 200 PRO
microplate reader (Tecan UK Ltd, Ireland). The final absorbance measurements were
determined by averaging the replicate absorbance readings for each sample and then
subtracting the average absorbance reading from the blank (working reagent and lysis buffer
used for protein extraction). These final absorbance readings and the absorbance reading of
the BSA standards were used to generate a standard curve. The concentrations of the protein

samples were calculated using a standard curve.
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2.8.5 ELISA (Enzyme-Linked Immunosorbent Assay)

*All wash steps were performed using the BioTek 50 TS automated microplate washer

(BioTek, Vermont, USA)

The wells of mictotitre plates (Greiner Bio-One Ltd, Frickenhausen, Germany) were coated
with 100 pl of 2.5 pug/ ml of the capture antibody and incubated overnight at 4°C. The next
morning, the plates were washed 3x with 300 ul PBST (0.05%). After this, the plates were
blocked by adding 300 pl of Superblock (1x) (Thermo Fisher Scientific, Massachusetts,
USA) to each well and incubated in a microplate shaker for 1 hour at 37°C with shaking at
300 rpm. Following this incubation step the plates were washed 1x with 300 ul PBST and 50
ul of each sample prepared in IP capture buffer was added to each well and incubated for 1
hour at 37°C with shaking. Then the plates were washed 3x with 300 ul PBST (0.05%) and
100 pl of ICSM35B (1 pg/ml) diluted in 1% PBST was added to each well and incubated for

1 hour at 37°C with shaking.

After this step the plates were washed 3x with 300 ul PBST then 100 ul of a 1: 100 000
dilution of Neutravidin-HRP (Thermo Fisher Scientific, Massachusetts, USA) was added to
each well and incubated for 30 minutes at 37°C with shaking. The plates were then washed
with 4x PBST and developed with 100 ul per well of QuantaBlu working solution (Thermo
Fisher Scientific, Massachusetts, USA). Absorbance was then determined at 450 nm with the

Tecan Infinite 200 PRO microplate reader (Tecan Mannedorf, Switzerland).
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Serial dilutions of recombinant mouse prion protein (23-231) were used to create a standard
curve in order to quantify the amount of PrPC in the tissue homogenates. The absorbance
readings of samples of known concentrations were fed into GraphPad Prism 9 (GraphPad
Software Inc, California, USA) and linear regression analyses were performed to determine

PrPC concentration.
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2.9 Animals used

All experiments and procedures involving mice were carried out in accordance with the UK
Animals (Scientific Procedures) Act 1986 and conformed to the ARRIVE

(www.nc3rs.org.uk/ARRIVE/) and University College London institutional guidelines.

Inbred FVB/N mice were supplied by Charles River UK.

F10_FVB/PrP null “© mice were generated by backcrossing ZH1 PrP null mice (Blieler et

al., 1992) to FVB/N mouse background for 10 generations.

2.10 Microinjection

2.10.1 Preparation of mice before microinjection

Superovulation was induced in female FVB/N mice (4-6 weeks old) by intraperitoneal
administration of Follicle Stimulating Hormone (FSH) (Merck Life Science, New Jersey,
USA) at 5U per mouse. Female FVB/N mice were superovulated to produce embryos for the
CRISPR knock-in lines, whereas F10_FVB/PrP null mice were superovulated for the
generation of pCAG transgenics. After 46-48 hours the female mice were injected
intraperitoneally with 5U of Luteinising hormone (LH) (Merck Life Science, New Jersey,
USA) (5 IU/female) and set up with a fertile male of the same strain overnight. The next

morning, female mice were checked for vaginal plugs before embryo collection.
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2.10.2 Microinjection day

On the day of microinjection, plugged females were euthanized by cervical dislocation and
their oviducts were excised and transferred into a sterile 30 mm petri dish containing M2
medium (Merck Life Science, New Jersey, USA). The oviduct was then torn apart above the
ampulla under a microscope and the cumulus cells and embryos were released into the M2
medium. Hyaluronidase (Merck Life Science, New Jersey, USA) was then added to the M2
medium at a concentration of 1.2 mg/ml to digest the cumulus cells away. The embryos were
then picked up using a mouth-controlled pipette and washed by passing them through five
100 pl droplets of M2 medium. The washed embryos were then transferred into petri dishes
containing M16 medium and stored in an incubator at 37°C until the microinjection

procedure.
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2.10.3 Pronuclear DNA microinjection

The purified DNA construct was diluted to 1ng/ pl using filtered TE buffer (Invitrogen,
Massachusetts, USA) and centrifuged at 16,000 x g for 10-15 minutes prior to microinjection
to pellet any particulate matter. The embryo was held in place with a holding pipette while
the DNA construct was injected into the male pronucleus using an injection needle (Figure

2.2).

polar body
holding pipet / nucleolus

female pronucleus —

male pronucleus- o
injection needle

containing DNA
solution

Figure 2.2: Microinjection of DNA construct into male pronucleus. Adopted from Cho et al.,

2009 (Cho et al., 2009)

Transgenic mice were generated by microinjecting DNA constructs into the male pronucleus
of F10_FVB/PrP-null single cell embryos. Following microinjection, the embryos were
cultured to the two-cell stage and surgically transferred into C57BL/6 pseudo-pregnant

recipient female mice (Charles River UK) to produce transgenic founder mice.
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2.11 Genotyping

DNA for genotyping was obtained from ear biopsies. Each ear biopsy was transferred into the
well of a 96-well plate and 200 pl of Proteinase K (PK)-ATL buffer was added to each well.
PK-ATL buffer was prepared by mixing 1 part of PK (Qiagen, Hilden, Germany) with 9 parts
of ATL buffer PK (Qiagen, Hilden, Germany). The ear biopsies were then incubated in the
buffer overnight at 56°C in a Thermoshaker (Thermo Fisher Scientific, Massachusetts, USA)
set to 300rpm. DNA was then extracted the following morning from the samples using the
automated QIlAcube-HT system (Qiagen, Hilden, Germany). The DNA was then used as a

template in the appropriate PCR assay depending on the line being analysed.

2.12 Cell culture methods

2.12.1 Cell lines

CADS cells are murine catecholaminergic lines derived from mouse neuroblastoma tissue
(Mahal et al., 2007). CADS5 cells expressing Human PrP 163X or WT 129V were generated
using CAD5KDBS3 cells, a gift from Parmjit Jat (MRC Prion Unit, UCL, UK). CADKDB3
cells were made by knocking-down the expression of mouse PrP in CADS5 wild-type cells

with a small interfering RNA.

Phoenix Ecotropic packaging cell lines (Nolan Lab, Standford University School of

Medicine, USA) derived from the HEK 293T human cell line were used for virus production

(Pear et al., 1993) (Yang et al., 1999).
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2.12.2 General cell culture

Generally, adherent cells were grown in an incubator set at 37°C containing 5% COzand split
every 3-4 days. Adherent cells were split by removing the spent cell culture media from the
cell culture dish and then pipetting fresh pre -warmed medium into the dish. The cells were
then detached from the surface of the plate by re-suspending them in the fresh medium using
a pipetboy (INTEGRA Biosciences Ltd, Zizers, Switzerland) set to a high speed. Then the
required amount of cell suspension was removed from the dish using a pipetboy and
transferred into a new dish containing pre-warmed fresh medium.

The culturing conditions for CAD5KDB3 and Phoenix Ecotropic packaging cells are

described in Table 2.14.
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Table 2.14 Culturing conditions of CADKDB3 and Phoenix Ecotropic packaging cell lines

Cell Line

Medium

Split ratio

CAD5KDB3

Phoenix Ecotropic

packaging cells

OBGS: OptiMEM supplemented 10% Bovine Growth Serum + 1%
PenStrep

500 ml OptiMEM (Thermo Fisher Scientific, Massachusetts, USA)
10% (v/v) Hyclone Bovine Growth Serum (Global Life Sciences
Solutions, USA)

1% Penicillin (10,000 units/mL) -Streptomycin (10,000 pg/mL)

(Thermo Fisher Scientific, Massachusetts, USA)

DMEM-FBS : Dulbecco's Modified Eagle Medium supplemented 10%
Fetal Bovine Serum + 1% PenStrep

500 ml Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific,
Massachusetts, USA)

10% Fetal Bovine Serum (Thermo Fisher Scientific, Massachusetts,
USA)

1% Penicillin (10,000 units/mL) -Streptomycin (10,000 pug/mL)

(Thermo Fisher Scientific, Massachusetts, USA)

1:8

1:10
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2.12.3 Cell counting

Cell counts were performed manually using the C-Chip (Labtech, East Sussex, UK), a
disposable plastic haemocytometer by loading 10 pl of the cell suspension into the sample
injection area and then the number of cells were counted under the Motic AE20 binocular
inverted microscope (Motic, Xiamen, China).

Cells per ml = average count per square x dilution factor x volume factor

2.12.4 Cell thawing

The vial containing frozen cells was removed from liquid nitrogen and thawed rapidly at
37°C in a water bath. The thawed cells were then transferred into a 15 ml sterile conical
screw cap tube containing 2 ml of pre-warmed OBGS. After 5 minutes 8 ml of OBGS was
added to the tube containing the cells and the cells were centrifuged at 500 x g for 4 minutes.
Following this, the supernatant was discarded and the pellet was resuspended in 10 ml OBGS

and cultured in 10 cm petri dishes at 5% COzand 37 °C.

2.12.5 Cell freezing

The cells were frozen by being resuspended in 1 ml freezing medium (50 % bovine growth
serum, 10 % DMSO and 40% OBGS) per 10° and then transferred into cryogenic vials
(approximately 1.5ml per vial). The vials were stored in a freezing container overnight at -

80°C and then transferred into liquid nitrogen the next day.
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2.12.6 Transfection of cells via fuGENE transfection reagent

Phoenix ecotropic packaging cells were cultured in DMEM-FBS for a week before
transfections and 1.5 million Phoenix cells were plated a day prior to transfections. The
Phoenix cells were transfected with 3 pg of the retroviral vector construct and 2 pg of the
VSV-G envelope expressing plasmid, pMD.G (a gift from Parmjit Jat (MRC Prion Unit,
UCL, UK) using fuGENE transfection reagent (Promega, Wisconsin, USA) and maintained
in culture for 24 hours.

The medium was changed the following day and viral supernatants were harvested and
filtered 48 hours post-transduction through a 0.45 uM filter (Pall Corporation, New York,

USA). The viral supernatants were stored at -80°C for later infection.

2.12.7 Retroviral transduction of CADKDB3 cells

For the retroviral transduction experiments, 1 x108 CADKDB3 cells were seeded in 10 ml of
OBGS+Puromycin (2 pg/ml) (Sigma-Aldrich, Missouri, USA) and following overnight
incubation polybrene ( 8ug/ml) (Sigma-Aldrich, Missouri, USA) was mixed with the cell
culture medium that the cells were growing in to give a final concentration of (8ug/ml). The
cells were then overlaid with 2 ml of retrovirus-containing supernatants and then incubated at
37°C and 5% COz2for 4 hours. After 4 hours the culture medium was removed and replaced
with 10 ml OBGS+Puromycin (2 pg/ml). The cells were split 1:3 and cultured in selective
medium ( OBGS+Puromycin (2 ug/ml)+ Geneticin (400 pg/ml) ( Life Technologies,
California, USA) 72- hours post-transduction, in order to select for stable activated clones.

The medium was replaced every 3-4 days until antibiotic resistant clones were identified.
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2.12.8 Preparation of cell lysates

The cells were pelleted by centrifugation at 400 x g for 5 min in 10 ml of ice-cold PBS and
then the PBS was discarded. The cell pellet was then resuspended in 200 ul of ice-cold RIPA
buffer (Sigma-Aldrich, Missouri, USA) and subjected to three freeze-thaw cycles to lyse the
cells. The cell suspension was frozen on dry ice and thawed in a water bath set at 37°C. The
cell lysate was centrifuged at 11,000 x g for 10 min to remove debris and the supernatant was
aliquoted and stored at -20°C until needed. Protein concentration was determined using the

BCA assay and the protein concentration was adjusted to 2.0 mg/ml.

2.12.9 Sodium Dodecyl Sulphate—Polyacrylamide (SDS-PAGE) Electrophoresis

The cell lysates were thawed and an equal volume of sample buffer was added to the lysates
in a fume cupboard. The samples were then centrifuged at 600 x g for 1 min and denatured at
100°C for 10 minutes. The lysates were centrifuged again for 1 min at 16, 000 x g prior to
loading them onto a 16% Tris-Glycine gel (Invitrogen, Massachusetts, USA). Samples were
electrophoresed alongside the SeeBlue™ Pre-stained Protein Standard marker
(Invitrogen, Massachusetts, USA) for 80 minutes at 200V in Tris-Glycine SDS running

buffer (Geneflow Ltd, Lichfield, UK).
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2.13 Preparation and fluorescent immunocytochemistry staining of cells on
coverslips

2.13.1 Coating of coverslips with Poly-L-Lysine (PLL)

Borate buffer was made by adjusting 0.1 M of boric acid (Sigma-Aldrich, Missouri, USA)
with 0.1 M of sodium tetraborate (Sigma-Aldrich, Missouri, USA) to pH 8.5 and filter-
sterilised through a 0.2 pm filter (Pall Corporation, New York, USA).

PLL was prepared by diluting the 10 mg/ml stock of PLL (Sigma-Aldrich, Missouri, USA) in
9.9 ml of 1x borate buffer to give a final concentration of 0.1 mg/ml. Ten sterilised coverslips
were placed into 6 cm dishes and each 6 cm dish was filled with 6 ml of PLL and incubated

overnight at 37°C in an incubator.

2.13.2 Plating cells on coverslips

The next day the PLL was removed from the 6 cm dishes and the coverslips were washed
twice with distilled water (Thermo Fisher Scientific, Massachusetts, USA) and replaced with
6 ml of OBGS containing approximately 150K cells. The cells were grown on top of the
cover slips in the 6 cm dishes for two days then the coverslips were placed into individual
wells in a 24-well plate using forceps and the cells were washed three times for 5 min in ice
cold 1x Dulbecco's phosphate-buffered saline (DPBS) (Thermo Fisher Scientific,
Massachusetts, USA) . The cells were then fixed in 4% paraformaldehyde PFA (Sigma-

Aldrich, Missouri, USA) diluted in 1x DPBS and stored at 4°C.
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2.13.3 Immunofluorescence

Non-specific staining was blocked by adding 500 ul of 5% BSA (Sigma-Aldrich, Missouri,
USA) in DPBS to each well in the 24-well plate with coverslips containing fixed cells and
incubated for 1 hour at room temperature. The 5% BSA in DPBS was aspirated and 500 ul of
the primary antibody diluted in 1% BSA (1:1000) was added to each well and incubated for 1
hour at room temperature. The coverslips were then washed with 1x DPBS 3 times: 1x 10
min wash and 2x 15 min washes. Then 500 ul of the secondary antibody diluted in 1% BSA
(1:1000) containing DAPI (Sigma-Aldrich, Missouri, USA) (1:5000) was added to each well
and incubated for 1 hour at room temperature. After 1 hour the coverslips were then washed
with 1x DPBS 3 times: 1x 10 min wash and 2x 15 min washes. The coverslips were then
removed from each well and dried with tissue paper before mounting them onto microscope
slides. To mount the coverslips, 1 drop of mounting medium (Agilent Technologies,
California, USA) was dispensed onto each slide (Knittel Glass, Germany) and then the cells
were placed face-down onto the mounting medium. Imaging was done using the Zeiss LSM
710 inverted confocal microscope (Zeiss, Oberkochen, Germany) and the images were

acquired using Zen Black software (Zeiss, Oberkochen, Germany).
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3. Chapter 3: Generation of HuUPrP 163X Knock-in mouse model

This chapter aims to describe the steps involved in generating the HuPrP knock-in mouse models. It
will cover the targeting and genotyping strategy for these mice and provide details about the

experiments that have been set up with these lines.

3.1 Construct design

Y163X-129V and WT-129V Knock-in mice were generated by Cyagen (Cyagen US Inc.,

Santa Clara, CA) on a C57BL/6N background.

