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Abstract

Parkinson’s disease (PD) primarily manifests as loss of motor control through the
degeneration of nigrostriatal dopaminergic neurons. The microtubule-associated protein tau
(MAPT) locus is highly genetically associated with PD, wherein the H1 haplotype confers
disease risk and the H2 haplotype is protective. As this haplotype variation does not alter the
amino acid sequence, disease risk may be conferred by altered gene expression, either of
total MAPT or of specific isoforms, of which there are six in adult human brain. To
investigate haplotype-specific control of MAPT expression in the neurons that die in PD,
induced pluripotent stem cells (iPSCs) from H1/H2 heterozygous individuals were
differentiated into dopaminergic neuronal cultures that expressed all six mature isoforms of
MAPT after six months’ maturation. A reporter construct using the human tyrosine
hydroxylase locus was also generated to identify human dopaminergic neurons in mixed
cultures. Haplotype-specific differences in the inclusion of exon 3 and total MAPT were
observed in iPSC-derived dopaminergic neuronal cultures and a novel variant in MAPT intron
10 increased the inclusion of exon 10 by two-fold. RNA interference tools were generated to
knockdown total MAPT or specific isoforms, wherein knockdown of the 4-repeat isoform of
tau protein increased the velocity of axonal transport in iPSC-derived neurons. MAPT
knockdown also reduced p62 levels, suggesting an impact of tau on macroautophagy, likely
through altered axonal transport. These results demonstrate how variation at a disease

susceptibility locus can alter gene expression, thereby impacting on neuronal function.
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Chapter 1: Introduction

1.1 Parkinson’s disease

1.1.1 General features of Parkinson’s disease

Parkinson’s disease (PD) is foremost considered as a movement disorder by the appearance
of the classical triad of cardinal motor symptoms: bradykinesia, or slowness of movement,
resting tremor and rigidity, in addition to postural instability and gait problems in a selection
of sufferers (Zetusky et al. 1985). Several other disorders exhibit the motor symptoms of PD
as part of a different disease presentation and ultimately with different post-mortem
neuropathology. These are known as parkinsonism disorders, and include progressive
supranuclear palsy (PSP), multiple system atrophy (MSA), corticobasal degeneration (CBD)

and dementia with Lewy bodies (DLB).

The triad of motor symptoms in PD is principally due to the progressive neurodegenerative
loss of dopaminergic neurons with cell bodies in the substantia nigra pars compacta (SNpc),
a structure of the midbrain (Hirsch et al. 1988). Along with neighbouring ventral tegmental
area (VTA) dopaminergic neurons, SNpc neurons are involved in reward-motivated learning
and action, wherein neuronal firing correlates with reward prediction and unexpected
rewards but decreases with prediction failure (Schultz et al. 1997). SNpc dopaminergic
neurons form the nigrostriatal pathway projecting to the striatum; striatal release of
dopamine can be evoked by goal-directed movement, as first detected by positron emission
tomography (PET) while human subjects were playing a video game (Koepp et al. 1998). The
axonal arbour of SNpc dopaminergic neurons forms extra-synaptic inhibitory connections
with the medium spiny neurons of the striatum at the sites of incoming synapses with

excitatory glutamatergic corticostriatal interneurons. Although the release of dopamine in



the striatum bathes excitatory synapses to modulate their transmission, SNpc neurons do so
by specific rhythmic patterns that correlate with periods of movement (Dodson et al. 2016).
Additionally, SNpc dopaminergic neurons can co-release the inhibitory neurotransmitter y-
aminobutyric acid (GABA) (Tritsch et al. 2012). Thus SNpc neurons are important not just as
static producers of dopamine but form meaningful components of the network of motor co-
ordination (Dodson et al. 2016). Dysfunction and then loss of dopaminergic terminals
disrupts the motor network, leading to SNpc dopaminergic neuronal death, and, after
adjusting for age-related loss, stereological analyses estimate that ~30% of SNpc
dopaminergic neurons are lost by the first presentation of motor systems (Fearnley and Lees

1991; Ma et al. 1997; Cheng et al. 2010).

Surviving neurons in the SNpc contain proteinaceous inclusions called Lewy bodies and Lewy
neurites, both of which are composed of fibrillar a-synuclein compacted with other proteins
(Spillantini et al. 1997). As such, PD is neuropathologically classified as an
‘a-synucleinopathy’ along with the related diseases MSA and DLB (Spillantini et al. 1998b).
Alpha-synuclein is a small protein of 140 amino acids (14 kDa) that localises to synaptic
vesicles (Kahle et al. 2000) and has roles in synaptic transmission by regulating vesicle
exocytosis (Abeliovich et al. 2000). Most studies agree that the a-synuclein protein is
natively unfolded and exists as monomers (Lashuel et al. 2013). However, the prevailing
theory for the role of a-synuclein in the disease state is that there exists one or more toxic
oligomeric forms that have a toxic gain of function (Winner et al. 2011). Further, following
observations that a-synuclein pathology in the brains of PD patients appears to follow stages
of progression through from the brainstem upwards via the midbrain to the cortex (Braak et
al. 2003), and reports of a-synuclein pathology in neurons grafted into individuals with PD
(Kordower et al. 2008; Li et al. 2008), oligomeric a-synuclein has been thought to undergo

prion-like transmission. It is unclear to what degree the insoluble Lewy bodies and Lewy



neurites are themselves pathogenic or merely an attempt to protect remaining neurons by

sequestering the otherwise toxic oligomers (Soto and Estrada 2008).