To generate Y163X-129V knock-in mice, the endogenous mouse Prnp gene was replaced
with the human PRNP gene that encodes valine at codon 129 and contains a stop codon
mutation at residue 163. For a control, WT-129V knock-in mice were generated by replacing
the endogenous mouse Prnp gene with the wild type human PRNP gene that encodes valine at

codon 129.

The targeting vector (Figure 3.1) was electroporated into C57BL/6N embryonic stem cells
(ES) and following drug selection the targeted clones were screened by PCR and Southern
blot. The targeted ES cells were injected into C57BL/6N albino embryos and implanted into
pseudo-pregnant surrogate mothers (CD-1 female mice). The resulting pups were scored for
coat colour chimerism and germline transmission was confirmed by breeding male chimeric
mice with C57BL/6N females (black). Offspring were genotyped by PCR to confirm

transmission of the targeted allele.
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Figure 3.1: Overview of targeting strategy for the generation of Y163-129V knock-in mice

The final targeting vector contains the HuPrP coding sequence, neomycin resistance coding sequence
and diphtheria toxin A (DTA) negative selection gene. The positive selection marker, neomycin was
flanked by self-deletion anchor sites to enable removal. The self-deletion anchor site recombination
will occur after the founders have been crossed to wild-type C57BL/6N mice. The negative marker
DTA was incorporated into the vector backbone for the identification of ES cells in which the DNA

has randomly integrated. Image provided by Cyagen (Cyagen US Inc., Santa Clara, CA).
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3.2 Genotyping strategy to identify knock-in founder mice and determine
zygosity

Genomic DNA was obtained from ear biopsies for PCR analysis. KI PCR was used to

identify mice with the knock-in HuPrP allele. Primers KI-F (F3): 5’-

GGCTGGTAAGGGATATTTGCCTG-3’and KI-R (R3): 5°-

CCAGCCTAGACCACGAGAATGCG-3’ (Figure 3.2) were used to amplify a 447bp

sequence within the human PrP coding sequence (Figure 3.3).

5 3
F2 53
R2<— R3
= HA D Exon * Mutation < SDA (self-deletion anchor) site

Human PRNP coding sequence with point mutation
MI129V (ATG to GTG

mm==  Homology arm

Figure 3.2: Map of primers used to identify knock-in founder mice and determine zygosity
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Figure 3 3: Identification of mice positive for the HUPrP Y163X Kl allele using KI PCR

Five positives (#6, #8, #9, #10, #11) were identified positive by PCR screening for the knock-in allele (red
arrow pointing to 447bp fragment). ESC= Embryonic stem cell, WT=Wildtype and M= Marker. Data provided

by Cyagen (Cyagen US Inc., Santa Clara, CA).

Neo-deletion PCR was used to distinguish homozygous mice for the Kl allele HUPrP_Y 163X
K1 ¢ from heterozygous HUPrP_Y 163X KI **) animals. Primers F2: 5°-
AGGAGATTCTTGGCTTTGTGCTTA-3’ and R2: 5°-
TGTGAGTTCTAATACATCTGGGCT-3” were used to determine zygosity (Figure 3.2).
This PCR amplifies the self-deletion anchor sequence on the 5’ arm of the targeting vector.
The wildtype allele produces a 179bp fragment and the mutant allele produces a 298bp
fragment (Figure 3.4). Two fragments will be amplified in heterozygous mice (298bp and

179bp). In homozygous mice one fragment will be amplified (298bp).
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Figure 3.4: Identification of mice heterozygous for HUPrP Y163X Kl allele using Neo-deletion

PCR
Five positives (#6, #8, #9, #10, #11) were identified as heterozygotes by PCR screening using the neo deletion
PCR (red arrow pointing to 298bp fragment (mutant) and blue arrow pointing to 179bp fragment (wild type).

Data provided by Cyagen (Cyagen US Inc., Santa Clara, CA).

In total Cyagen (Cyagen US Inc., Santa Clara, CA) generated: Five mice (2 males and 3
females) heterozygous for the targeted allele containing the human PRNP gene encoding
valine at codon 129 and a stop codon mutation at residue 163 and six mice (4 males and 2
females) heterozygous for the targeted allele containing the wild type human PRNP gene

encoding valine at codon 129 were generated.
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These mice were imported into the Biological Services Facility at the Institute of Prion
Diseases and allowed to acclimatise before matings were set up to expand and breed the lines

to homozygosity.

3.2.1 Establishment of homozygous Y163X and WT-129V knock-in lines for experimental use

The imported heterozygous offspring were then crossed with each other to obtain mice
homozygous for the targeted allele. The pups resulting from these matings were screened by
KI PCR and Neo-deletion PCR (Figure 3.5).

The knock-in lines were monitored by Cyagen prior to sending the heterozygous animals to
the MRC Prion Unit where further breeding was carried to homozygosity. The mice were
monitored carefully throughout the in-house breeding process, but no overt abnormal

phenotype was observed.
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Figure 3.5: Screening of HUPrP Y163X-129V and WT-129V knock-in mice using KI and Neo

deletion PCR

(A) KIPCR: 10 (#1-#10) HuPrP Y163X-129V KI identified positive by PCR screening for the knock-
in allele. Genomic DNA from Tg28 (Hu), FVB (Mo) and F10_FVB/PrP null (Neo) mice were
used as negative controls.

(B) KIPCR: 4 (#1, #2, #4 and #) Hu PrP WT-129V KI identified positive by PCR screening for the
knock-in allele. Genomic DNA from Tg28 (Hu), FVB (Mo) and F10_FVB/PrP null (Neo) mice
were used as negative controls.

(C) Neo deletion PCR: 10 (#1-#10) homozygous HUPrP Y163X KI-129V mice identified using the
neo deletion PCR. Primers F2 and R2 amplified a sequence within wild-type mouse PrP in Tg28
(Hu), FVB (Mo) and F10_FVB/PrP null (Neo) mice to produce the 179bp fragment.

(D) Neo deletion PCR: 2 (#1 and #2) homozygous Hu PrP WT-129V KI mice, 2 (#4 and #5)
heterozygous WT-129V Kl mice and 3 (#3, #6 and #7) C57BL/6 mice identified using the neo
deletion PCR. Primers F2 and R2 amplified a sequence within wild-type mouse PrP in Tg28 (Hu),

FVB (Mo) and F10_FVB/PrP null (Neo) mice to produce the 179bp fragment.
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3.3 Experiment 321: Long term observation of homozygous HUPrP
Y163X-knock-in and HUPrP_129V-WT _knock-in mice

The aim of this experiment is to age homozygous Y163X-129V knock-in
(HuPrP_Y163X_KI) and control WT-129V knock-in (HuPrP_129V-WT_KI) mice for the
possible development of spontaneous PrP deposition. The long term plan is to investigate the
possibility of preventing neuroinvasion with small molecules and monoclonal antibodies,
once the earliest time point at which the deposition of PrP amyloid plaques occurs (if any)

has been determined.

This experiment contains 28 groups, 14 groups for HUPrP_Y163X_KI (205 mice) and 14
groups for 129V-WT control line (205 mice). Groups of mice will be time-culled starting
from 50 days of age, and subsequently at 50-day intervals until the 700-day endpoint. The
number of mice to be culled from 50 to 250-day old groups will be 10 each, because inter-
current illness is unlikely to deplete the experimental groups at these earlier time points. The
number of mice to be time-culled from 300-500-day old group will be 15 each (as
intermediate) and finally, for the 300 to 700-day old groups the number of mice per group

will be 20.

These numbers and time intervals have been estimated based on our previous experience in
ageing mice expressing mutant human PrP long term, to account for higher inter-current
losses as the mice get older. Data collected from these long term studies will be used to
calculate the sample sizes needed in follow up experiments. Time intervals for the LTO were
also based on the design of a previous successful experiment involving ageing of mutant lines

expressing the human PrP disease-associated A117V mutation.
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The rationale was that spontaneous pathology associated with the human protein gene is
highly unlikely to occur before 50 days of age, and changes thereafter are expected to be so

slow and subtle if any, that any shorter intervals than 50 days would not be productive.

These uninoculated mice will be observed long term for the possible development of
spontaneous neurological dysfunction, and criteria for termination will be either prion
diagnostic clinical signs or planned time-culling of groups of mice. The main analytical
procedure will be immunohistochemistry (IHC) (since from experience immunoblotting is
not sensitive enough for LTO samples), in order to determine the earliest time point at which

any spontaneous deposition of PrP amyloid plaques may occur.

Tissues to be fixed for IHC analyses will be taken from both the CNS and peripheral organs
of each culled mouse, and will include: brain, spinal cord, spleen, lymph nodes, kidney, heart,
lung, liver, gut (small intestine, colon and caecum). These tissues will then be fixed in 10%
buffered formal saline and examined by standard PrP IHC using monoclonal antibodies

ICSM35 and 3F4 (White et al., 2003).

The Y163X mutation is associated with peripheral and autonomic neuropathy. Peripheral
symptoms of this condition, referred to as PrP systemic amyloidosis include weight loss.
Therefore we need to monitor body weight of the LTO mice and correlate that data with the

appearance of spontaneous plaques or neurological dysfunction.
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For practical reasons the same mice in 1 group (700-day time cull group) for this experiment
will be weighed once every 2 weeks from when they are 100 days old until they reach 300
days old. Then from 307 days (1 week after the last bi-weekly weighing), the weighing

frequency will be weekly until they reach experimental endpoint of 700 days.

Weighing the same mice in the selected group that is planned to go to the terminal endpoint
of the experiment means that enough body weight data would have been accumulated by the
time any spontaneous disease phenotype develops, and can be correlated with the time point
at which a phenotype is seen. It is hoped that at least 10 mice in the group of 20 will survive

to 700 days to ensure acceptable statistical power.
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3.4 Experiment 328: Long term observation of heterozygous
HuPrP_Y163X_KI/HuUPrP_129V-WT_KI mice
The aim of this experiment is to age heterozygous HuPrP_Y163X_KI/ HuPrP_129V-WT_KI

mice for the possible development of spontaneous PrP deposition.

The experimental design will be exactly the same as Experiment 321 and experimental

groups have been populated.

In summary, two knock-in lines have been generated, the Y163X-129V and WT-

129V (control) knock-in lines. Both lines have been bred to homozygosity and long-term
observation experiments have been set up to monitor homozygous and heterozygous mice
over a period of 700 days. These mice remain healthy in long-term observation experiments

and CNS and peripheral tissues will be assessed for spontaneous PrP deposition.
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4. Chapter 4: Generation of HUPrP 163X transgenic mouse models

This chapter aims to describe the construct design, assembly and genotyping strategy
involved in the generation of transgenic mice overexpressing HuPrP 163X.

4.1 Construct design for the production of transgenic mice overexpressing
HuPrP 163X in peripheral organs

The transgene was constructed in 3 separate parts which were assembled into the final
construct used for microinjection.

Part I: Cloning oligonucleotide linker into pMG5.2 vector.

A modified version of pBluescriptSK(+) designated pMG5.2 (Figure 9A), was digested with
restriction enzymes Notl and Sal sequentially to excise the promoter and intron and retain the

HuPrP 3°UTR and SV40pA (Figure 4.1 C-D).
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Figure 4.1: Cloning oligonucleotide linker into pMG5.2 vector.
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(A) Schematic diagram of the pMG5.2 vector

(B) Ligation of pMG5.2 vector and Notl/Sall oligonucleotide linker

©) Sall digestion of pMG5.2

(D) Notl digestion of Sall-digested pMG5.2 to excise the promoter and intron

M= GeneRuler 1 kb DNA Ladder (Catalogue number: SM0311, Thermo Fisher Scientific Ltd,

Loughborough, UK
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Then an oligonucleotide linker with the following sequences: forward primer 5°-
GGCCGCGGTACCCTCGAGCCCGGGGTCGACC-3’ (incorporating new enzyme siteS
Notl, Kpnl, Xhol, Smal and Sall) and its reverse-complement 5’-
TCGAGGTCGACCCCGGGCTCGAGGGTACCGC-3’ was annealed into a double strand,
then ligated to the vector DNA containing the 3’UTR and SV40pA to introduce restriction
sites needed for subsequent cloning (Figure 4.1B). The vector was then digested with Smal
and Sall to complete Part I which would enable ligation with the CAG promoter and -actin

intron being prepared in Part I1.

Part II: Cloning the CAG promoter and B-actin intron into the pMG5.2 vector

The sequence for B-actin intron was appended to the CAG promoter sequence and sent for
gene synthesis by GeneArt (Thermo Fisher Scientific Ltd, Loughborough, UK), who
subcloned the synthesised gene into the pMKRQ vector (Figure 4.2).

The CAG plus B-actin intron composite was isolated from pMKRQ by first digesting with
Hindlll and blunting the cut sticky end. This was followed by Sall digestion to produce a
fragment with one blunt end and a Sall sticky end (Figure 4.3A-B). This fragment was
subsequently ligated to the pMG5.2 vector that had been previously digested with Smal

(producing a blunt end) and Sall from Part I.
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Figure 4.2: Schematic diagram of the pMKRQ vector containing the CAG promoter and p-actin

intron
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Figure 4.3: Hindl11/ Sall digestion of pPMKRQ

(A) Hindlll digestion of pMKRQ, followed by blunting of the sticky end
(B) Sall digestion of pMKRO fragment previously cut with Hindlll and blunted (orange arrow pointing to

1695bp fragment containing CAG promoter and B-actin intron)

M= GeneRuler 1 kb DNA Ladder (Catalogue number: SM0311, Thermo Fisher Scientific Ltd,

Loughborough, UK
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The ligation product was then used to transform competent E. coli, and plasmid DNA was
purified from 5 clones using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany).
After purifying the DNA, restriction digests with Sall and Xhol were used to identify
recombinant plasmids containing the CAG promoter and B-actin intron (Figure 12). For
positive clones, restriction digest with Sall produces one fragment of 6.6kb (pMG5.2 vector +
CAG promoter and B-actin intron + HuPrP 3°’UTR + SV40pA). Further digestion of positive
clones with Xhol produces two fragments of 2961bp (pMG5.2 vector) and 3675bp (CAG

promoter and B-actin intron + HuPrP 3’UTR + SV40pA).

Three positive clones were identified, #2, #5 and #6 (Figure 4.4). After full characterisation,
glycerol stocks were made of clones #2 and #5, and miniprep plasmid DNA was prepared
from clone #2 using the QIAprep Spin Miniprep Kit (Qiagen). This miniprep plasmid DNA
was then digested with Sall in preparation for sub-cloning of the HUPrP ORF (with or

without the Y163X mutation) prepared in Part 111 as described below.
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Figure 4.4: Positive clone selection for recombinants containing the CAG promoter and B-actin

intron + HUPrP 3’UTR+SV40pA

Sall and Xhol enzyme digestion of selected clones. Lanes 1 and 13: GeneRuler 1 kb DNA Ladder (Catalogue
number: SM0311, Thermo Fisher Scientific Ltd, Loughborough, UK. Lanes 2-4: Vector DNA undigested (U),
Sall digested (S) and Xhol (X) digested respectively. Lanes 5-7: Clone #2 DNA undigested (U), Sall digested
(S) and Xhol (X) digested. Lanes 8-10: Clone #3 DNA undigested (U), Sall digested (S) and Xhol (X) digested.
Lanes 11, 12 and 23: Clone #4, DNA undigested (U), Sall digested (S) and Xhol (X) digested. Lanes 14-16:
Vector DNA undigested (U), Sall digested (S) and Xhol (X) digested. Lanes 17-19: Clone #5, DNA undigested
(U), Sall digested (S) and Xhol (X) digested. Lanes 20-22: Clone #6, DNA undigested (U), Sal | digested (S)
and Xhol (X) digested. Clones #2 (Lanes 5-7), #5 (Lanes 17-19) and #6 (Lanes 20-22) were identified as

positive (indicated with red asterisk).
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Part I11: Cloning the HUPrP ORF into the pMG5.2 vector containing the CAG promoter and

B-actin intron

For the generation of transgenic mice overexpressing HuUPrP 163X, the 762bp human PrP
open reading frame (ORF) containing the Y163X mutation was amplified from the brain of a
patient with the Y163X mutation by PCR with Taq polymerase from the pSP72 vector using
forward primer 5’- CTGCAGGTCGACGCCACCATGGCGAACCTTGGCTGCTGGA-3’
(40bp) and reverse primer 5’-CCCGGGTCTAGATCATCCCACTATCAGGAAGATG-3’

(34bp).

Restriction sites for Sall and Xbal (underlined) were added to the forward and reverse
primers, respectively, as they were necessary for subsequent cloning steps. As the PrP gene
does not conform to the consensus Kozak sequence (GCCRCCATGG, where R is a purine (A

or G)), this was fixed by inserting the correct sequence into the forward primer (bold).

To confirm that the human PrP ORF contained the appropriate mutation, the PCR fragment
was then cloned into a Sall-Xbal digested pSP72 vector for sequencing. Sequencing analysis
confirmed that the human PrP ORF contained the expected stop codon TAG at position 163

and with valine at codon 129.

Additional restriction sites were inserted using a linker with the following sequence 5°-
GATCGCTCGAGG-3’ into the pSP72 vectors containing the HuPrP 163X-129V fragment.
This was then digested with BamHI and treated with calf-intestinal alkaline phosphatase to

remove 5’ phosphates in order to prevent plasmid recircularization.
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The digested vector was then ligated to the linker and used in a transformation reaction.
Positive clones were selected, and clean DNA prepared for the next cloning step. The DNA
was digested with Sall/Xho | to isolate the 762-bp HuPrP ORF (with or without) the Y163X

mutation.

The Sall digested pMGS5.2 vector from Part II (containing the CAG promoter and B-actin
intron, HuPrP 3” UTR + SV40pA) was then ligated to the Sall/ Xhol HuPrP ORF fragment
from Part I11 to produce the final vector pPCAG-Y 163X (Figure 4.5).

Notl

CAG promoter +
B-actin intron
PCAG-YIBE3X ) Sall HUPrP ORF with Y163X
7.3-kb I mutation

T Xhol

Kpnl

Xhol SV40pA

Figure 4.5: Schematic of pPCAG-Y 163X construct

The pCAG-Y163X construct containing the CAG promoter and B-actin intron + HuPrP 163X ORF+ HuPrP

3’'UTR+ SV40pA.

The ligation product was then used to transform competent E.coli SCS110 cells and plasmid
DNA was purified from 10 clones using the QIAprep Spin Miniprep Kit (Qiagen). After
purifying the DNA, restriction digests with Sall and Xho | were used to identify recombinant
plasmids containing the HuPrP ORF in the correct orientation. The restriction enzymes Sal |
and Xho | have compatible sticky ends and therefore the Sall/ Xho | HuPrP ORF fragment

could insert into the plasmid in two different orientations.
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The purified plasmid DNA was therefore double digested with Notl and Sall then digested
with Xho | only to determine the orientation of the insert. The digestion of positive clones in
the right orientation should generate two fragments of 1695bp (CAG promoter and B-actin
intron) and 5703bp (HuPrP ORF + HuPrP 3°’UTR+SV40 pA+pMGS5.2) with Notl and Sall.
Clones inserted in reverse orientation should generate two fragments of 2457bp (CAG

promoter and B-actin intron+ HuPrP ORF) and 4941bp (HuPrP 3’'UTR+SV40 pA+pMG5.2).

Positive clones in the right orientation were further confirmed via digestion with Xho | which
should generate two fragments of 4437bp (HuPrP ORF + HuPrP 3’UTR+SV40 pA+ CAG

promoter and B-actin intron) and 2961bp (pMG5.2 vector).

Three confirmed positive clones were identified, #7, #8 and #9 (Figure 4.6). Glycerol stocks
were made of clones #7 and #8 and plasmid DNA was prepared from clone #7 using the Hi

Speed Plasmid Maxi Kit (Qiagen).

The plasmid DNA was then digested with Xho | to isolate the 4437-bp transgene construct
(Figure 4.7A-B). The reaction was electrophoresed on a 1% agarose gel and the DNA
fragment containing the construct was excised and recovered using the Zymoclean™ Gel

DNA Recovery Kit (Zymo Research).
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Figure 4.6: Positive clone selection for recombinants containing the CAG promoter and f-actin
intron + HuPrP ORF+HuPrP 3’UTR+SV40 pA

Notl/Sall and Xhol enzyme digestion of selected clones. Lanes 1 and 13: GeneRuler 1 kb DNA Ladder
(Catalogue number: SM0311, Thermo Fisher Scientific Ltd, Loughborough, UK. Lanes 2-4: Vector DNA
undigested (U), Notl/Sall digested (N) and Xhol digested respectively. Lanes 5-7: Clone #6 DNA undigested
(U), Not I/Sall digested (N) and Xhol digested (X). Lanes 8-10: Clone #7 DNA undigested (U), Not I/Sall
digested (N) and Xhol digested. Lanes 11-12: Clone #8 DNA undigested (U), Notl/Sall digested (N) and Xhol
digested. Lanes 14-16: Vector DNA undigested (U), Notl/Sall digested (N) and Xhol digested. Lane 18-20:
Clone #9 DNA undigested (U), Notl/Sall digested (N) and Xhol digested. Lane 21-23: Clone #10 DNA
undigested (U), Notl/Sall digested (N) and Xhol digested. Clones #7 (Lanes 8-10), #8 (Lanes 11, 12 and 17) and

#9 (Lanes 18-20) were identified as positive (indicated with red asterisk).
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Figure 4.7: Xhol digestion of pPCAG-Y 163X to isolate 4437bp transgene construct

(A) Lane 1. Uncut pCAG-Y163X. Lanes 2-5 — Xho | pCAG-Y 163X (red arrow pointing to 4437bp transgene

construct).
(B) Schematic of the 4437bp transgene construct.

*M= GeneRuler 1 kb DNA Ladder (Catalogue number: SM0311, Thermo Fisher Scientific Ltd, Loughborough,

UK.
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Construct design for transgenic mice overexpressing HuPrP WT-129V

pCAG-WT129V (Figure 4.8) was constructed in exactly the same way as pCAG-Y163X.

MNotl

CAG promoter +
B-actin intron

________________________________________________________________ Sal | HUPrP ORF with
—-H"'rr'_‘_.-_” 'W'T-129V
e I: ¥hol

HuPrP 3' UTR

pPCAG-WT129V
7.3-kb

Kpnl

¥hol SV40pA

Figure 4.8: Schematic of pPCAG-WT-129V construct

The pCAG-WT-129V construct containing the CAG promoter and B-actin intron + HuPrP 129V ORF+ HuPrP

3’UTR+ SV40pA.
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4.2 Microinjection of transgene into mouse zygotes

The concentration of the transgene DNA was determined by a NanoDrop Spectrophotometer
(Thermo Fisher Scientific Ltd, Loughborough, UK) and DNA quality and concentration was
further assessed by running a 2ul aliquot of the transgene DNA on a 1% agarose gel. The
purified transgene DNA was then diluted to 1ng/ ul in TE buffer ready for microinjection.
The Y163X and WT-129V transgenes were microinjected into F10 FVB/PrP-null single cell
embryos. F10 FVB/PrP-null single cell embryos were selected to ensure that mouse PrP was
not present to interfere with the biology of human PrP. The embryos were cultured to the two-
cell stage and surgically transferred into pseudo-pregnant recipient female mice. All

microinjections were performed by Andrew Tomlinson (MRC Prion Unit, UCL, UK).

4.3 Genotyping of pCAG transgenic lines

Ear biopsies were collected and used to genotype the putative transgenic mice. Transgenic
founders were identified using two separate sets of PCR conditions: Human_Mouse_Neo

PCR and CAG specific PCR.

Human_Mouse _Neo PCR
The human, mouse, neo PCR is a multiplex PCR that uses 3 primer pairs to amplify 3
different target sequences. Primers Hul and Hu2 amplify a sequence in the HuPrP ORF to

produce a 400bp PCR product (Figures 4.8 and 4.9).
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Primers P10 and P315 amplify a WT mouse PrP sequence to produce a 500bp product and
P3 and P315 amplify a junction fragment between the neo sequence and WT mouse PrP
sequence found in F10_FVB/PrP null mice to produce a 270bp product (Figures 4.9 and

4.10).
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Figure 4.9: Human_Mouse_Neo PCR products

*M= GeneRuler 1 kb DNA Ladder (Catalogue number: SM0311, Thermo Fisher Scientific Ltd, Loughborough,

UK.
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Figure 4.10: Controls used for Human_ Mouse_ Neo PCR

Controls for Human_Mouse_Neo PCR: 1. Genomic DNA from Tg (HuPrP-129MM)28 (Tg28) mice was used
as a positive control for the human prion protein band as this line expresses HuPrP at endogenous level and was
made on a F10_FVB/PrP null background. 2. Genomic DNA from FVB/N and C57xCBA (abbreviated to F1)
mice was used as a positive control for the mouse band. 3. Genomic DNA from F10_FVB/PrP null mice was

used as a positive control for this band for the presence of the null allele.

The two expected bands for mice positive for the transgene are the 400bp fragment that
contains a sequence from the human PrP ORF and the 270bp fragment that contains a neo

sequence (Figure 4.11).
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Figure 4.11: Identification of pPCAG-WT-129V positive mouse using Hu_M_Neo PCR

The transgene positive founder (used to establish Tg374 line) was identified using the Hu_M_Neo PCR. This
founder was distinguishable from the negative littermates by the presence of the 400bp and 270bp fragments,

with the latter being the neomycin band that is common to all the mice because they were made on the prnp-null

background.
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CAG specific PCR

The CAG specific PCR primers amplify a junction fragment between the p-actin intron and
the HUPrP ORF. Primers CAG_SN3 and CAG_ASNS (Table 2.2) amplify a 167bp fragment

(Figures 4.12 and 4.13).

B-actin
intron

CAG_5n3
- HuPrP 3'UTR
+SWADpA

CAG_Asn3

Figure 4.12: Map of CAG specific PCR primers
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Figure 4.13: Identification of pCAG-WT-129V positive mouse using the CAG specific PCR.

pCAG-WT129V founders were identified by the presence of a 167bp fragment. Plasmid DNA (pCAG) was
used as a positive control for this PCR assay. DNA extracted from the ear biopsies of Tg28 (Hu), F1 (Mo) and

F10_FVB/PrP null (Neo) mice were used as negative controls.
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Transgenic lines expressing human PrP 163X and WT-129V

Ten transgenic founders were produced following several rounds of successful microinjection
sessions (Table 4.1), and the mice were bred to F10_FVB/PrP null mice to establish

independent mouse lines.

Table 4.1 Established Y163X and WT-129V transgenic mouse lines

Tg Line Construct
Tg373 WT-129V
Tg374 WT-129V
Tg379 WT-129V
Tg380 WT-129V
Tg375 Y163X-129V
Tg376 Y163X-129V
Tg377 Y163X-129V
Tg378 Y163X-129V
Tg381 Y163X-129V
Tg382 Y163X-129V
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4.4 Establishment of homozygous pCAG transgenic lines for long-term
observation

Heterozygous breeding pairs were set up to establish homozygous transgenic lines for long-
term observation. It is the practice of the Transgenic Group to routinely keep one line that
overexpresses at a high level and a second line that expresses the transgene at endogenous
level. In prion biology overexpression can lead to shorter incubation periods, but in some
cases artefacts of overexpression may be observed. However, in view of the fact that this
study was adversely affected by the prolonged Covid-19 lockdown, we had to choose the
lines that bred most efficiently and breed these to homozygosity. Therefore, expression of
HuPrP mRNA was confirmed in the brain and spleen of all the transgenic lines that were
generated (data not shown). Two pCAG-Y163X-129V (Tg375 and Tg377) and two pCAG-
WT129V lines (Tg373 and Tg380) which were further advanced in the breeding process were

selected for completing this study.

The practice of keeping at least two lines per transgene construct (high and low expressors)
allows any potential effect of overexpression and/or position effects to be considered largely
insignificant when the result are similar in both lines with different integration sites. Diverse
results between any two lines expressing the same transgene construct may be ascribed to

potential position effects.

Homozygous lines have been established for:

1) Tg375 and Tg377 (pCAG-Y163X-129V)

2) Tg373 and Tg380 (pCAG-WT-129V) controls
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The litters were screened using TagMan gPCR assays to identify homozygous mice and then
breeding pairs were set up with homozygotes to establish lines for long-term observation
experiments. Homozygous mating trios were set up for Tg380 and Tg377 and two
homozygous pairs were set up for Tg375. The Tg373 could not be bred to homozygosity
despite repeated attempts; therefore a decision has been made to maintain this line as a

heterozygous line.

Long term observation experiments will be set up to age homozygous and heterozygous
pCAG-Y163X-129V and control pPCAG-WT-129V mice for the possible development of
spontaneous PrP deposition, once homozygous lines have been established for the pCAG
transgenics mentioned above. The experimental design will be exactly the same as
experiments 321 and 328 (described in Chapters 3.4 and 3.5).

In summary, ten pCAG transgenic lines (Y163X-129V (6) and WT-129V (4) control lines
have been successfully generated (described in Chapter 4.3).

These lines took slightly longer to breed to homozygosity therefore long-term observation
experiments could not be set up within the duration of this project. However, colony

expansion is ongoing in order to produce mouse cohorts for experiments.
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5. Chapter 5: Generation of HUPrP 163X CRISPR/Cas9 mouse models

This chapter will address the methods used to generate and characterise HuPrP CRISPR/Cas9

knock-in mouse models.

Easi-CRISPR (Efficient additions with sSSDNA inserts-CRISPR) was used to generate a
HuPrP Y163X knock-in model. This method was chosen due to promising data that
demonstrated the efficient generation of knock-in models using long ssDNA donors (Quadros
etal., 2017) . The time to generate knock-in mice using this approach is also shorter as the
EASI-CRISPR components (crRNA + tracrRNA + Cas9 ribonucleoprotein) can be

microinjected directly into single-cell mouse embryos.
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5.1 Subcloning of EcoRI/BamHI Mo-Hu-Mo PrP gene fragment into
pSP72 vector

The dsDNA template containing the Human PRNP open reading frame with theY 163X

mutation was synthesised by Integrated DNA Technologies (IDT, lowa, USA) (Figure 5.1).

T7 promoter 66bp R-HA
TAATACGACTCACTATAGggaccttcagcctaaatactgggcactgataccttgttcctca

ttttgcagatcagtcatcATGgcgaaccttggctgctggatgctggttctctttgtggecca
catggagtgacctgggcctctgcaagaagcgcccgaagcctggaggatggaacactggggg
cagccgatacccggggcagggcagccctggaggcaaccgctacccacctcagggecggtggt
ggctgggggcagcctcatggtggtggctgggggcagectcatggtggtggectgggggcage
cccatggtggtggctggggtcaaggaggtggecacccacagtcagtggaacaagccgagtaa
gccaaaaaccaacatgaagcacatggctggtgctgcagcagctggggcagtggtggggggce
cttggcggctagg%g%tgggaagtgccatgagcaggcccatcatacatttcggcagtgact
atgaggaccgttactatcgtgaaaacatgcaccgttaccccaaccaagtgtagiﬁggggcc
catggatgagtacagcaaccagaacaactttgtgcacgactgcgtcaatatcacaatcaag
cagcacacggtcaccacaaccaccaagggggagaacttcaccgagaccgacgttaagatga
tggagcgcgtggttgagcagatgtgtatcacccagtacgagagggaatctcaggecctatta
ccagagaggatcgagcatggtcctcttctecctcectccacctgtgatcecctectgatetettte
ctcatcttcctgatagtgggaTGAgggaggccttecctgettgttecttecgecattectegtagg

tctaggctgggggaggggttatccacctgCTCGAG
61bp R-HA Xhol

Figure 5.1: Synthesis of 889 bp Mo-Hu-Mo PrP dsDNA template by Integrated DNA
Technologies

The dsDNA template, designated Mouse-Human-Mouse (Mo-Hu-Mo) consisted of the T7 promoter, the human
PRNP open reading frame encoding valine at codon 129 and a stop codon at residue 163. The human PRNP
open reading frame was flanked on the left and right respectively by 61-and 66- base pair homology arms
directed to the mouse Prnp sequence. An additional Xho I restriction site was inserted for linearising the

plasmid prior to in vitro transcription.
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The T7 promoter was removed from the sequence prior to gene synthesis due to the
manufacturer’s concerns about the pathogenicity of the human prion protein gene. Therefore,
the synthesised gene fragment had to be subcloned into a pSP72 vector as a BamHI/EcoRlI
fragment to allow the use of the T7 promoter in the pSP72 vector for RNA synthesis.