Life with PD is further disrupted by a host of non-motor symptoms that are heterogeneous
and some of which pre-empt motor manifestations. Non-motor symptoms include: cognitive
impairment and dementia after exhibition of motor symptoms in a portion of sufferers
(Aarsland et al. 2003); sleep deficits including rapid eye movement (REM) sleep behaviour
disorder, which is a significant risk factor for PD (Schenck et al. 1996; Boeve et al. 1998;
Schenck et al. 2013); gastrointestinal dysfunction and constipation (Edwards et al. 1991);
and loss of smell (hyposmia/anosmia) (Doty et al. 1988). In addition to the presence of
a-synuclein pathology outside of the nigrostriatal pathway, these non-motor symptoms

demonstrate how PD is more than a movement disorder.

Treatment for PD is limited to symptomatic treatment only. Pharmacological intervention
primarily seeks to increase dopamine signalling to counteract its loss in the striatum. The
most common of these is levodopa (L-DOPA) replacement; this bypasses tyrosine
hydroxylase, the rate-limiting enzyme in the synthesis of dopamine, so that aromatic
L-amino acid decarboxylase can convert the L-DOPA to dopamine. Monoamine oxidase
inhibitors, such as selegiline, block the catabolism of dopamine, allowing increased
persistence in the synapse, whereas dopamine agonists, such as pramiprexole, directly
target and activate dopamine receptors; additionally, dopamine reuptake inhibitors that
block the dopamine transporter (DAT) are under consideration (Huot et al. 2016). However,
all of these treatments are non-specific to the nigrostriatal pathway and so exhibit off-target
effects. Additionally, L-DOPA-induced dyskinesia can appear after several years of treatment
and is understood to be an effect of the non-continuous pharmacological stimulation of
dopamine receptors, whereas animal models treated continuously are spared (Bibbiani et al.

2005). Striatal neurons in both dyskinetic and non-dyskinetic rats treated with L-DOPA were



shown to be capable of establishing long-term potentiation, i.e. strengthening of the
synaptic connection following rapid cortical stimulation, but neurons of dyskinetic rats were
unable to reverse this, so that the neurons once potentiated remained so (Picconi et al.
2003); further, this inability to depotentiate could be induced by activation of dopamine D1
receptors suggesting that overactivation of striatal D1 receptors by L-DOPA underlies
dyskinesia (Picconi et al. 2003). Additionally, factors that alter the regulation of long-term
potentiation or D1 receptor signalling may modulate dyskinesia, including a polymorphism in
brain-derived neurotrophic factor (BDNF) that alters the length of time before dyskinesia

begins to manifest (Foltynie et al. 2009).

A successful alternative to pharmacological treatment is deep brain stimulation surgery,
consisting of the implantation of a stimulating electrode in either the globus pallidus or
subthalamic nucleus to disrupt the pathogenic network activity that underlies the cardinal
motor symptoms. Deep brain stimulation has additionally been shown to reduce dyskinesia
(Oyama et al. 2012) and improve some non-motor symptoms (Borgohain et al. 2012).
Crucially however, no treatment is currently available that can slow down or halt disease
progression, particularly as the disease aetiology is not sufficiently well understood to

determine cellular targets for therapy.

1.1.2 Familial genetic aetiology of Parkinson’s disease

While PD can be successfully diagnosed, it is still unclear what the underlying causes are so
that most cases are considered idiopathic. Genetic studies aim to identify components in the
pathways of disease initiation and progression. Even if the specific effects of a mutation are
not pertinent to idiopathic PD, it is hoped that the affected pathways discovered in cases of

genetic PD may be relevant, so that therapies could be designed that would apply to both



genetic and idiopathic PD. Traditional genetic linkage analysis showing segregation of high-
risk mutations (including gene multiplication) within disease-affected individuals in
pedigrees has revealed many loci (see Table 1.1 for confirmed loci) but a monogenic cause

has been identified for fewer than 10% of cases (Trinh and Farrer 2013).

Table 1.1: Genes confirmed to be associated with monogenic Parkinson’s disease.

Locus Gene Inheritance | Onset OMIM Reference
PARK1/4 | SNCA Dominant Early/Late 168601, 605543
PARK2 PARK2 (parkin) | Recessive Early 600116

PARK6 PINK1 Recessive Early 605909

PARK7 DJ1 Recessive Early 606324

PARK8 LRRK2 Dominant Late 607060

PARK9 ATP13A2 Recessive Juvenile 606693

PARK14 PLA2G6 Recessive Early 612953

PARK15 FBXO7 Recessive Early 260300

PARK17 | VPS35 Dominant Late 614203

(i) SNCA

The SNCA gene on chromosome 4¢22.1 encodes a-synuclein, noted for its role in the
characteristic aggregates seen in PD and other a-synucleinopathies. Rare high-risk mutations
A30P, E46K, A53T, H50Q and G51D have been detected in a small number of families
(Polymeropoulos et al. 1997; Kriiger et al. 1998; Zarranz et al. 2004; Lesage et al. 2013;
Proukakis et al. 2013); all are present in the N-terminal amphipathic region and increase the
propensity for a-synuclein to aggregate. The E46K mutation was first discovered in a family
with DLB (Zarranz et al. 2004) and the G51D mutation in a family with additional pyramidal
signs (Lesage et al. 2013); it is not established whether these clinical differences are due to
the mutations themselves, although fibrils made with G51D mutant a-synuclein were shown
to be more toxic than wild-type fibrils (Lesage et al. 2013). In addition to point mutations,
several kindreds have been identified with duplication (Chartier-Harlin et al. 2004; Ibafez et

al. 2004) and triplication (Singleton et al. 2003) of SNCA, showing that higher expression of



this gene alone is sufficient to cause PD. More will be discussed about the roles of

a-synuclein and its connection with tau in section 1.3.3 and later chapters.