The gene fragment containing the wild-type human PRNP open reading frame encoding
valine at codon 129 was prepared in exactly the same way as the Y163X fragment.

The pSP72 vector and Mouse-Human-Mouse PrP gene fragment containing the Y163X
mutation were double digested with BamHI and EcoRI (Figure 5.2) and ligated together,

following isolation and purification of the Mo-Hu_Mo fragment.

M 1 2 3 4

Figure 5.2: BamHI and EcoRI digestion of pSP72 vector and Y163X gene fragment

Lane M: 1 kb DNA Ladder. Lane 1: BamHI/ EcoRI digestion of Y163X construct showing isolation of the 889-
bp Mo-Hu-Mo fragment (arrowed). Lane 2: Uncut Y163X construct. Lane 3: BamHI/ EcoRI digestion of pSP72
vector. Lane 4: Uncut pSP72 vector.

*M= GeneRuler 1 kb DNA Ladder (Catalogue number: SM0311, Thermo Fisher Scientific Ltd, Loughborough,

UK.
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Competent E.coli SCS110 cells were then transformed with the ligation mixture and plasmid
DNA was purified from 6x Y163X-129V clones and 16x WT-129V clones. After purifying
the DNA, restriction digests with EcoRI and BamH| were used to identify recombinant
plasmids containing the HUPrP ORF. The double digestion of positive clones with EcoRI and
BamHI should generate two fragments: 2462bp (pSP72 vector) and 889bp (HuPrP ORF
containing either Y163X-129V or WT129V).

Two positive clones were identified for Y163X-129V (#1 and 2) and eleven positive clones
were identified for WT-129V (#1-11). Glycerol stocks were made of clones #1 and 2 for
Y163X-129V then clones # 6 and # 7 for WT-129V. Plasmid DNA was prepared from clones
#1(Y163X) and # 6 (WT129V) using the Hi Speed Plasmid Maxi Kit (Qiagen, Hilden,
Germany). The maxiprep DNA was then digested with EcoRI, BamHI, EcoRIl/BamHI and

Xbal to confirm that the clones contained the correct insert (Figure 5.3).
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Figure 5.3: Restriction enzyme digestion of recombinant plasmids containing either the Y163X-
129V or WT129V human PrP open reading frame

BamHI, EcoRlI, EcoRI/BamHI and Xbal digestion of selected clones. Lane M: 1 kb DNA Ladder. Single
digestion of the recombinant plasmids containing the either Y163X-129V or WT-129V human PrP ORF with
EcoRI, BamHI or Xbal produced a 3351 bp fragment (pSP72+ Y163X-129V or WT-129V human PrP ORF).
Whereas, double digestion generated two fragments: (1) 2462 bp (pSP72) (2) 889 bp (Y163X or WT129V

human PrP ORF).
The plasmid DNA was then linearised with BamHI (Figure 5.4) prior to the in vitro

transcription reaction.
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Figure 5.4: Linearisation of pSP72 vector containing Y163X-129V or WT-129V gene fragment
A: Linearisation of pSP72 vector containing Y163X-129V with BamHI. Lane M: 1 kb DNA Ladder. Lane 1:
Uncut pSP72-Y163X. Lane 2: BamHI digested pSP72-Y163X.

B: Linearisation of pSP72 vector containing WT129V with BamHI. Lane M: 1 kb DNA Ladder. Lane 1: Uncut

pSP72-WT-129V Lane 2: BamHI digested pSP72-WT-129V.
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5.2 ssDNA synthesis by ivTRT

The linearised plasmid DNA was used as a template for the in vitro transcription reaction (Figure 5.5).

PCRproduct or Ptasmid
T7 promoter T7 peomoter Restnction site
m""’"'m [ T ONA of wasvest l ¢ [ OV of rkarest -5
‘ In vitro transcription
RNA synthesis RNA
5 3
and purification
l Reverse transcription
RNA )
cDNA synthesis 5 3
and degradation ¥ i
of RNA CONA RT primer
cDNA Degradation of RNA
3, /\/ r— g— - 5
‘ Purification
Purification of ‘
cDNA / ———

Figure 5.5: Overview of ivTRT reaction (Adapted from (Miura et al., 2018)

A. APCR product or plasmid digested with a suitable restriction enzyme can be used as a template for

RNA synthesis.
B. The dsDNA template is then used to synthesise RNA by in vitro transcription.

C. The RNA is used as a template for cDNA synthesis using reverse transcription.

D. RNA in the hybrid is degraded with RNase-H, then the ssDNA is purified using a gel extraction kit or

by ethanol precipitation before microinjection.

RNA was synthesised according to manufacturer’s instructions using the mMESSAGE mMACHINE

T7 Ultra Kit (Ambion, Texas, USA). The RNA was then purified using the MEGA clear Kit

(Ambion, Texas, USA) and run on a 1% agarose gel to assess the quality of the RNA (Figure 5.6).
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Figure 5.6: Y163X-129V or WT-129V RNA

Agarose gel electrophoresis of purified Y163X-129V or WT-129V RNA from ivTRT reaction. Lane M: 1 kb

DNA Ladder. Lane 1: Y163X-129V RNA. Lane 2: WT-129V RNA

The purified RNA was used as a template for sSDNA synthesis with the SuperScript™
VILO™ ¢DNA Synthesis Kit (Invitrogen, Massachusetts, USA). The ssSDNA was

purified by ethanol precipitation following the reverse transcription reaction.
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5.3 Preparation of Easi-CRISPR components for microinjection

The Alt-R CRISPR/Cas9 system from IDT (lowa, USA) consists of two CRISPR RNA
components, CRISPR RNA (crRNA) (medium modified) and trans-activating CRISPR
RNA (tracrRNA). These two RNAs were annealed at a 1:1 molar concentration to generate
active single guide RNA (sgRNA). The active sgRNA complex was then incubated with Alt-
R Streptococcus pyogenes Cas9 Nuclease 3NLS (IDT, lowa, USA) to generate the ctRNP
(crRNA + tracrRNA + Cas9 Protein) complex. The ctRNP complex was then mixed with the
ssDNA donor (at a final concentration of 20 ng) prior to microinjection of the CRISPR
components. The Easi-CRISPR components (ctRNP+ ssDNA donor) were then filtered and
microinjected into FVB/N single cell embryos (Figure 5.7). The Easi-CRISPR microinjection
mix was run on a 1% agarose gel to check for degradation as sSSDNA is less stable compared
to dsDNA. All microinjections were performed by Andrew Tomlinson (MRC Prion Unit,

UCL, UK).
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Figure 5.7 Agarose gel electrophoresis of Easi-CRISPR microinjection mix before and after
microinjection showing no degradation of the CRISPR components.

Lane M: 1 kb DNA Ladder. Lane 1: ctRNP+Y163X-129V ssDNA donor before microinjection. Lane 2:

CtRNP+Y163X-129V ssDNA donor after microinjection.
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5.4 CRISPR/Cas9 knock-in lines expressing human PrP 163X and
WT129V

Screening for CRISPR HuPrP knock-in positives using the Human PrP specific PCR assay

The human PrP specific PCR assay uses primers Hul and Hu2 to amplify a sequence in the
HuPrP ORF to produce a 400bp PCR product.
Nine CRISPR/Cas9 knock-in positives were identified in total using the HuPrP ORF PCR

assay (Figure 5.8)
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Figure 5.8: Identification of CRISPR/Cas9 knock-in positives using the Human PrP specific
PCR assay

Figure A: 3/4 CRISPR -Y163X-129V positives (lanes #4, #6 & #7) identified by PCR screening for the human
PrP ORF. Lane M: Marker. Lane 1: Genomic DNA from Tg(HuPrP-129MM) 28 (Tg28) mice was used as a
positive control for the human prion DNA band. Lane 2: Genomic DNA from FVB/N mice was used as a

negative control.

Figure B: 2/5 CRISPR —~WT-129V positives (lanes #4 & #6) identified by PCR screening for the wild type
human PrP ORF. Lane M: Marker. Lane 1: Genomic DNA from Tg (HuPrP-129MM) 28 (Tg28) mice was used
as a positive control for the human prion DNA band. Lane 2: Genomic DNA from FVB/N mice was used as a

negative control.
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The CRISPR Knock-in founders were then crossed with F10_FVB/PrP-null mice to establish
independent mouse lines (Table 5.1). The rationale for crossing with PrP-null mice was to
avoid re-introduction of endogenous mouse PrP gene.

Table 5.1 CRISPR Y163X and WT129V Knock-in lines

Kl Line Construct

Tg354 Hu PrP Y163X-129V
Tg357 Hu PrP Y163X-129V
Tg361 Hu PrP WT-129V
Tg362 Hu PrP WT-129V

Most of the knock-in founders did not transmit the recombinant allele to their offspring when
mated to F10_FVB/PrP-null mice. Only 2/4 CRIPSR-Y163X-129V (Tg354 and Tg357) and
2/5 CRISPR-WT-129V (Tg361 and Tg362) founders transmitted to their offspring. These
four lines were selected for sequencing to determine if the desired genetic modification had
been made. Mice with the correct genetic modification should be negative for the mouse prp
gene and positive for the human PrP, as well as the neomycin resistance gene which derives
from the crossing of founders to F10_FVB/PrP-null mice containing the neomycin resistance

cassette.
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Primers Sn2 and Asn3 were used to screen the offspring of the CRISPR knock-in founders
(Figure 5.9A-C). This primer pair amplifies a 1114 bp fragment in FVB/N and Tg(HuPrP)28
controls, and in CRISPR knock-in founders with perfect genetic modifications. However, this
primer pair may amplify different sized products in the CRISPR knock-in founders, in which
genetic modifications such as deletions may have occurred. Once a knock-out mouse was
found based on the failure of Sn2 and Asn3 to amplify the predicted 1114bp product, primers
KO-Sn2 and KO-Asn6 were designed to specifically amplify a 1256-bp sequence in the
CRISPR knockout line which was then designated as KO-1, with over 2400-bp of the MoPrP

sequence deleted.

F10_FVB/PrP-null “ 1841 bp
FVB/N 1114 bp
Tg(HuPrP)28 1114 bp

Figure 5.9: Screening of CRISPR offspring with Sn2 and Asn3

A) Primers Sn2 and Asn3 amplify a sequence in the neomycin cassette in F10_FVB/PrP-null mice to
produce a 1841 bp band. Whereas, a 1114-bp sequence is amplified in the PrP ORF in FVB/N and

Tg28 mice as the size of the PrP ORF is the same in mouse and human PrP.

145



B

MoPrP sequence

CCGTCCTGTTTCAGCCTCTACTTCCCAAGTGCTGGGGCACCAACGTGCACTTCCTCATGCCTGGCTCTGGAGACC
TACTGCTTGTCTCCAGGGCTCAAACACTGAGTCAGCTTTCTTCAAGTCCTTGCTCCTGCTGTAGCCACTCAGGAG
CCCTCCTGACTAGACCATGACTCAGGCCCTTGTGGTGTTACGGTTACTCAGGACCAGTGTACTCACAGCTACCCC
TGCAGGTGACTTTCTGCATTCTGGGGAATGAAGCCTACATCCGTGGATAAAGGTTCTCCTCTGTGTAGAGGCTCA
CACCCCACAGGACCCTGGGGCCATTATAGCAGCCTTATAGTACAGCTGCCAGGCTCCCCACAAGATCATGCCCAT
TTCCARATTCCACTACATTGTTAAAGCTCAAAGCCATGGCGTAACAACCATGCAATATCACCTAGACCAGACGTG

Sn2
GTTTACCAGTTGGGGTAACTCTTGTCAAATCTGTCCTCAGAGGATGGGATGAGCTGTGTGTTTTTGATTTACTTT

TTTCCTGAAGGAARAGCTACGGGGGGGEGEGEGGCEEGGEGGAGGGTTGACGCCATGACTITCATACATTTGCTT

TGTAGATAGATGTCAAGGACCTTCAGCCTAAATACTGGGCACTGATACCTTGTTCCTCATTTTGCAGATCAGTCA
TCATGGCGAACCTTGGCTACTGGCTGCTGGCCCTCTTTGTGACTATGTGGACTGATGTCGGCCTCTGCARARAGC
GGCCARAGCCTGGAGGGTGGAACACCGGTGGAAGCCGGTATCCCGGGCAGGGAAGCCCTGGAGGCARCCGTTACC
CACCTCAGGGTGGCACCTGGGGGCAGCCCCACGGTGGTGGCTGGGGACAACCCCATGGGGGCAGCTGGGGACAAC
CTCATGGTGGTAGTTGGGGTCAGCCCCATGGCGGTGGATGGGGCCAAGGAGGGGGTACCCATAATCAGTGGAACA
AGCCCAGCARACCAAAAACCAACCTCAAGCATGTGGCAGGGGCTGCGGCAGCTGGGGCAGTAGTGGGGGGCCTTG
GTGGCTACATGCTGGGGAGCGCCATGAGCAGGCCCATGATCCATTTTGGCAACGACTGGGAGGACCGCTACTACC
GTGAAARACATGTACCGCTACCCTAACCAAGTGTACTACAGGCCAGTGGATCAGTACAGCAACCAGAACAACTTCG
TGCACGACTGCGTCAATATCACCATCAARGCAGCACACGGTCACCACCACCACCAAGGGGGAGAACTTCACCGAGA
CCGATGTGAAGATGATGGAGCGCGTGGTGGAGCAGATGTGCGTCACCCAGTACCAGAAGGAGTCCCAGGCCTATT
ACGACGGGAGAAGATCCAGCAGCACCGTGCTTTTCTCCTCCCCTCCTGTCATCCTCCTCATCTCCTTCCTCATCT
TCCTCATCGTGGGATGAGGGAGGCCTTCCTGCTTGTTCCTTCGCATTCTCGTGGTCTAGGCTGGGGGAGGGGTTA
TCCACCTGTAGCTCTTTCAATTGAGGTGGTTCTCATTCTTGCTTCTCTGTGTCCCCCATAGGCTAATACCCCTGG

Asn3
CACTGATGGGCCCTGGGAAATGTACAGTAGACCAGTTGCTCTTTGCTTCAGGTCCCTTTGATGGAGTCTGTCATC

AGCCAGTGCTAACACCGGGCCBATAAGBATATAACACCAAATAACTGCTGGCTAGTTGGGGCTTTGTTTTGGTCT
AGTGAATAAATACTGGTGTATCCCCTGACTTGTACCCAGAGTACAAGGTGACAGTGACACATGTAACTTAGCATA
GGCAAAGGGTTCTACAACCAAAGAAGCCACTGTTTGGGGATGGCGCCCTGGARAARCAGCCTCCCACCTGGGATAG
CTAGAGCATCCACACGTGGAATTCTTTCTTTACTAACAAACGATAGCTGATTGAAGGCAACAGGAAAAARAARANT
CAAATTGTCCTACTGACGTTGAAAGCAAACCTTTGTTCATTCCCAGGGCACTAGAATGATCTTTAGCCTTGCTTG
GATTGAACTAGGAGATCTTGACTCTGAGGAGAGCCAGCCCTGTAAARAGCTTGGTCCTCCTGTGACGGGAGGGAT
GGTTAAGGTACAAAGGCTAGAAACTTGAGTTTCTTCATTTCTGTCTCACAATTATCAAARAGCTAGAATTAGCTTC
TGCCCTATGTTTCTGTACTTCTATTTGAACTGGATAACAGAGAGACAATCTAAACATTCTCTTAGGCTGCAGATA
AGAGAAGTAGGCTCCATTCCAAAGTGGGAAAGAAATTCTGCTAGCATTGTTTAAATCAGGCARAATTTGTTCCTG

AAGTTGCTTTTTACCCCAGCAGACATAAACTGCGATAGCTTCAGCTTGCACTGTGGATTTTCTGTATAGAATATA

Figure 5.9: Screening of CRISPR offspring with Sn2 and Asn3.
B) MoPrP sequence with Sn2 and Asn3 primers highlighted in yellow and blue respectively. ATG and

TGA of MoPrP are highlighted in red. The MoPrP ORF is highlighted in green.
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MoPrP seq e + neo ¢ found in F10_FVB/PrP-null mice

a1

CCTGCTGTAGCCACTCAGGAGCCCTCCTGACTAGACCATGACTCAGGCCCTTGTGGTGTTACGGTTACTCAG
GACCAGTGTACTCACAGCTACCCCTGCAGGTGACTTTCTGCATTCTGGGGAATGAAGCCTACATCCGTGGAT
AAAGGTTCTCCTCTGTGTAGAGGCTCACACCCCACAGGACCCTGGGGCCATTATAGCAGCCTTATAGTACAG
CTGCCAGGCTCCCCACAAGATCATGCCCATTTCCAAATTCCACTACATTGTTAAAGCTCAARGCCATGGCGT
AACAAC%&;GCAATATCACCTAGACCAGACGTGGTTTACCAGTTGGGGTAACTCTTGTCAAATCTGTCCTC

AGAGGATGGGATGAGCTIGTGTGTTTTTGATTTACTTTTTTCCTGAAGGAARAGCTACGGGGGGGGEGGGGGEGEE
GGGGGGGAGGGTTGACGCC&&GACTTTCATACATTTGCTTTGTAGATAGATGTCAAGGACCTTCAGCCTAAA
TACTGGGCACTGATACCTTGTTCCTCATTTTGCAGATCAGTCATCATGGCGAACCTCTCGAGCAGTGTGETT

TTCAAGAGGAAGCAAAMAGCCTCTCCACCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCAGTGTGGTTTT
GCAAGAGGAAGCAAAAMGCCTCTCCACCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCARACCCCGCCCA
GCGTCTTGTCATTGGCGAATTCGAACACGCAGATGCAGTCGGGGCGGCGCGGETCCCAGGTCCACTTCGCATA
TTAAGGTGACGCGTGTGGCCTCGAACACCGAGCGACCCTGCAGCCAATATGGGATCGGCCATTGAACAAGAT
GGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATC
GGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGETTCTTTTTGTCARAGACCGACCTG
TCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGE
GCAGCTGTGCTCGACGTTGTCACTGAAGCGGGARGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGAT
CTCCTGTCATCTCACCTTGCTCCTGCCGAGARAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACG
CTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAA
GCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGG
CTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATG
GTGGAARATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATA
GCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGT
ATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGGGGATCGGCAA
TAAAAAGACAGAATAAAACGCACGGGTGTTGGETCGTTTGTTCGGATCCARACATGTACCGCTACCCTAACC
AAGTGTACTACAGGCCAGTGGATCAGTACAGCAACCAGAACARCTTCGTGCACGACTGCGTCAATATCACCA
TCAAGCAGCACACGGTCACCACCACCACCAAGGGGGAGAACTTCACCGAGACCGATGTGAAGATGATGGAGC
GCGTGGTGGAGCAGATGTGCGTCACCCAGTACCAGAAGGAGTCCCAGGCCTATTACGACGGGAGAAGATCCA
GCAGCACCGTGCTTTTCTCCTCCCCTCCTGTCATCCTCCTCATCTCCTTCCTCATCTTCCTGATCGTGGGA

TGAGGGAGGCCTTCCTGCTTGTTCCTTCGCTCGTGGTCTAGGCTGGGGEGAGGGGTTATCCACCTGTAGCTCT
TTCAATTGAGGTGGTTCTCATTCTTG%E%%TCTGTGTCCCCCATAGGCTAATACCCCTGGCACTGATGGGCC
CTGGGARATGTACAGTAGACCAGTTGCTCTTTGCTTCAGGTCCCTTTGATGGAGTCTGTCATCAGCCAGTGC
TAACACCGGGCCAATRAGAATA%EACACCAAATARCTGCTGGCTEGTTGGGGCTTTGTTTTGGTCTAGTGAA

Figure 5.9: Screening of CRISPR offspring with Sn2 and Asn3
C) MoPrP sequence in F10_FVB/PrP-null mice with neomycin sequence highlighted in red. The
remaining sequence in black is MoPrP. Sn2 and Asn3 primers are highlighted in green and blue

respectively. ATG and TGA of MoPrP are highlighted in yellow.
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PCR amplification of genomic DNA extracted from the offspring of Tg357 mice resulted in
two bands (Figure 5.10) that were excised and the DNA was extracted for sequencing. The
sequencing data revealed that the top band contained a sequence for the neomycin resistance
gene and the bottom band contained the sequence for mouse or human PrP. However, none of
the Tg354 had the correct genotype so only Tg357 was analysed further for the CRIPSR-
Y163X-129V lines. The sequencing data revealed that the HuPrP ORF had been knocked-in,
however it was truncated and the ATG start codon was missing (Figure 5.11). There were

also errors found within the human PrP ORF (Figure 5.12).

Tg(HuPrP Y163X)357

Neo
Human/ Mouse

PrP

1000

750
500

250

Figure 5.10: Screening offspring of Y163X-129V knock-in founders
Agarose gel electrophoresis showing results of PCR screen for Tg357 mice using primers
Sn2 and Asn3. This PCR resulted in two bands that were extracted and sent for sequencing.

The top band was confirmed as neo and the lower band represents mouse or human PrP.

*M= GeneRuler 1 kb DNA Ladder (Catalogue humber: SM0311, Thermo Fisher Scientific Ltd, Loughborough,

UK.
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>Mo-Hu-Mo PrP (Trimmed)

actacattgttaaagctcaaagccatggcgtaacaaccatgcaatatcacctagaccagacgtggtttaccagtt

ggggtaactcttgtcaaatctgtcctcagaggatgggatgagctgtgtgtttttgatttacttttttecctgaagg

aaaag%%agggggggggggggggcgggggggagggttgacgccatgactttcatacatttgctttgtagatagat
or

htcaaggaccttcagcctaaatbctgggcactgataccttgtﬁcgtcattttgcagatcagtcatcATGqcqaa:
u

cttggctgctggatgctggttctcttthtggccacatggagtgacc:gggcctckgcaagaagcgcccgaagcct

ggaggatggaacactgggggcagccgatacccggggcagggcagccctggaggcaaccgetacccacctecagggce

ggtggtggctgggggcagectcatggtggtggectgggggcagectecatggtggtggetgggggcageccecatggt

ggtggctggggtcaaggaggtggecacccacagtcagtggaacaagccgagtaagccaaaaaccaacatgaagcecac
129V

atggctggtgctgcagcagectggggcagtggtggggggecttggeggetacGtgetgggaagtgeccatgagecagg

cccatcatacatttcggcagtgactatgaggaccgttactatcgtgaaaacatgcaccgttaccccaaccaagtg
163X
tactaGaggcccatggatgagtacagcaaccagaacaactttgtgcacgactgcgtcaatatcacaatcaagecag

cacacggtcaccacaaccaccaagggggagaacttcaccgagaccgacgttaagatgatggagcgecgtggttgag

cagatgtgtatcacccagtacgagagggaatctcaggcctattaccagagaggatcgagcatggtectettetec
tcteccacctgtgatectectgatetetttectecatettectgatagtgggaTGAgggaggecttectgettgtte
cttcgcattctecgtggtctaggctgggggaggggttatccacctgtagetetttcaattgaggtggttcecteatte
ttgcttectectgtgtecececcataggectaatacecectggecactgatgggecctgggaaatgtacagtagaccagttyg
ctctttgecttcaggtccetttgatggagtectgtcatcageccagtgectaacaccgggeccaataagaatataacacc
aaataactgctggctagttggggctttgttttgg

Figure 5.11: Truncated human PrP ORF in Tg357

Sequencing data from a Tg357 mouse with truncated human PrP ORF knocked into the endogenous mouse Prnp
locus. Both sequencing primers 736For and Hul gave truncated sequence ending at the same point (end of red
font with yellow highlight). Interestingly, the knocked-in truncated HuPrP ORF contained the expected gene
modifications, namely valine at codon 129 and a TAG stop codon at residue 163 (highlighted in green).

However, the TGA stop codon and additional sequences were missing from the human PrP ORF (blue font).
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>Seq39 736For Tq(Y163X CRISPR) 357
CTCCTTTTGCAGATCAGTCATCTTGGCTGCTGGATGCTGGTTCTCTTTGTGGCCACATGGAGTGACCTGGG
CCTCTGCAAGAAGCGCCCGAAGCCTGGAGGATGGAACACTGGGGGCAGCCGATACCCGGGGCAGGGCAGCC
CTGGAGGCAACCGCTACCCACCTCAGGGCGGTGGEGECTGGGGECAGCCTCATGGTGETGGCTGGGGGARA
ACTCATGGTGGTGGCTGGGGGCAGCaCCATGGTGGTGGCTGGGGTCAAGGAGGTGGCACCCACAGTCAGTG
GAACAAGCCGAGCT NNNNTTNNNTTANNTTGANNTTTNTGNNTTAAATATAAAAAAAATAT

Synth MoHuMo 201 tcatacatttgctttgtagatagatgtcaaggaccttcagectaaatact 250

Seg39_736For 1l e 0

Synth MoHuMo 251 gggcactgataccttgttcctcattttgcag{atcagtcat_ 300 ATG

PP rrrr et I ...

Seq39 736For 1 e CTCaTTTIGCAGATCAGTCAT -~ S —————- 21 Missing

Synth MoHuMo 301 .tg_qctqctqqatqctqqttctctttgtggccacatqqaqtqacctqqq 350
FEEEEErr et e ettt et et e e el

Seq39 736For 22 CTTGGCTGCTGGATGCTGGTTCTCTTTGTGGCCACATGGAGTGACCTEGG 71

Synth MoHuMo 351 ctgcaagaagcgcccgaagectggaggatggaacactgggggcagces 400
IIIIII\II\I\II\IIII\II\IIII\IIIIIII\IIII\IIIIIII\I

Seq39_736For 72 CAAGAA GAAG ATGGAACAC 121

Syngh, MoHuMo 401 gatacccggadcagdysadssstadaddsaaceachacscasetecadaas 450
IIIIII\II\HII\IIII\II\IIII\IIIIIII\IIII\IIIIIII\I

Seg39 736For 122 CCGGGGCAGGGCAGCCCTGGAGGCARCCGCTACCCACCTCAGGGC 171

Synth MoHuMo 451 ggtggtggctaggggcagccteatggtggtagetgggggcagecteatgg 500 Error'
FETEEEETEEr et ettt e e e e et o | T

Seq397736E‘0r 172 GGTGGLGGCTGGGGGCAGCCTCATGGTGGTGGCTGGGGGAARACTCATGG 221

Synth MoHuMo 501 gcagccccatg gtcaaggaggtggca 550
|II|I|\|IH\||\|II|\ll\llll\lllllll\llll\ll IRERRN

Seg39_736For 222 GGCTGGGGGCAGCCCCATGG GTCAAGGAGGTGGCA 271

Synth MoHuMo 551 cccacagtcagtggaacaagccgag-taagccaaaaaccaacatgaagca 599
FEErrrrrrrerrrreererrrren |

Seq397736E‘0r 272 CCCACAGTCaGTGGAACAAGCCGAGCT——=——=—=—=—==———————————— 298

Figure 5.12: Errors in the HuPrP ORF knocked into Tg357 mouse

Although the HuPrP ORF containing the Y1633X mutation was knocked-into the mouse Prnp locus, the
sequence was imprecise and contained errors (highlighted in yellow). The ATG start codon was also missing
(highlighted in purple).

Although the HuPrP ORF was successfully knocked-in, the sequence was imprecise. Another
issue that arose when sequencing the offspring of CRISPR-WT-129V founders, Tg361 and
Tg362, was the presence of the neomycin resistance gene interfered with the sequencing of
the HUPrP knock-in ORF (Figure 5.13). BLAST analysis revealed 91% identity with human

PrP but 100% identity with mouse PrP. Therefore, the human PrP ORF was present but it was

masked by the presence of the neo gene which hindered sequencing.
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>Seq49 736For [Tg362; 129V-WT CRISPR]

TTTTGCAGATCAGTCATCATGGCGAACCCTCGAGCAGTGTGGTTTTCAAGAGGAAGCAAAAAGCCTCTCCA
CCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCAGTGTGGTTTTGCAAGAGGAAGCAAAAAGCCTCTCCA
CCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCAAACCCCGCCCAGCGTCTTGTCATTGGCGAATTCGAA
CACGCAGATGCAGTCGGGGCGGCGCGGTCCCAGGTCCACTTCGCATATTAAGGTGACGCGTGTGGCCTCGA
ACACCGAGCGACCCTGCAGCCAATATGGGATCGGCCATTGAACAAGATGGATTGCACGCAGGTTCTCCGGC
CGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGT
TCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTG
CAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGT
CACTGAAGCGGGAAGGGACTGGCTGCTATTGNGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTG

CTCCTGCCGAGAAAGTATCNNT

pMClneo
Seq49 736For

pMClneo
Seq49 736For

pMClneo
Seq49 736For

pMClneo
Seq49 736For

pMClneo
Seq49_736For

pMClneo
Seq49 736For

pMClneo
Seqd49 736For

pMClneo
Seq49 736For

Figure 5.13: Presence of neomycin resistance gene interfering with sequencing of the HuPrP

knock-in ORF

Comparison of the sequencing data obtained from Tg362 mouse with the neo resistance gene sequence. The

AGGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGAC

GTTGTAAAACGACGGCCAGTGAATTCTCGAGCAGTGTGGTTTTCAAGAGGAAGCAAAAAG
TGCAGATCAGTCATCATGGCGAACCCTCGAGCAGTGTGGTTTTCAAGAGGAAGCAAAAAG

* * * kkk % %k % Kk %k g gk ok ok K ok %k ok ok ok ke ok ok ok ke ok ok ok ok ok ke ok ok ok ok ok ok ke ok

CCTCTCCACCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCAGTGTGGTTTTGCAAGAG
CCTCTCCACCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCAGTGTGGTTTTGCAAGAG

% %k % %k Kk %k ok %k ok kK ke ke ke ok ok ke ok ok ok ok ok ok ok ke ke ok ok sk ok Sk ok ok ok ok ok ok ok ok ok ok ok ke ok Sk ok ok ok ok ke ke ok ok ke ok ke ke ok ok

GAAGCAAAAAGCCTCTCCACCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCAAACCCC
GAAGCAAAAAGCCTCTCCACCCAGGCCTGGAATGTTTCCACCCAATGTCGAGCAAACCCC

hhkhkk Ak hhkhk kA kA Ak kA hhk bk hkhkhkkhkhkhkhkhkkhkhhkhkhkhhkhkhkhkhkhkdkkhhhkhkhkhkhkhkhkhhkhkkk

GCCCAGCGTCTTGTCATTGGCGAATTCGAACACGCAGATGCAGTCGGGGCGGCGCGGTCC
GCCCAGCGTCTTGTCATTGGCGAATTCGAACACGCAGATGCAGTCGGGGCGGCGCGGTCC

Khk A I I Ak Ak Ak A kA A A A A A A F Ak khhkhkkhkdkhkhhk ko hk ko hkhkkk ko hkhkkkhkkxhkhkxkkx*x

CAGGTCCACTTCGCATATTAAGGTGACGCGTGTGGCCTCGAACACCGAGCGACCCTGCAG
CAGGTCCACTTCGCATATTAAGGTGACGCGTGTGGCCTCGAACACCGAGCGACCCTGCAG

khkkkhkhkhhkkhkhkhkhkhkhhhkhkhkhkhkhkhkdkhkhkhkhkhkhkhkhkhkhhkhhkhkhkhkhhkkhkhkhkhkhkkkhkhkhkkkkk

CCAATATGGGATCGGCCATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGG
CCAATATGGGATCGGCCATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGG

khk kI Ak hkhkkhk kA Ak hkhkhkhkhkhkkkkhhkkhkhkkhkkhkhkhhhkkkhkhkhdkkhkkhkkkhkkhkhkkkkxkkkx

TGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCG
TGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCG

% %k %k K gk % gk kK ok ke sk ok ok ok ok ok ok ok gk gk ko ok ok sk ok ok gk ok ok ok ok ok ok ok ke ok ok e ke ke ke ok ke ok ok ok ke ke ok ok ke ok ok ok

sequence from the Tg362 mouse sequence (highlighted in yellow) was identical to the neo resistance gene

sequence in the vector pMC1neo.
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After screening all the offspring of the CRISPR knock-in founders through sequencing, there
was not a single mouse with a perfect genetic modification. Incidentally, through this
screening process, offspring of CRISPR knock-in founders in which over 2400 bp of the
genomic sequence of MoPrP was knocked-out were identified (Figure 5.14). DNA repair was
not possible in these mice due to the fact that such a large portion of the mouse genome has
been cut by Cas9, thereby generating knock-outs. Western blot analysis of the CRISPR
knock-out line, KO _1 revealed the absence of the mouse prion protein (Figure 5.15). This
line amongst other CRISPR generated MoPrP knock-out lines are being maintained for future

experimental use.
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PrP_KOl PCR primer design sequence. The sequence in RED is deleted by CRISPR in this line. This
whole sequence is mouse prion protein gene (MoPrP).