(ii) LRRK2

The LRRK2 gene on chromosome 1212 encodes leucine-rich repeat kinase 2. LRRK2 is a
large multi-domain protein in the ROCO family of proteins, so identified because it has a Roc
GTPase domain, neighbouring C-terminus of ROC (COR) domain, and a kinase domain, as
well as protein-protein interaction domains such as the leucine-rich repeats (Marin et al.
2008). Most mutations have been found in the Roc-COR-kinase triad (Zimprich et al. 2004;
Paisan-Ruiz et al. 2004) and the most common mutation, p.G2019S (Kachergus et al. 2005),
has been consistently shown to increase the activity of the kinase domain (West et al. 2005;
Cookson 2010). It is thought that there is regulatory cross-talk between kinase and GTPase
functions (Deng et al. 2008), especially as kinase-dead mutants prevent or diminish the
pathogenesis of other LRRK2 mutations whether in the kinase or GTPase domain (Greggio et
al. 2006; Cookson 2010); however, the ultimate output of LRRK2 is unclear. Many cellular
pathways have been implicated in LRRK2 PD, including autophagy (Alegre-Abarrategui et al.
2009; Manzoni, Mamais, Dihanich, McGoldrick, et al. 2013; Manzoni, Mamais, Dihanich,
Abeti, et al. 2013), cytoskeletal dynamics and neurite outgrowth (MaclLeod et al. 2006;

Parisiadou et al. 2009; Dachsel et al. 2010).

(i) Early-onset recessive PD

Several genes with rare recessive mutations have been found to cause early-onset PD,
including PINK1, PARK2 encoding parkin and DJ1. As these mutations are sufficiently rare

that few post-mortem brains have been donated for examination, it is not yet clear whether



they cause a similar or distinct neuropathological form of PD to that of typical idiopathic PD.
Notably, PINK1 and PARK2 interact in the same pathway, wherein PINK1 recruits the
ubiquitin E3 ligase parkin to the mitochondrial membrane to target it for degradation by the
process of mitophagy (Narendra et al. 2008; Narendra et al. 2010). Impairment of this
process leads to the persistence of damaged mitochondria in the cell, one consequence of
which is the increased production of damaging reactive oxygen species (ROS) (Piccoli et al.

2008).

(iv) GBA

Although not a PARK locus, dominant mutations in or chromosomal recombination around
GBA on chromosome 1g22 are connected with PD. Homozygous mutations in the GBA gene
that encodes B-glucocerebrosidase cause the lysosomal storage disorder Gaucher’s disease
(Brady et al. 1966) while individuals bearing a heterozygous carrier state have a higher
prevalence of PD (Sidransky et al. 2009), insomuch that low penetrance heterozygous GBA
mutations may contribute to 7% of PD cases (Sidransky et al. 2009). | will discuss more of the

role of GBA mutations in PD in chapter 6.

1.1.3 Idiopathic Parkinson’s disease non-genetic risk factors

As the majority of PD cases are considered idiopathic with no familial connections that
would suggest high-risk mutations that predispose to disease, epidemiological investigations
have elucidated some environmental factors that enhance disease risk. The largest of these
is age, as advancing age reduces the efficiency of many cellular processes, thus increasing
the chance of pathogenic events (Reeve et al. 2014). Age is also an important modifier of

monogenic PD, as not all high-risk mutations are fully penetrant for this late-onset disease.



Although there is a degree of cell loss in the SNpc during healthy ageing, a different pattern
of cell loss is seen in PD patients (Fearnley and Lees 1991). In addition to age, exposure to
certain pesticides, known to be mitochondrial toxins, increases disease risk (Tanner et al.
2011), whereas long-term smoking provides a degree of protection against disease (Chen et
al. 2010); interestingly, nicotine can inhibit monoamine oxidase, acting as a drug to increase
dopamine levels by reducing its metabolism (Fowler et al. 1996), so could reduce the
likelihood of dysfunction at dopamine synapses and thus protect dopaminergic neurons

from degeneration.

1.2 Genetic association studies for sporadic Parkinson’s disease

1.2.1 Association of chromosome 17g21.31 with Parkinson’s disease

Genetic association studies examine the association of genetic architecture, such as single
nucleotide polymorphisms (SNPs), with given traits, such as disease. For disease risk, these
determine the statistical comparison of allele presence in cohorts of patients vs. controls.
Prior to the advent of SNP arrays, studies were limited to hypothesis-driven studies using a
manageable number of SNPs that could be examined by PCR or sequencing, according to
time and resources. SNP arrays now allow genome-wide association studies (GWAS) by
unbiased screening of a large number of SNPs across the whole genome in patients and

controls (see section 1.2.2).

One such genetic locus that has been examined is MAPT, encoding microtubule-associated
protein tau, being the focus of this thesis. MAPT has been of interest because tau protein
forms aggregates in some neurodegenerative diseases including Alzheimer’s disease, giving

this family of diseases the name tauopathies (see section 1.3.2). MAPT and the surrounding



region of chromosome 17g21.31 are highly polymorphic, containing hundreds of single

nucleotide polymorphisms (SNPs).

(i) Initial associations of the a0 allele

In an effort to locate mutations in MAPT that may account for tauopathy risk, a
polymorphism in intron 9 was detected consisting of a dinucleotide repeat ranging from
allele a0 with 11 repeats sequentially to allele a4 with 15 repeats (Conrad et al. 1997). That
study found that the a0/a0 genotype was positively associated with PSP. Although
Parkinson’s disease (PD) is an a-synucleinopathy rather than a tauopathy, initial studies
found an association, albeit weaker than for PSP, of the a0 allele and a0/a0 genotype with
PD that remained after correction for potential misdiagnosis of PSP (Lazzarini et al. 1997).
Many studies have been reported over the subsequent 19 years since the first association of
the MAPT polymorphism and PD. Early on, the a0 association with PD was tested, producing
a mix of studies reporting either little or no association (Morris et al. 1999; Hoenicka et al.
1999) or positive association (i.e. overrepresentation of the allele/genotype in PD cases vs.
controls) (Pastor et al. 2000). A meta-analysis of these early studies confirmed the
association of a0 with PD, despite the group’s own data failing to reach significance when

considered alone (Golbe et al. 2001).

The association of a0 with neurodegenerative disease was subsequently extended to reveal

a more complex genetic architecture in the MAPT region of 17q21.31.



(ii) Two haplotypes and linkage disequilibrium

Baker et al. first described two non-recombining haplotypes that encompass a large region
of linkage disequilibrium (LD) and named them H1 and H2 (Baker et al. 1999). These two
haplotypes can be distinguished from each other by many SNPs within the region of LD, so
that the determination of the identity of virtually any one of them would reveal which
haplotype it is. However, a 238 bp indel in intron 9 that is deleted in the H2 haplotype (Baker
et al. 1999) is commonly used to identify the haplotypes as this indel is more stable than
individual SNPs. As the H1 haplotype is the most common, its SNP identities constitute the
major allele for each SNP in LD, whereas the less common H2 haplotype contributes the
minor allele for each SNP in LD (Baker et al. 1999). Importantly, the dinucleotide
polymorphism identified previously was confirmed to be haplotype-specific: a0 was found
on H1 only, with al and a2 found as less common variants also on the H1 background, while
H2 contained the a3 or the more rare a4 allele (Baker et al. 1999). The H1 haplotype was
initially associated with PSP (Baker et al. 1999) and later with the related tauopathy CBD (Di
Maria et al. 2000; Houlden et al. 2001); generally the H1/H1 genotype proffered the most
significant association, but some reports showed association with the H1 haplotype even
when found in the heterozygous state. The known region of LD containing MAPT was also
extended to include much wider regions flanking the gene (Pastor et al. 2002; Pittman et al.
2004; Pastor et al. 2004); the nature of LD means that any functional SNP or masked
pathogenic mutation present in only one haplotype would show similar association with
disease as the other polymorphisms that surround it, so that individual functional SNPs
within regions of LD cannot easily be identified by association studies. The region of LD is
now understood to be somewhere between 1.3 Mb and 1.8 Mb within 17g21.31 (Cruts et al.

2005; Pittman et al. 2005).
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(iii) Chromosome inversion

The lack of recombination between H1 and H2 haplotypes prompted the explanation by
Skipper et al. of a chromosomal inversion (Skipper et al. 2004) that would remove the
homology needed for crossing over. Evidence came months later with the discovery of a
~900 kb inversion (Stefansson et al. 2005), now extended to ~970 kb (Zody et al. 2008)
(Fig. 1.1). Despite evidence that the H2 haplotype is the original orientation found in older
primates (Zody et al. 2008), H2 is virtually absent from Asian populations (Conrad et al.
1998; Kobayashi et al. 2006) and has a frequency of only ~20 % in European populations
(Stefansson et al. 2005). Further, the H2 haplotype appears to be under positive selection

(Stefansson et al. 2005), suggesting that it is favourable.

CRHR1 MAPT NSF-P1 (7 exons)
KANSL1
SPPL2C STH LRRC37A
CRHR1-IT1 s

N

H1 allele

-

PLEKHM1 NSF (21 exons) GOSR2

~970 kb inversion
ARHGAP27 LRRC37A2 LRRC37A2 WNT9B

ARL17A ARL17A WNT3

H2 allele

NSF (13 exons) — MAPT  CRHR1

- KANSL1

LRRC37A STH SPPL2C

ARLT7A CRHR1-IT1

Figure 1.1: The 17q21.31 region of chromosome 17 includes an inversion that creates a
region of extended linkage disequilibrium.

Schematic of the ~1.8 Mb of extended LD created by a ~970 kb chromosomal inversion with
the inability of non-homologous sequence to recombine during chromosomal crossing over
in meiosis. The ends of the inversion additionally include a small degree of duplication or
alteration.
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(iv) Haplotype association with PD by small-scale studies

Further case-control studies replicated the early association of a0 and a0/a0 (now as the
haplotype H1 and the H1/H1 genotype) with risk for PD (Martin et al. 2001; Farrer et al.
2002; Kwok et al. 2004; Healy et al. 2004; Skipper et al. 2004; Mamah et al. 2005; Fidani et
al. 2006; Goris et al. 2007; Winkler et al. 2007; Vandrovcova et al. 2009; Tobin et al. 2008;
Wider et al. 2010; Ezquerra et al. 2011; Elbaz et al. 2011). A smaller number of studies found
no evidence for association (sometimes only in individual populations) (DeStefano et al.
2001; de Silva et al. 2002; Fung, Xiromerisiou, et al. 2006; Winkler et al. 2007) and one
claimed association of H2 with disease instead (Zappia et al. 2003). In one study significance
was only achieved when patients with signs of dementia were excluded (Maraganore et al.
2001). Subsequent meta-analyses confirmed that the association is indeed real (Healy et al.

2004; Zhang et al. 2005b; Zabetian et al. 2007; Goris et al. 2007).