Strain name: MoPrP_KO1

Sense primer: KO Sn2 tgcccatttccaaattccac

Antisense primer: KO_ Asné cttgggggtgtctttcgat (Not Reverse complemented) ATCGAAAGACACCCCCAAG
(Reverse comp.)

PCR Product size: 1256 bp

cttggctttgtgcttaggggatgttaattcegtcactt gtgttgtgtcctectety gcccttacccataaatatggcaacga
aacagaggctcttggtttggtttggattctggggeat gtattagaact cctgtttcagcctctacttcccaag
g tgcacttcct tggctct actgcttgtct tgagtcagctttcttcaagtecttget
cctgetgt cctgact tgact tgtggtgttacggttact tgtact acccctgca
ggtgactttctgcattctggggaatgaagectacatcegtggataaaggttetectetgtgt tatag
cagccttatagtacagctgecaggetccccacaagateal tttccaaat acattgttaaagctcaaagccatggcgtaacaaccatgca KO Sn2
ar.atcacctagaccagacgtgqtttaccagttggqgtaactcttqtcaaa g gtgtttttgatttactttttte =
ct gactttcatacatttgctttgtagatagatgtcaaggaccttcagect
aaatactgggcactgataccttqtr.cctcat.r.r.r.qcagatcagtca:ch‘.l'chgaaccttqgcthctggctgctggccctctt:gtgaccatqtggactq
atgtcggectet atcceg t
tcaggg' g ggt t'tcatqgtggtaqttqgggtcagccccat
ggcggt tacccataatcagtggaacaagcccagcaaaccaaaaaccaacct tgt
gggcagtagtggggggccttggtggetacatget gatccatttt t g actaccgtga
aaacatgtaccgctacect tgtact g cagt ttegt atat
gaagatgatgg 99 gtgcg
gtg g 999 g g 99
"_,—, : "' g "" g ¥ g s ot - as cca 2494-bp
gtttgggg gtgg gatagctgattg dolotod
g g g g g 99 99 gag
gg 99 g g gaag
gggtggctiggy g 999 99 g g 99 g g
g gag g
gtttg gty agtg g gactg g gagg g g
g g gaacg g 99 g gag tgtt
ggttg
tgcaatttcagget g " c tgtaa geacggact catggtgcag
gtgtccat rafﬂﬂ'ﬂﬂﬂﬂfﬂrH‘aftgtqqqaaggcaccagtgcagctatatgatqc:cactactagqqattttcctqagc
agccatcatgtacaaaggcatgaaactt tggt aacgtgat aaggatcacc gctgggg
aaaatccca tt cctgatattcacaggtcatat cttggg aaagac
aaagatctgggcaagtgcetttttcttaaagtcagggaggagtacacagaaggtagtgggggatggg: gggggtgtettt actagatc KO_Asné
tgtaaggt tt ct aar_tcacctqctccg:ngacagggtacaacgqtagaqgatgctgaggca
t cct cagtcagtcagtcgactttgt taatgcctt taatt

caacacaaactcaaaagcttgacttaactgaaaatacccttcaggatcaatccttaacgaaagtttaaccattttcatgetacettttgggeattttect
acttattcaqaagtaaactcttcattggcagnca:aat:ttctcagctgctccactaaacgagaagaccacg(cagaa:gagcaaCCQgggtcaccacct

agctggcccacctttcaagaactgcagattctacagaaagaatttttactt gct ctgtctgggettgcttggea
aacataa ccactcgat ttaaaagt gatagtgttcacttgaactgcagcaagcactggggaagtggactt
tagcctget t t gtcacaa

Figure 5.14: Sequencing data from CRISPR Knock-out mouse line KO_1

A large portion of the murine PrP genomic sequence (2494 bp) outside the mouse PrP ORF was cut by Cas-9
(sequence in blue font). This led to the generation of a CRISPR knock-out line (designated KO_1). The
sequence in red was confirmed by sequencing to be present in the KO_1 knock-out line.

*The ATG start and TGA stop codons are highlighted in yellow. The positions of primers KO-Sn2 and KO-

Asn6 are marked with arrows and also shown in yellow highlights.
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Figure 5.15: Immunoblot analysis of KO_1 CRISPR line

10% mouse brain homogenates analysed with monoclonal anti-PrP antibody ICSM35. No PrP¢ was detected in

the KO_1 CRISPR line. Positive control: FVVB/N. Negative control: F10_FVB/PrP-null.

This chapter demonstrates that CRISPR knock-in mouse models could not be generated using
EASI-CRISPR despite several attempts. The limitations of CRISPR/Cas technology are

discussed further in the final discussion (Chapter 8).
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6. Chapter 6: Results-Expression Studies in knock-in and transgenic

models

This chapter will investigate the expression of HuPrP at mMRNA and protein level in pCAG
transgenics and knock-in mouse models.

6.1 Expression of HUPrP mRNA in transgenic and knock-in mouse
models

PrPCis expressed in a variety of organs, with high expression levels in the peripheral and
central nervous systems (Wulf et al., 2017) . In the pCAG transgenic mice, the human PrP
transgene is expressed under the control of the ubiquitous CAG promoter which is known to
drive high levels of transgene expression (Fischer et al., 2020) . In contrast, the human PrP
transgene constructs are under the control of endogenous PrP regulatory elements in the
Y163X-129V and WT-129V knock-in lines. In keeping with the predominance of PrP
amyloid deposition in peripheral organs of Y163X patients, expression of the human PrP was

analysed in a variety of peripheral organs and the brain.

Brain, caecum, heart, kidney, large intestine, liver, lymph node, small intestine and spleen of
selected pCAG and KI-lines were analysed for HuUPrP mRNA expression via RT-PCR. RNA
was extracted from these mouse tissues using the Direct-zol RNA purification kit (Zymo
Research, USA). The RNA was then used as a template for cDNA synthesis using the
QuantiTect ReverseTranscription Kit (Qiagen Ltd, Hilden, Germany) with the gene specific

RT-primer MoPrP-20 (V2) (Table 2.2).
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The cDNA obtained was amplified by PCR using human PrP specific primers Hul and Hu2
(Table 2.2), which amplify a 400-bp product within the human PrP ORF. HUPrP mRNA was
detected in the brain, caecum, heart, kidney, large intestine, liver, lymph node, small intestine
and spleen of Y163X-129V and WT-129V knock-in lines (Figure 6.1) and in the pCAG lines,

Tg (Y163X-129V) 377 and Tg (WT-129V) 380 (Figure 6.2).
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Figure 6.1: Expression of mMRNA in Y163X-129V and WT-129V knock-in lines

The mRNA expression in (A) Brain (B) Spleen (C) Lymph Nodes (D) Kidney (E) Heart (F) Liver (G) Small
Intestine (SI) (H) Large Intestine (L1) Caecum of Y163X-129V and WT-129V knock-in mice. RNA extracted
from the brain, spleen, lymph nodes, Kidney, heart, liver, small intestine, large intestine and caecum was used as
a template for cDNA synthesis. The synthesised cDNA was then used as a template for the PCR amplification of
the target sequence within the human PrP open reading frame. Primers Hul and Hu2 amplified a 400-bp

fragment in all the tissues that were analysed.
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Figure 6.2: Expression of HUPrP mRNA in pCAG lines

The mRNA expression in (A) Brain (B) Spleen (C) Lymph Nodes (D) Kidney (E) Heart (F) Caecum of pCAG
lines- Tg (Y163X-129V) 377 and Tg (WT-129V) 380. RNA extracted from the brain, spleen, lymph nodes,

kidney, heart and caecum was used as a template for cDNA synthesis. The synthesised cDNA was then used as
a template for the PCR amplification of the target sequence within the human PrP open reading frame. Primers

Hul and Hu2 amplified a 400-bp fragment in all the tissues that were analysed.

To eliminate the possibility of a false positive signal by contamination with genomic DNA,
control reactions without the reverse transcriptase enzyme (RT) were prepared alongside the
experimental tissues. In the absence of RT, no PCR amplification was detected using Hul
and Hu2 in any of the tissues analysed. This confirms that the amplification of HUPrP in the

mouse tissues was specific to the RNA that was isolated from these tissues.
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The specificity of the Hul and Hu2 primers was also confirmed by RT-PCR of mMRNA
obtained from the tissues of F10_ FVB/PrP null mice, in which there was no amplification of

the target sequence in the human PrP ORF.

The homozygous Y163X-129V and WT-129V knock-in lines show similar levels of
expression consistently in all the analysed tissue samples (Figure 6.1).

Overall, there are differences in HUPrP mRNA expression levels across the different organs
in the heterozygous pCAG lines. However, the samples would need to be run with an
appropriate housekeeping gene such as GAPH in order to compare the levels of expression in

the different lines.
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6.2 PrPC detection in transgenic and knock-in mouse models by western
blot

Monoclonal anti-PrP antibodies have differential affinities for glycosylated and truncated
isoforms of PrP¢ (Beringue et al., 2003). Previous work with the P102L humanised transgenic
mouse model has also shown that mutations can influence antibody recognition of PrP
(Wadsworth et al., 2006). The Y 163X mutation leads to the formation of truncated PrP
without a GPI anchor, therefore a panel of antibodies with different epitopes were used in

order to assess the binding affinities for the truncated isoform (Table 6.1).
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Table 6.1. Epitopes of the monoclonal anti-PrP antibodies used for screening the knock-in and
transgenic lines.

Antibody Epitope Reference

SAF32 79-92 (Privat et al., 2008)

ICSM35 93-105 (Khalili-Shirazi et al.,
2007)

6D11 95-110 (Sadowski et al., 2009)

ICSM61 96-105 (Khalili-Shirazi et al.,
2007)

ICSM62 96-105 (Khalili-Shirazi et al.,
2007)

3F4 109-112 (Privat et al., 2008)

ICSM37 96-105 (Khalili-Shirazi et al.,
2007)

ICSM 17 140-159 (Khalili-Shirazi et al,,
2007)

ICSM18 143-153 (Khalili-Shirazi et al.,,
2007)
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Immunoblots were carried out on Tg373 (WT-129V), Tg375 (Y163X-129V), Tg376
(Y163X-129V) and knock-in mouse brains alongside controls (Figure 6.3). The pCAG lines
were heterozygous and the knock-in lines were homozygous at the time of screening. All the
antibodies tested showed the expected PrP profiles for Tg (WT-129V) 373 expressing wild
type human PrP 129V. However, none of the antibodies tested were able to detect the

truncated HuPrP 163X protein (predicted to be 14.6 kDa).
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Figure 6.3: Immunoblot detection of PrP€ in transgenic and knock-in mouse brains

Mouse brain homogenates (2mg/ml) in RIPA buffer with a protease inhibitor cocktail (100ul/ml) analysed with anti-PrP
monoclonal antibodies (A) SAF32 (B) ICSM35 (C) ICSM61 (D) ICSM62 (E) 3F4 (F) ICSM37 (G) ICSM17 and (H)

ICSM18. Positive controls: 1229MM Tg28, 129 MM Tg35, 129 VV Tg152. Negative control: F10_FVB/PrP-null.
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6.3 PrPC detection in transgenic and knock-in mouse models by ELISA

ELISA assays are one of the most sensitive methods used for the detection of disease-
associated PrP(Tattum et al., 2010; Yam et al., 2010). Therefore this assay was used as an
alternative method of detecting the mutant protein as it was undetectable by western blot.
Human PrP 163X was successfully detected in the brain and peripheral tissues of pPCAG
transgenic and knock-in mice using a sandwich ELISA. The transgenic lines were
heterozygous at the time of analysis therefore the PrPC levels would be expected to double in

homozygotes.

A higher immunoreactivity was observed in Tg373 (WT-129V) compared to the Tg35 control
(expressing HuPrP ~2-fold above endogenous levels) in the brain (Figure 38A), spleen
(Figure 6.4C), and caecum (Figure 38H). The trend in order of increasing immunoreactivity
was Tg380 (WT) <Tg377 (Y163X) <Tg373 (WT) in the brain (Figure 6.4A), spleen (Figure
6.4C) and caecum (Figure 6.4H). However, in the heart immunoreactivity was higher in

Tg377 and Tg380 compared to Tg35 (Figure 6.4F).

The immunoreactivity in WT-KI tissues was consistently higher in the brain (Figure 38B),
spleen (Figure 6.4E) and caecum (Figure 6.4J) compared to Y163X-KI tissues. Lower
immunoreactivity was also detected in the heart tissue obtained from the knock-in lines

(Figure 6.4G).
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Figure 6.4: Detection of human PrP€ in pCAG transgenic and knock-in mice

Detection of human PrP¢ by sandwich ELISA with 3F4 (capture) antibody and (biotinylated ICSM35) (ICSM35B) in the
brain, spleen, heart and caecum of pCAG transgenic and knock-in mice. A-K, Quantitative results of PrP¢ immunoreactivity
in brain (A-B), spleen (C-E), heart (F-G) and caecum (H-K). Immunoreactivity was higher in Tg373 compared to Tg35 in
(A) brain , (C) spleen and (H) caecum homogenates. A higher immunoreactivity was detected in (B) brain, (E) spleen and
(J) caecum in WT-129V KI homogenates compared to Y163X-129V KI. PrP¢ concentration was determined using standard
curves (D, | and K) and the results shown were corrected for the background (F10). Positive control: 129 MM Tg35, 129 VV

Tg152. Negative control: F10_FVB/PrP-null.
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The results presented in this chapter have shown that HUPrP mRNA is expressed in the
pCAG transgenics and the knock-in lines. However, HUPrP 163X could not be detected via
western blot in the pCAG-Y 163X or Y163X-KI lines despite testing several different anti-
PrP antibodies. Researchers within the Prion Unit have also had difficulties trying to blot
recombinant PrP. HUPrP 163X and recombinant PrP both lack post-translational
modifications, such as the attachment of the GPI anchor which may be required for these
proteins to be able to adhere to PVDF membranes (Nishina and Supattapone, 2007). HuPrP
163X was detected in the brains and peripheral organs of pCAG-Y163X-129V and Y163X-
129V KI mice by ELISA which is a more sensitive technique.  This suggests the absence

of the mutant protein on the immunoblots was a technical issue.
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7. Chapter 7: Generation of Y163X CADS5 cell line

A Y163X-129V CADS cell line was generated to investigate the trafficking properties of the
mutant protein and to determine if HuPrP 163X could be detected by western blot in this new
cell line. This chapter will describe the techniques and methods involved in generating the

Y163X-129V CADS cell line.