Intron 9 of MAPT contains saitohin (STH), a single-exon gene. This gene has a coding
polymorphism (Q7R, rs62063857) that is in LD with the MAPT haplotype. However, like for
MAPT, association studies have again showed a mix of positive disease association for the
H1l-resident Q allele (Levecque et al. 2004) or no significant difference between genotype of
cases and controls (Clark et al. 2003; Peptoriska et al. 2003; Johansson et al. 2005). Further

studies are ongoing regarding a functional role for saitohin (Andreadis 2012).

(v) Sub-haplotypes within the MAPT locus

Although the inverted region of 17921.31 prevents recombination between the H1 and H2
haplotypes, recombination is common between copies of H1, giving rise to multiple MAPT
sub-haplotypes that differ in a number of haplotype-tagging SNPs (htSNPs) (Oliveira et al.

2004; Skipper et al. 2004). MAPT sub-haplotypes have been investigated for their association
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with PD in an aim to narrow down the functional SNPs responsible for disease risk, or to
narrow down the area that may contain a currently unknown mutation. Several sets of SNPs
have been used for determination of sub-haplotypes within H1, and Oliveira et al. (2004),
Skipper et al. (2004) and Tobin et al. (2008) all claimed to have found separate specific
sub-haplotypes associated with PD. Of note, the sub-haplotype Hlc described by Pittman et
al. (2005) is particularly defined by SNPs rs242557 (A vs. G) in the intron between exons 0
and 1 and rs2471738 (Tvs.C) in the intron between exons 9 and 10 and on the H1
background. H1lc was first associated with PSP (Pittman et al. 2005), which association still
holds, later with AD (Myers et al. 2005) and then further tested by others for any association
with PD. However, no group has completely replicated any of the above sub-haplotype
associations for PD (Zabetian et al. 2007; Vandrovcova et al. 2009; Fung, Xiromerisiou, et al.
2006; Ezquerra et al. 2011; Fidani et al. 2006; Winkler et al. 2007; Goris et al. 2007), though
some individual SNPs have been associated in some but not all studies or populations. The
closest replication has been by Das et al. (2009) who found that 4 out of 5 of the htSNPs in
the Hlc sub-haplotype were associated with late onset PD. Overall it is clear that the H1
haplotype, particularly when homozygous, is associated with risk for PD, but there is

insufficient evidence for the role played by specific sub-haplotypes or individual SNPs.

1.2.2 Genome-wide association studies of Parkinson’s disease

Large-scale GWASs employ a large number of cases and controls in order to provide the
necessary statistical power to assess association of genetic risk for disease, overcoming the
loss of power from multiple testing correction for thousands of SNPs. Initial genomic screens
with only 300-400 markers gave mixed results for evidence of 17q linkage with PD
(DeStefano et al. 2001; Scott et al. 2001). Since then many large-scale studies have

consistently replicated the association of the MAPT region and H1 haplotype SNPs with PD
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Table 1.2: Top genes associated with Parkinson’s disease through large-scale meta-analysis
of GWAS.
Data from PDGene.org (http://pdgene.org/top_results), accessed 31 October 2014.

Polymorphism | Location | Gene # Samples | Meta OR (95% Cl) | Meta P-value
rs356182 chrd SNCA [-19139 bp] 120,238 1.34 (1.30-1.38) 1.85E-82
rs17649553 chrl7 MAPT 114,483 0.77 (0.75-0.80) 6.11E-49
rs34311866 chrd TMEM175 120,238 1.26 (1.22-1.31) 6.00E-41
rs71628662 chrl ASHI1L 110,323 0.52 (0.46-0.58) 6.86E-28
rs12637471 chr3 MCCC1 120,238 0.84 (0.81-0.87) 5.38E-22
rs1955337 chr2 STK39 [+24494 bp] 120,238 1.21(1.16-1.26) 1.67E-20
rs6430538 chr2 intergenic 120,238 0.88 (0.85-0.90) 3.35E-19
rs11724635 chrd BST1 120,238 0.89 (0.87-0.91) 4.26E-17
rs823118 chrl NUCKS1 [+4168 bp] 120,238 0.89 (0.87-0.92) 1.96E-16
rs1555399 chrla TMEM229B 108,990 1.15(1.11-1.19) 5.70E-16
rs76904798 chrl2 LRRK2 120,238 1.16 (1.11-1.20) 4.86E-14
rs199347 chr7 GPNMB 120,238 0.90 (0.87-0.92) 5.62E-14
rs9275326 chré HLA-DQB1 [+30500 bp] | 99,286 0.80 (0.75-0.85) 5.81E-13

risk (Pankratz et al. 2009; Simdn-Sanchez et al. 2009; Edwards et al. 2010; Hamza et al. 2010;
UKPDC and WTCCC2 2011; Saad et al. 2011; IPDGC and WTCCC2 2011; Charlesworth et al.
2012), with only a few exceptions (Maraganore et al. 2005; Fung, Scholz, et al. 2006),
including in a Japanese population with little representation of H2 (Satake et al. 2009).
Meta-analyses have further confirmed the positive association (IPDGC et al. 2011; Pankratz
et al. 2012), with the most recent large-scale meta analysis of 20 studies confirming MAPT as
the second most highly associated locus after SNCA (Table 1.2) (Nalls et al. 2014).
Specifically, the SNP in MAPT with the strongest association was SNP rs17649553 in intron 1,
yielding a minor allele odds ratio of 0.77 (i.e. H2 is protective) with p-value 6.11x10™* using
19,012 cases and 95,471 controls (Table 1.2) (Nalls et al. 2014). It is interesting that other
MAPT SNPs in linkage disequilibrium do not exhibit the same strength of association.
Nevertheless, given the large number of SNPs present in this genomic region and the high
degree of linkage disequilibrium it is unlikely that a method like GWAS that uses only a
subset of known SNPs could identify any one SNP as being a functional variant. As such,
rather than pursuing functional studies of particular highly-associated GWAS SNPs in MAPT,

functional studies of the effects of the entire haplotypes are warranted.
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Interestingly, the top GWAS hits (Table 1.2) also include genes that are already associated
with PD via high-risk mutations (SNCA and LRRK2) or gene multiplication (SNCA), evidence
suggesting that either the expression of their encoded proteins is important in disease or

that there are common coding variants that influence protein function.

1.3 MAPT and neurodegeneration

1.3.1 MAPT gene architecture and splicing

The human microtubule-associated protein tau (MAPT) locus is located on chromosome
17921.31 and comprises 16 exons (Fig. 1.2A). As the nomenclature of the exons derives from
the bovine tau locus, the numbering is not straightforward; further, the intron between the
final exons 13 and 14 is retained in human transcripts (Andreadis et al. 1992). MAPT
transcripts are alternatively spliced to produce six major isoforms in the adult human central
nervous system (CNS) through the variable inclusion of exons 2, 3 and 10, while omitting
exons 4A, 6 and 8 (Fig. 1.2B) (Andreadis 2005). Exons 2 and 3 are cassette exons each
encoding 29 amino acid segments near the N-terminus of the protein, but exon 3 is only
included following exon 2 inclusion (Goedert et al. 1989b). Protein isoforms with/without
these additional N-terminal segments are referred to as ON, 1N and 2N, being translated
from exon 2-3-, 2+3- and 2+3+ transcripts respectively. In the C-terminal half of the protein
are a set of four imperfect repeats separated by more variable spacers, encoded by exons 9-
12; the cassette exon 10, encoding 31 amino acids, is the second of these (Goedert et al.
1989a; Goedert et al. 1989b). Tau isoforms lacking exon 10 thus have three repeats (3R tau)
and the inclusion of exon 10 generates four-repeat tau (4R tau). The full complement of six
possibilities of exons 2, 3, and 10 are represented in adult human CNS, whereas human

foetal brain expresses only ON3R tau (Goedert et al. 1989a; Goedert et al. 1989b).
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Figure 1.2: Structure of the MAPT gene.

(A) Schematic of the MAPT locus showing the numbering of 16 exons. Exons 0-13 are shown
to scale but not intervening introns. Constitutive exons are shown in black; exons that are
alternatively spliced in adult human brain are shown in colour; non-coding mRNA sequences
are shown in stripes; exons in white have expression in the peripheral nervous system
(exon 4A) or a more complex arrangement (exons 6, 8). The gene STH is located within
intron 9. The colour coding of alternatively spliced exons 3 and 10 is used consistently
throughout this work.

(B) Schematic of the six major isoforms of MAPT mRNA transcripts in adult human brain with
colour coding as in part (A). Repeats in the microtubule binding domain are shown as
numbered circles.

1.3.2 Tauopathies

Deposits of hyperphosphorylated aggregated tau are the neuropathological hallmark that
gives name to the tauopathy family of neurodegenerative diseases (Table 1.3). The separate
tauopathies differ in the locations of pathology so that some have predominant effect on
movement as part of the parkinsonism spectrum (PSP, CBD, sometimes FTDP-17) while
others are more associated with dementia (AD, PiD, AGD), although most of them include
both elements at least by later stages (Williams 2006). As noted in Table 1.3, the
neuropathological presentation of the tauopathies also differs in the nature of the tau
pathology itself, not simply in its location. The composition of the various tau aggregates can

be predominantly 3R tau or 4R tau.
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Table 1.3: Characteristics of several tauopathies.
Sources: Williams (2006), Togo et al. (2002).

Disease Characteristic Aggregated Tau Aggregation type
neuropathology isoforms
Alzheimer's disease (AD) beta-amyloid plaques and equal 3R/4R paired helical filaments,
tau neurofibrillary tangles some straight filaments
Progressive supranuclear tau neurofibrillary tangles mainly 4R straight filaments
palsy (PSP) and tufted astrocytes
Corticobasal degeneration ballooned neurons and mainly 4R straight filaments
(CBD) diffuse cortical tau

Frontotemporal dementia
and parkinsonism linked to

variable neuronal tau
deposits [defined by

variable: some mainly
3R, some equal, some

variable

chromosome 17 (FTDP-17) MAPT mutation] mainly 4R
Argyrophilic grain disease tau grains in neuropil, mainly 4R straight filaments
(AGD) glial coiled bodies and
ballooned neurons
Pick's disease (PiD) cytoplasmic Pick bodies mainly 3R paired helical filaments

(i) Alzheimer’s disease

Alzheimer’s disease (AD) is the most common and thus archetypal form of dementia as well
as the most common of all neurodegenerative diseases. Its neuropathology is characterised
by deposition of two insoluble aggregates: plaques of B-amyloid (AB) within the neuropil
between neurons and neurofibrillary tangles composed of hyperphosphorylated tau
filaments. The amyloid cascade hypothesis proposes that AB (alone or in combination with
other truncated forms of APP) is the principal causative agent of AD, and thus that the
involvement of tau is secondary and results from AB deposition itself (Hardy and Higgins

1992).