7.1 Construct design

In contrast to full length PrP, previous studies demonstrate that truncated PrP molecules
associated with stop codon mutations in PRNP are mainly localised intracellularly, so cell
lines were generated to determine if human PrP 163X would have similar localisation
properties (Petersen et al., 1996; Zanusso et al., 1999; lvanova et al., 2001). CAD5 cells
expressing HUPrP Y163X-129v driven by the CMV promoter were generated using
CADS5KDBa3 cells lacking endogenous mouse PrP expression. The pLNCX2 -Y163X
construct was created by inserting the Y163X HuPrP ORF into the multiple cloning site of
the pLNCX2 plasmid (Figure 7.1). Control cell lines expressing HuPrP WT-129V and

PLNCX2 (vector only) were made alongside the mutant cell line in exactly the same way.

Figure 7.1: pLNCX2 -Y 163X construct used to generate HuPrP 163X CADKDB3 cell line
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The Human PrP ORF containing the Y 163X mutation was synthesised by GeneArt (Thermo
Fisher Scientific Ltd, Loughborough, UK) (Figure 7.2) and subcloned into the pMKRQ
vector. The human signal peptide was replaced with the mouse signal peptide as evidence
from previous experiments within the Prion Unit demonstrated that better expression of the

transgene is achieved in mouse cell lines expressing the mouse signal peptide.

Bgll, sall
CCAGATCTGTCGAC

ATGGCGAACCTTGGCTACTGGCTGCTGGCCCTCTTTGTGACTATGTGGACTGATGTCGGCCTCTGCAAGAAGCGC
CCGAAGCCTGGAGGATGGAACACTGGGGGCAGCCGATACCCGGGGCAGGGCAGCCCTGGAGGCAACCGCTACCCA
CCTCAGGGCGGTGGTGGCTGGGGGCAGCCTCATGGTGGTGGCTGGGGGCAGCCTCATGGTGGTGGCTGGGGGCAG
CCCCATGGTGGTGGCTGGGGACAGCCTCATGGTGGTGGCTGGGGTCAAGGAGGTGGCACCCACAGTCAGTGGAAC
AAGCCGAGTAAGCCAAAAACCAACATGAAGCACATGGCTGGTGCTGCAGCAGCTGGGGCAGTGGTGGGGGGCCTT
GGCGGCTACGTGCTGGGAAGTGCCATGAGCAGGCCCATCATACATTTCGGCAGCTATCGTGARAACATGCACCGT HuPrP
TACCCCAACCAAGTGTACTAGAGGCCCATGGATGAGTACAGCAACCAGAACAACTTTGTGCACGACTGCGTCAAT
ATCACAATCAAGCAGCACACGGTCACCACAACCACCAAGGGGGAGAACTTCACCGAGACCGACGTTAAGATGATG
GAGCGCGTGGTTGAGCAGATGTGTATCACCCAGTACGAGAGGGAATCTCAGGCCTATTACCAGAGAGGATCGAGC
ATGGTCCTCTTCTCCTCTCCACCTGTGATCCTCCTGATCTCTTTCCTCATCTTCCTGATAGTGGGATGA

ORF

TAG

Figure 7.2 : Synthesis of 777 bp HUPrP ORF 163X by Gene Art

HuPrP ORF 163X sequence consisted of the mouse signal peptide (highlighted in yellow), the human PRNP
open reading frame encoding valine at codon 129 (highlighted in blue) and a stop codon at residue 163
(highlighted in green). The sequence was flanked by restriction sites needed for cloning steps downstream

(Bglll, Sall, Xhol and Notl).

The human PrP ORF containing the Y163X mutation was isolated from the pMKRQ vector
by digesting the vector with Sall and Notl sequentially (Figure 7.3). The pLNCX2 vector was
also digested with Sall and Notl sequentially. Following this, the Sall/ Notl digested

pPLNCX2 vector was ligated to the Sall/Notl digested human PrP ORF fragment.
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Then competent SCS110 E. coli cells were transformed with the ligation product and 5 clones
were obtained after transformation of the bacteria with the ligation mixture. Plasmid DNA
was purified from these clones using the QlAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany) and restriction digests with Notl and Sall were used to confirm positive clones

containing the human PrP ORF.

For positive clones, double-digestion with Notl and Sall produces two bands: (1) pPLNCX2-
6133 bp (2) HuPrP ORF-777 bp. All five clones were identified as being positive (Figure

7.4).

Sall pMKRQ-Y163X Sall /Notl pMKRQ:

Y163X

Uncut
pMKRQ-Y163X
p—
Uncut
pPMEKRQ-Y163X

M

2500 ——
2000 ——
1500 ——

1000 ——

2000
1500

1000
750
500
250

750 ——
500 ——

250 ——

Figure 7.3 : Sall and Notl digestion of p MKRQ-Y 163X to isolate the HUPrP ORF containing the
Y 163X mutation.

(A) Sall digestion of pMKRQ-Y 163X

(B) Notl digestion of Sall digested pMKRQ-Y 163X (red arrow pointing to 777bp HuPrP ORF containing

the Y163X mutation)

*M= GeneRuler 1 kb DNA Ladder (Catalogue number: SM0311, Thermo Fisher Scientific Ltd,

Loughborough, UK.
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Figure 7.4: Positive clone selection for recombinants containing the HuPrP 163X ORF

Notl/Sall enzyme digestion of selected clones. Lanes 1 and 12: GeneRuler 1 kb DNA Ladder (Catalogue
number: SM0311, Thermo Fisher Scientific Ltd, Loughborough, UK. Lanes 2-3: Vector DNA undigested (U)
and Not I/Sal | digested (S) respectively. Lanes 4-5: Clone #1 DNA undigested (U), Not I/Sal | digested (S).
Lanes 6-7: Clone #2 DNA undigested (U), Not I/Sal | digested (S). Lanes 8-9: Clone #3 DNA undigested (U),
Not I/Sal | digested (S). Lanes 10-11: Clone #4 DNA undigested (U), Not I/Sal I digested (S). Lanes 13-14:
Vector DNA undigested (U), Not I/Sal | digested (S). Lanes 15-16: Clone #5 DNA undigested (U), Not I/Sal |

digested (S).
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Glycerol stocks were made of clones #1 and #2 and plasmid DNA was prepared from clone
#1 using the Hi Speed Plasmid Maxi Kit (Qiagen). CAD5KDB3 cells were transfected with

maxiprep DNA prepared from clone #1 to generate the Y163X-129V CADS cell line (Figure

7.5).
EcoR1
CAV Promoter
F r P NDtI ":fl 63-"{
MC}ET;H. BX | HuPrP ORF

Xbal

Figure 7.5 : pLNCX2-Y 163X construct used to transfect CADKDB3 cells

7.2 Expression of HUPrP mRNA in Y163X-129V and WT-129V cell line

The expression of HUPrP mRNA in the Y163X-129V and control WT-129V CAD?S bulk cell
lines was assessed by RT-PCR. RNA was extracted from the cell lines using the Direct-zol
RNA purification kit (Zymo Research, USA). The extracted RNA was then used as a
template for cDNA synthesis using the QuantiTect ReverseTranscription Kit (Qiagen Ltd,
Hilden, Germany) with the HuPrP pLNCX2 forward and reverse primers (Table 2.2 and
Figure 7.6). This primer pair amplifies a 248 bp PCR product within the HuPrP ORF. HuPrP
MRNA was detected in the Y163X-129V and WT-129V CADS cell lines but not in the

PLNCX2 (vector only) or CAD5 WT cell lines (Figure 7.7).
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ATGGCGAACCTTGGCTACTGGCTGCTGGCCCTCTTTGTGACTATGTGGACTGATGTCGGCCTCTGCAAGAAGCGC
HuPrP pLNCX2 Forward

CC#AAGCCTGGAGGATGGAACAC*GGGGGCAGCCGATACCCGGGGCAGGGCAGCCCTGGAGGCAACCGCTACCCA

CCTCAGGGCGGTGGTGGCTGGGGGCAGCCTCATGGTGGTGGCTGGGGGCAGCCTCATGGTGGTGGCTGGGGGCAG

CCCCATGGTGGTGGCTGGGGACAGCCTCATGGTGGTGGCTGGGGTCAAGGAGGTGGCACCCACAGTCAGTGGAAC HuPrpP
HuPrP pLNCX2 Reverse
ORF

AAGqCGAGTMGCCMAAACCAACATFAAGCACATGGCTGGTGCTGCAGCAGCTGGGGCAGTGGTGGGGGGCCTT

GGCGGCTACGTGCTGGGAAGTGCCATGAGCAGGCCCATCATACATTTCGGCAGCTATCGTGAAAACATGCACCGT
V129

TACCCCAACCAAGTGTACTAGAGGCCCATGGATGAGTACAGCAACCAGAACAACTTTGTGCACGACTGCGTCAAT
Y163X

ATCACAATCAAGCAGCACACGGTCACCACAACCACCAAGGGGGAGAACTTCACCGAGACCGACGTTAAGATGATG
GAGCGCGTGGTTGAGCAGATGTGTATCACCCAGTACGAGAGGGAATCTCAGGCCTATTACCAGAGAGGATCGAGC

ATGGTCCTCTTCTCCTCTCCACCTGTGATCCTCCTGATCTCTTTCCTCATCTTCCTGATAGTGGGATGA

HuPrP pLNCX2 Forward: AAGCCTGGAGGATGGAACAC

HuPrP pLNCX2 Reverse: ATGTTGGTTTTTGGCTTACTCG (not reverse complemented)

CGAGTAAGCCAAAAACCAACAT (reverse complemented)

Figure 7.6: HUPrP ORF 163X sequence with HUPrP pLNCX2 primers highlighted
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cDNA No RT controls Negative controls

WT129V CADS
pLNCX2 (VO)
WT129V CAD5

CADWT

P
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Y163X CAD5
CADKDB3
Y163X CAD5
pLNCX2 (VO)
CADWT
CADKDB3

NTC
H,0

500
250

*M= GeneRuler 1 kb DNA Ladder (Catalogue nhumber: SM0311, Thermo Fisher Scientific Ltd, Loughborough,

UK.

Figure 7.7: HUPrP mRNA expression in Y163X-129V and WT-129V CADS5 cell lines

HuPrP mRNA was detected in the Y163X-129V and WT-129V CADS5 cell lines by RT-PCR. HuPrP pLNCX2
forward and reverse primers amplified a 248 bp PCR product in both of these cell lines. CADKDB3 cells and
cell lines expressing pLNCX2 (vector only) and wild-type mouse PrP (CAD WT) were used as negative
controls. HUPrP mRNA was not detected in pLNCX2 (vector only), CAD5 WT cell lines or the no RT controls.
The specificity of the HuPrP pLNCX2 forward and reverse primers were confirmed by RT-PCR of cDNA
synthesised from RNA extracted from CADKDB3 cell lines which lack the expression of endogenous mouse

PrP. There was no amplification of HUPrP mRNA in CADKDB3 cell lines.
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7.3 PrPC detection in Y163X-129V CADS cell line by western blot

Anti-PrP monoclonal antibodies, ICSM35 and 3F4 were used to detect the expression of
Human PrP in the cell lines. Human PrP was detected in the WT-129V CADS cell line but
not in the mutant Y163X-129V line or negative control lines (pLNCX2 and CADKDB?3)
(Figure 7.8). The inability to detect the human PrP 163X protein was also observed in the
western blot analysis of tissues extracted from pCAG-Y163X-129V and Y163X-129V KI
mice. ICSM35 is cross-reactive to both human PrP and mouse PrP, therefore mouse PrP was
detected in CADS5 WT cells using ICSM35 (Figure 45A), but no human PrP was detected in

these cells using 3F4 (Figure 7.8B) as this antibody specifically recognises human PrP.

ICSM35 B 3F4
— <)
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- = = « 2 ~ =
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Figure 7.8: Western blot analysis of Y163X and WT129V CADS cell lines.

Cell lysates (2mg/ml) in RIPA analysed with anti-PrP monoclonal antibodies (A) ICSM35 and (B) 3F4 Positive
control: WT-129V cell line. Negative controls: pLNCX2 and CADKDB3 cell lines. Human PrP expression was
confirmed in WT-129V cell lines by western blot analysis. No Human PrP was detected in Y163X, pLNCX2

(vector only), CAD5 WT and CADKDBS3 cell lines. The blots with ICSM35 and 3F4 gave rise to multiple non-

specific bands; the red asterisks indicate the non-specific bands and the blue arrow indicates the band of intrest.
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7.4 Immunohistochemical detection of PrP in Y163X CADS5 cell line

Previous studies suggest that truncated mutant PrP molecules associated with PRNP
truncating mutations are trapped intracellularly rather than being transported to the cell
surface (Petersen et al., 1996) (Zanusso et al., 1999) (Ivanova et al., 2001). Therefore, the
trafficking of HuPrP 163X to the cell surface was investigated in the CAD5 cell line using

fluorescent immunostaining.

The CADS cell lines were fixed and co-stained with anti-PrP antibody 6D11 and anti-mouse
IgG2a Alexa Fluor® 488 (green) for cell surface PrP expression, the anti-alpha 1sodium
potassium ATPase antibody and anti-mouse IgG1 Rhodamine Red™-X (red) as a marker for

the plasma membrane and the nuclear marker DAPI (blue) (Figure 46).

Immunofluorescent analysis of the cell lines revealed that HuPrP 163X accumulated in the
nucleus as HUPrP 163X staining co-localised with the nuclear marker DAPI (Figure 46M).
Cell surface staining of HUPrP 163X was extremely weak and no clear co-localisation of the

mutant protein and the cell membrane marker was observed (Figures 46A and 46M).

Wild-type human PrP appears to be predominantly localised to the cell membrane as there
was co-localisation of WT HuPrP and the cell membrane marker (Figure 46N). No co-
localisation of WT HuPrP and DAPI was observed (Figure 46N). The observations made in
the CADSWT cells were similar to the WT-129V line, but the staining of mouse PrP and the
cell membrane was weaker compared to WT-129V cells (Figures 46C and 46G). CADKDB3
cells were stained as negative controls and PrP cell surface expression was barely detectable

in these cells (Figure 46D).
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6D11 Na+/K+-ATPase DAPI Merge

WT129V Y163X

CADSWT

CAKDDB3

Figure 7.9: PrP trafficking in CADS5 cell lines.

PrP was detected in cell lines using the mouse monoclonal antibody 6D11 and anti-mouse 1gG2a Alexa Fluor®
488 (green) (A-D). The cell membrane was detected using the anti-alpha 1 sodium potassium ATPase antibody
and anti-mouse IgG1 Rhodamine Red™-X (red) (E-H). Co-localisation of the cell membrane marker and PrP
was observed in the WT129V and CADWT lines (N and O; arrowed). DAPI was used as a marker of cell nuclei

(blue) (I-L).
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In summary, the cell membrane staining of the Y163X-129V CADS cells indicates abnormal
trafficking of the mutant protein. HuPrP 163X was localised intracellularly, whereas wild-
type PrP¢ was expressed on the cell surface. This is in line with previous research which
demonstrates that truncated PrP molecules arising from stop codon mutations are localised
within subcellular compartments. These findings suggest that glycans and the GPI anchor

facilitate correct trafficking of PrP.
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8. Chapter 8: Discussion

The aims of this thesis were to generate and characterise mouse models expressing human
PrP 163X to model this novel prion disease associated with chronic diarrhoea and peripheral
neuropathy. Transgenic and knock-in mice expressing HuPrP 163X have been generated as

new models of this inherited prion disease.

Transgenic and knock-in models of the Y163X mutation

The ubiquitous CAG promoter was selected to drive high levels of PrP expression in the CNS
and peripheral tissues in order to more accurately model the peripheral pathogenesis
associated with the Y163X mutation. Expression of the mutant protein was successfully
driven by the CAG promoter in the transgenic lines and mRNA expression was confirmed in
all analysed tissues. Ten transgenic lines were generated in total: 6 pCAG-Y163X-129V
(Tg375, Tg376, Tg377, Tg378, Tg381 and Tg382) and 4 pCAG-WT-129V (Tg373, Tg374,

Tg379 and Tg380).

Notably, protein expression was only detectable by western blotting in lines expressing wild

type HUPrP despite testing different monoclonal anti-PrP antibodies covering the whole

truncated protein position (79-153).