The B-amyloid component of AD pathology has a clear link to the known genetic factors for
early onset familial AD. Mutations in the amyloid precursor protein (APP) (Goate et al. 1991)
or in components involved in the proteolytic processing of APP to AP peptides, namely
presenilin-1 (PSEN1) (Sherrington et al. 1995) and presenilin-2 (PSEN2) (Levy-Lahad et al.
1995) that contribute to the y-secretase complex, are responsible for many cases of early-
onset familial AD. APP mutations are found either within the AB peptide sequence to

enhance amyloid aggregation or else flanking the AP peptide sequence so as to enhance
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cleavage by B and y-secretases, leading to increased AP peptide formation or alteration of
the ratio of AB peptide isoforms (Weggen and Beher 2012). Additionally, increased
expression of APP can cause AD, as evidenced by the existence of AD-like pathology and
neuron loss in Down’s Syndrome (Ball and Nuttall 1980) due to trisomy chromosome 21,

resulting in an extra copy of the APP locus.

Given the involvement of tau protein as the second component of AD pathology, it is
surprising that there is little evidence of MAPT involvement in the genetics of AD. Only a
single mutation in MAPT (R406W) has been reported for AD, found in three kindreds with
clinical presentations more similar to AD than to frontotemporal dementia (Reed et al. 1997;
van Swieten et al. 1999; Rademakers et al. 2003). In recognition of the general acceptance of
the amyloid cascade hypothesis, AD has been categorised as a secondary tauopathy, where
tau pathology, though present, is not the primary causative factor of disease. Strong
evidence for the directional effect of AB or APP on tau pathology has come from murine
studies. Mouse models of tauopathy were created with the MAPT P301L mutation that
causes FTDP-17 (but not AD) and results in neurofibrillary tangle formation; the combination
of these mice with either the delivery of ARy, fibrils (Gotz et al. 2001) or the expression of
mutant APP by crossing with Tg2576 mice (Lewis et al. 2001) resulted in enhanced

neurofibrillary tangle formation, strongly suggesting a directionality of effect from A to tau.

With little evidence that mutations in MAPT contribute to AD in humans, genetic association
studies have tried to identify association of MAPT and its expression with AD to evaluate
whether the level of tau expression could be causative in AD. One recent study has claimed
association of the MAPT H1 haplotype with AD, including showing that the protective H2
haplotype had lower expression of MAPT in post-mortem AD brain (Allen et al. 2014).
Another group discovered and replicated an association between AD and the Hlc sub-

haplotype alone (Myers et al. 2005; Myers et al. 2007a), including further analysis showing
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that the Hlc allele expresses more MAPT transcripts, with a higher proportion of those
transcripts containing exon 10 to encode 4R tau (Myers et al. 2007a). However, this genetic
association has failed to be satisfactorily replicated in independent cohorts (Mukherjee et al.
2007; Abraham et al. 2009; Allen et al. 2014). Further, an Affymetrix-based expression study
showed that the Hlc allele had no effect on the expression of MAPT transcripts (Trabzuni et
al. 2012). Despite the above claims, no GWAS has replicated the association of MAPT
haplotype with AD, evidenced by meta-analysis of GWAS data (Bertram et al. 2007; Bertram
and Tanzi 2009; Lambert et al. 2013). Indeed, the closest to a positive result for MAPT was
by combining SNPs within 20 kb of APP, PSEN1, PSEN2 and MAPT, wherein it was found that
MAPT showed gene-wide significance (Gerrish et al. 2012); however, this method only
employed multiple testing correction for four genes, rather than performing gene-wide
studies with the inclusion of all known genes. If an association does indeed exist between
polymorphisms in MAPT and AD it is likely to be of small effect or based on the presence of

variants that are not covered by GWAS.

In studies of susceptibility for late-onset AD, the €4 allele of APOE is highly associated (Farrer
et al. 1997) and has been consistently replicated in genome-wide association studies
(Bertram et al. 2007). As this strong association could mask the effect of any effect of
polymorphisms in MAPT, a recent study examined association only within APOE €4-
individuals and discovered 17 SNPs in a region close to MAPT between KANSL1 and LRRC37A
(Fig. 1.1) that associated with AD (Jun et al. 2016). Expression differences driven by the SNP
with the highest association were implied using a related SNP in high LD, which showed an
effect on the expression of MAPT exon 3 (Jun et al. 2016). Replication is required to confirm
this, but there is the possibility that MAPT expression could still play a role in AD risk.
Nevertheless, any possible association of MAPT with AD is not as strong as the associations
with PD and PSP. Thus the genetic basis for AD continues to support the amyloid cascade

hypothesis with AB/APP being the primary causative agent for disease.
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Nevertheless, although the amyloid cascade hypothesis judges tau to play a secondary role
in AD by its formation of aggregates stimulated by AB-dependent processes, tau has also
been shown to be required for toxicity mediated by delivery of AB. Delivery of tau by
transfection to a monkey cell line that does not express tau made the microtubules
vulnerable to disassembly when treated with AB preparations (King et al. 2006). Tau
knockout mice expressing various forms of human APP were protected from the following
results of AB toxicity: behavioural deficits and excitotoxicity, notably without altering the
amount of AR pathology (Roberson et al. 2007; Roberson et al. 2011); NMDA receptor-
mediated excitotoxicity (Ittner et al. 2010); neuronal DNA double-strand breaks (Suberbielle
et al. 2013). Additionally, ex vivo cultures from non-transgenic tau knockout mice were
protected from the following results of exogenous AB delivery: neuronal degeneration
(Rapoport et al. 2002); reduction in motility of cargo during axonal transport in primary
hippocampal neurons (Vossel et al. 2010; Vossel et al. 2015); impairment of long-term
potentiation in hippocampal slices (Shipton et al. 2011; Roberson et al. 2011); aberrant
neuronal cell cycle re-entry in primary cortical cultures (Seward et al. 2013). Intermediates
for the connection between tau protein and AP toxicity include Fyn, which is localised by tau
to dendrites where it can phosphorylate NMDA receptors (Ittner et al. 2010), NMDA
receptors even in the absence of tau-Fyn interactions (Vossel et al. 2015), and glycogen
synthase kinase 3B (GSK-3B) (Shipton et al. 2011), which required tau for its activation by AB

(Vossel et al. 2015).