178



The difficulty encountered in detecting the truncated Y163X protein by western blotting in
this study is consistent with reported observations working with Y163X patient brain. Nisha
and Supattapone, 2007 reported that the amount of PrP detected by western blot decreased
by approximately 95% following treatment with phosphatidylinositol-specific phospholipase
C (PI-PLC) which cleaves the GPI anchor. The immunodetection of PrP following PI-PLC

treatment on PVDF membranes was inefficient.

However, they were able to detect PrPC following PI1-PLC by slot blotting onto a nylon
membrane or by using in-gel immunodetection (Nishina and Supattapone, 2007). Therefore
the inability to detect HUPrP 163X may have been caused by the failure of the mutant protein
to bind to the PVDF membrane in the absence of a GPI anchor and glycans that can facilitate
the binding of PrP¢ to the membrane. HUPrP 163X may be detectable by using alternative
methods such as in-gel immunodetection and slot blotting using nylon membranes and this

could be explored in future experiments.

High mRNA and protein expression levels of wild type HuPrP were observed particularly in
pCAG-Tg373 (WT-129V) in the brain, spleen and caecum. The random insertion of
transgenes into the host genome using transgenic technology can result in variations in the
transgene copy number and the spatial expression pattern of the transgene (Kaczmarczyk and
Jackson, 2015; Kaczmarczyk et al., 2016). The comparability between different transgenic
lines can be confounded by variable PrP expression levels; this can be a limitation when

using transgenic technology (Brandner and Jaunmuktane, 2017).
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However, PrP overexpression models are useful for the purpose of testing therapeutics as the
higher levels of PrP expression reduce the incubation time (Brandner and Jaunmuktane,
2017). This is particularly advantageous when modelling inherited prion diseases with slow
disease progression in humans such as the Y163X mutation, because the faster rate of

conversion ensures that disease is seen in the shorter lifespan of a mouse.

Knock-in mice expressing endogenous levels of mutant or wild-type PrP were also generated
alongside the transgenics in order to address the limitations of overexpression models

described above.

The mRNA expression levels were similar between the mutant Y 163X-KI and control WT-
129V line in all the tissues analysed, however, PrP¢ immunoreactivity was consistently lower

in the mutant line compared to the control.

The levels of MRNA expression in biological samples do not always necessarily correlate
with protein levels (Vogel and Marcotte, 2012; Kosti et al., 2016; Perl et al., 2017). This is
due to the fact that there are many different factors that either repress or enhance protein
synthesis (Maier et al., 2009). Translational efficiency and mRNA stability can be influenced
by RNA binding proteins (RBPs). RBPs can bind to sequences on the mRNA transcript to
increase its stability or enhance translation (Abdelmohsen and Gorospe, 2010; Srikantan and
Gorospe, 2012). Therefore it is important to quantify both mRNA and protein expression

when characterising new mouse models.
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At present, homozygous lines have been established for 4 transgenic lines: 1) Tg375 and
Tg377 ()CAG-Y163X-129V) mutants and 2) Tg373 and Tg380 (pCAG-WT-129V) controls.
The next step is to populate experimental groups for long-term observation experiments.
Long term observation experiments are in progress for the knock-in lines and a panel of CNS
and peripheral tissues are being collected at defined time points for immunohistochemical
(IHC) analysis. The IHC analysis of tissues obtained from ageing cohorts of transgenic and
knock-in mice will be essential in determining whether the low to undetectable levels of
HuPrP 163X expression is sufficient to induce spontaneous formation of disease-associated

PrP assemblies.

Up to date only one transgenic model expressing mutant human PrP has shown spontaneous
formation of disease —related PrP. Asante et al. 2020 generated transgenic mice expressing
HuPrP 117V (designated 117VV Tg30) and found PrP plaques in the anterior commissure of
two mice at 476 (117VSPO"tA) and 734 (117VSP"B) days of age. Brain homogenates from
117VSPontA gnd 117VSPontB were passaged into groups of 117VV Tg30 mice and all the mice

that had been inoculated with the spontaneous 117V prion isolates became infected.

Immunohistochemical analysis of brains from these mice revealed widespread deposition of
PrP plaques and the pattern of plaque deposition seen in these mice was similar to that
observed in A117V patient brains. This A117V transgenic model recapitulates the human
disease and highlights the importance of generating animal models of IPDs that express the
mutant human protein as opposed to superimposing the human PrP mutation onto mouse PrP

(Wadsworth et al., 2010; Asante et al., 2020).

181



Modelling the Y163X mutation using CRISPR-Cas9 technology

Unfortunately, despite multiple attempts, Y163X knock-in mice could not be made using
CRISPR-Cas9 technology due to CRISPR-induced off target deletions in the mouse genome.
Incidentally, several different knock-out lines were generated. These CRISPR-generated

knockout lines have been characterised and maintained for future experimental use.

The human PrP gene containing the Y 163X was successfully inserted into the mouse genome
using a variation of CRISPR methodology known as EASI-CRISPR; however sequencing
analysis revealed that the inserted sequence was imprecise and contained errors. Screening
offspring of CRISPR knock-in founders also revealed that large portions of the murine PrP
genomic sequence (over 2000 bp) were deleted by CRISPR-Cas9, despite the fact that the

guide RNA was designed to remove only 762-bp murine PrP open reading frame.

Other studies have also reported large deletions following CRISPR-Ca9 mediated gene
editing (Parikh et al., 2015; Shin et al., 2017; Adikusuma et al., 2018). Parikh et al. 2015
targeted the tyrosinase gene in mice using CRISPR-Cas9 and they identified a mouse with an
extremely large deletion of 42 kb. Initially, no PCR product was amplified for this allele but

the deletion was later confirmed through sequencing (Parikh et al., 2015).

In another study by Shin et al. 2017, they reported that mice that were identified as
homozygous founders were not actually genuine founders following sequencing analysis
(Shin et al., 2017). The PCR strategy that was designed in this study used PCR primers to
amplify short sequences (400-500 bp) around the target site. Small deletions were detected by

PCR, however larger deletions were undetectable.
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Therefore, these mice would appear to be homozygotes when in actual fact they were
compound heterozygotes (Shin et al., 2017). Larger deletions were only detectable by using

serial PCR primers that spanned the whole target site (Shin et al., 2017).

These findings highlight the importance of combining PCR-based screening methods with

DNA sequencing when screening CRISPR founders and their offspring.

Another obstacle faced when using the CRISPR-Cas9 system to generate genetic animal

models is mosaicism.

Mosaic mutants are made up of several cell types that carry different mutations (Hashimoto et
al., 2016). These mutants can arise following CRISPR-Cas genome editing depending on the
time window between the delivery of CRISPR components and the first DNA replication
(Hashimoto et al., 2016; Lamas-Toranzo et al., 2019). It has been proposed that the
continuous activity of the CRISPR-Cas complex at different stages of embryonic
development can lead to the generation of mosaic mutants (Le et al., 2021). Mosaic mutations
may also occur following DNA repair events in zygotes and divided embryonic cells

(Mehravar et al., 2019).

Various different strategies have been proposed to reduce the occurrence of mosaicism using
CRISPR-Cas9 technology. Mosaicism may be reduced by delivering the CRISPR-Cas reagents into
early-stage zygotes as the timing of delivery relative to DNA replication contributes to the frequency

of mosaicism (Kim et al., 2014; Hashimoto et al., 2016).
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Hashimoto et al.2016 reported that they were able to generate non-mosaic mutant mouse
embryos via electroporation of the CRISPR-Cas reagents into early pronuclear embryos that
had been generated via IVF. The use of IVF enabled the researchers to control the timing of
fertilisation. However, when the researchers electroporated zygotes that had been produced

naturally, most of the embryos were mosaic (Hashimoto et al., 2016).

Another way in which mosaicism may be decreased is by using Cas9 protein as an alternative

to Cas9 RNA (Singh et al., 2015).

The occurrence of genetic mosaicism can lead to different genotypes and phenotypes being
observed in founder mice following CRISPR-Cas genome editing. This complicates the
analysis of founder mice that have been generated using CRISPR/CAS technology (Yen et

al., 2014; Mehravar et al., 2019) .

Mosaicism can lead to the generation of false-positive genotyping results. For example, the
genome of a founder mouse may harbour the desired genetic modification based on genotyping
assays using DNA extracted from the tail or ear punches (Oliver et al., 2015; Mehravar et al.,
2019). However, this genetic modification may not be passed onto the offspring because it is

not present in germline cells (Oliver et al., 2015)

It has been suggested that founders should be treated as chimeras which should be bred further

to wild-type mice to achieve germline transmission and generate true homozygous or

heterozygous mutants for experiments (Oliver et al., 2015; Mehravar et al., 2019).
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In theory CRISPR-Cas genome editing is cheaper and faster compared to traditional
recombinant DNA technology, but it was clear throughout this PhD investigations and from
the literature that CRISPR technology presents its own unique challenges. There are still
some technical hurdles that need to be overcome in order for researchers to make full use of

this technology.

Y163X-129V CADS5 Cell line

The Y163X mutation causes protein synthesis to be prematurely terminated which produces
truncated HuPrP 163X lacking both N-glycosylation sites and the GPI anchor. Previous
research suggests that truncated PrP molecules resulting from PRNP stop codons mutations
are abnormally trafficked due to the lack of PrP glycosylation and the GPI anchor in vitro
(Petersen et al., 1996; Zanusso et al., 1999; Korth et al., 2000; Ivanova et al., 2001; Ma and
Lindquist, 2001; Salamat et al., 2011) and in vivo (Cancellotti et al., 2005). Therefore, the
Y163X-129V CADS cell line was generated in order to study the trafficking properties of
HuPrP 163X. This cell line was also established to investigate whether the mutant protein

could be detected by western blot using cell lines.

Immunohistochemical analysis demonstrated that the mutant protein accumulated in the
nucleus whereas the wild-type protein was localised on the cell membranes. In line with this
research, other studies have demonstrated that mutant PrP molecules lacking both
glycosylation sites are less efficiently trafficked to the cell surface compared to wild-type PrP

(Zanusso et al., 1999; Ma and Lindquist, 2001; Salamat et al., 2011).
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Zanusso et al. 1999 generated a neuroblastoma cell model of the Y145X mutation and
reported that blocking the proteasomal degradation pathway using proteasomal inhibitors lead
to the intracellular accumulation of PrP4* in membrane-bound organelles, including the

nucleus, endoplasmic reticulum and the Golgi apparatus (Zanusso et al., 1999).

Another study by Ma and Lindquist. 2001 demonstrated that endogenous PrP from
neuroblastoma cells accumulated in the cytoplasm following treatment with a proteasome
inhibitor whereas in untreated cells, wild-type PrP was localised on the cell surface (Ma and
Lindquist, 2001). They also observed that in COS (monkey kidney) cells expressing PrpP17N
(analagous to the human D178N mutation), the truncated mutant protein accumulated in the
cytoplasm and co-localised with the heat shock protein Hsc70 in the absence of the

proteasome inhibitor (Ma and Lindquist, 2001) .

The mechanisms that lead to the retention of truncated mutant PrP molecules remain unclear,
however experimental evidence suggests that glycosylation plays a role in trafficking PrP to
the cell surface (Salamat et al., 2011). Salamat et al. 2011 generated a variety of Rov (rabbit
kidney) cells lines expressing different PrP glycosylation mutations. They observed that PrP
was localised on the cell surface in cells expressing monoglycosylated mutant PrP, whereas
PrP was mainly localised intracellulary in cell lines expressing double PrP mutants with both
glycosylation sites abolished. Cell surface expression of mutant PrP was restored in the cell
line expressing double mutant PrP by introducing an artificial glycosylation site into the
sequence (Salamat et al., 2011). This demonstrates that one glycan chain is sufficient to

enable trafficking of PrP to the cell surface.
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Altogether, these studies suggest that the altered trafficking of truncated mutant PrP

molecules could be due to lack of glycosylation and the GPI anchor.

Therefore, the intracellular localisation of HuPrP 163X observed in the Y163X-129V CAD5
cell line may be due to the fact that this mutant protein lacks both glycans and a GPI anchor
in line with previous research. The intracellular accumulation of truncated mutant PrP in the
Golgi apparatus, endoplasmic reticulum and nucleus may alter the trafficking of other
proteins that are essential for neuronal function. Further experiments need to be carried out to
investigate the impact of intracellular accumulation of truncated mutant PrP molecules in

neurons and other cell types involved in the pathogenesis of inherited prion diseases.

Final Conclusions

This is the first time that the Y163X mutation has been modelled in mice. Two novel mouse
models of the human Y 163X mutation have been generated using the conventional transgenic
approach and the gene targeted approach. This thesis also attempted to model the Y163X
mutation using CRISPR/Cas9 technology but unfortunately despite extensive attempts, a
knock-in model could not be generated using this method. CRISPR PrP knock-out mice were
generated which will be useful in the generation of future mouse models of inherited prion
diseases using CRISPR/Cas9. During the screening process of the Y163X CRISPR knock-in
lines, the neo cassette present in the F10_FVB/PrP null mice interefered with sequencing.
Therefore in the future CRISPR founders could be mated to these CRISPR knock-out mice

instead of F10_FVB/PrP null mice.
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The pCAG-Y163X-129V transgenic and Y163X-129V KI lines both express HuPrP 163X at
MRNA level. The mutant protein could not be detected by western blot which is likely due to
the absence of post-translational modifications such as the addition of glycans or the GPI
anchor. HUPrP 163X was detected using sandwich ELISAs which are more sensitive than
western blots and variable levels of PrP immunoreactivity were observed in the pCAG

transgenic lines in the brain and peripheral tissues.

This thesis has also demonstrated using cell lines that the trafficking of HuPrP 163X to the
cell surface is impeded which results in the intracellular accumulation of the mutant protein.
These findings in line with previous studies suggest that glycosylation and the GPI anchor
influence the trafficking of PrP® to the cell surface. Further research needs to be carried out to
investigate the impact of the intracellular accumulation of HuPrP 163X on the disease

pathogenesis.
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9. Chapter 9: Future Work

In this thesis, transgenic and knock-in mice expressing HUPrP 163X have been generated.
The Y163X knock-in mice are currently in long-term observation studies and they remain
healthy. The pCAG-Y163X-129V lines are currently being expanded in order to produce

mice for long-term observation experiments.

Abnormal PrP is deposited as amyloid in the CNS, peripheral tissues and cerebral blood
vessels of patients with the PRNP Y 163X mutation. Therefore in order for these mouse
models to resemble the human disease, PrP amyloid should be detected in the brain and
peripheral organs of the pCAG transgenic and knock-in mice. Future experiments will
investigate spontaneous and seeded deposition of PrP amyloid in the Y163X transgenic and

knock-in lines (alongside controls).

The established transgenic and knock-in Y163X lines will be further investigated and used to:
e Study the unique molecular pathogenesis associated with this novel disease.
e Test the prevention of neuroinvasion with small molecules and monoclonal
antibodies.
e Test the prevention of amyloid formation with compounds that inhibit amyloidosis.

e Determine the transmissibility of this disease.
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Future experiments with Y163X pCAG transgenics and knock-in lines

e Immunohistochemical analysis of CNS and peripheral tissues* collected from long-
term observation experiments at defined time points (*Brain, heart, liver, kidney,
spleen, lymph nodes, small intestine, large intestine and cecum).

e Assessment of peripheral neuropathy- Nerve conduction velocity testing.

e Seeding experiments- Attempt to prime amyloid deposition by inoculating mice with
homogenates prepared from Y163X patient brains.

e Assess protein expression levels using alternative methods such as slot blotting using
nylon membranes in-gel immunodetection.

e Generate primary neuronal cultures to investigate trafficking of HUPrP Y163X and
stain neurons with markers of the Golgi apparatus and endoplasmic reticulum to
determine if the mutant protein accumulates in other subcellular compartments as
described in the literature (Zanusso et al., 1999) (Ivanova et al., 2001) (Salamat et al.,

2011).

In summary, two novel mouse models of the human Y 163X mutation have been generated.
The transgenic and knock-in models are both powerful tools that can be used to elucidate the
cellular and molecular mechanisms involved in the pathogenesis of this disease. New
therapies for inherited prion diseases could also be tested in these mice to assess their

potential efficacy and safety before trialling in humans.
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