(ii) Progressive supranuclear palsy

PSP is commonly misdiagnosed as PD as it shares many clinical features; however, notably
PSP patients show impaired voluntary vertical eye movements, axial rigidity rather than a

stooped posture and a lack of tremor (Lubarsky and Juncos 2008). By neuropathology, PSP is
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a 4R-predominant tauopathy, also displaying unusual tau inclusions in astrocytes (Litvan et
al. 1996). The initial association of the H1 haplotype with PSP has already been described in
section 1.2 as it formed an important part of the history of the discovery and later
association of the MAPT haplotype with PD. This was later refined to be a negative
association of the H2 haplotype and a positive association solely of the Hlc sub-haplotype
(Pittman et al. 2005) and/or one of its individual SNPs rs242557 (Rademakers et al. 2005). A
subsequent GWAS confirmed association of both the H1 haplotype and rs242557 that forms

part of Hic, with the H1 haplotype showing an odds ratio of 5.50 (Hoglinger et al. 2011).

(i) Corticobasal degeneration

As its name suggests, CBD is an atypical parkinsonism involving atrophy of parietal and
frontal regions of the cortex and of the basal ganglia, the latter including SNpc dopaminergic
neurons (Litvan et al. 1996). This atrophy leads to clinical symptoms of parkinsonism in
addition to cortical dysfunction, such as dementia, language impairment, sensory loss and in
some cases an alien limb (Williams 2006). Like PSP, CBD is a 4R tauopathy but shows unusual
ballooned neurons. Genetic association of the MAPT H1 haplotype with CBD was identified
in 2000 (Di Maria et al. 2000; Houlden et al. 2001) and later with individual SNPs of the Hlc
haplotype (Pittman et al. 2005). In a recent GWAS, CBD was found to share the genetic
associations previously found for PSP, namely confirmation of the existing association of the
MAPT H1 haplotype (p=1.42x10"%) and a new association of rs242557 within the Hlc
sub-haplotype (p=7.91x10®), although the Hlc association did not persist after the number
of H1 alleles was accounted for (Kouri et al. 2015). Additionally both diseases shared an

association with myelin-associated oligodendrocyte basic protein (MOBP) (Kouri et al. 2015).
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(iv) Frontotemporal dementia and parkinsonism linked to chromosome 17

FTDP-17 was named following the discovery of kindreds with atypical dementia where the
disease segregated with markers on chromosome 17 (Foster et al. 1997).
Neuropathologically they present with atrophy within the frontal and temporal lobes,
resulting in distinct changes in personality, and often effects on the basal ganglia thus
affecting movement (Foster et al. 1997). There is also significant deposition of aggregated
tau (Foster et al. 1997). The genetic association was subsequently narrowed down to the
MAPT gene when several mutations were identified in FTDP-17 patients (Poorkaj et al 1998;
Hutton et al. 1998); incidentally, other frontotemporal dementia kindreds with chromosome
17 association showed ubiquitin-positive inclusions instead of tau pathology and were later
identified with mutations in PRGN (Baker et al. 2006; Cruts et al. 2006). Mutations in MAPT
seen in FTDP-17 can be divided into those that alter the interaction of tau with microtubules
or otherwise form aggregates and those that affect the splicing of exon 10 (Spillantini and

Goedert 2013).

Many of the FTDP-17 mutations in and around MAPT exon 10 alter conserved splice sites
and splice factor binding sites, leading to the increased inclusion of exon 10 and thus more
4R tau (Hutton et al. 1998; Hasegawa et al. 1999). However, some lead to the exclusion of
exon 10, such as the +19 and +29 mutations in intron 10 (Stanford et al. 2003); although
these mutations lead to an increase in 3R tau, they do not show formation of insoluble tau
aggregates (Stanford et al. 2003). The presence of mutations that alter the splicing of tau
show that imbalance of MAPT exon inclusion can lead to tau aggregation, in the case of

increased 4R tau, and neurodegeneration.
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1.3.3 Tau and alpha-synuclein

The possible genetic interaction between MAPT and SNCA has been investigated with
regards to modulation of PD risk. Although one study found that the combination of two
SNCA SNPs with MAPT H1/H1 was significant for PD risk (Goris et al. 2007), several other
studies detailed below found no genetic association. SNCA contains the REP1 promoter
polymorphism consisting of common allele lengths 259, 261 and 263 bp (Maraganore et al.
2006) and one study claimed that the REP1 261/261 and MAPT H1/H1 genotypes had
“separate and equal effects” on risk for PD rather than interacting (Mamah et al. 2005).
Further, meta-analysis of four SNCA SNPs, MAPT H1/H2 and MAPT Hlc rs242557 found that
although the SNCA SNPs and MAPT H1 haplotype associated with PD, there was no
interaction between them (Elbaz et al. 2011). No interaction was seen in Spanish (Botta-
Orfila et al. 2011) or Italian populations (Trotta et al. 2012) or in six further populations
(Simén-Sanchez et al. 2009; Wider et al. 2011). Finally, analysis of 256 pairings of 26 variants
in MAPT, SNCA and LRRK2 for association with PD in a large American cohort also found no
interaction between any gene that survived multiple correction (Biernacka et al. 2011).
Therefore the majority of evidence shows that there is no genetic interaction between

MAPT and SNCA regarding risk for PD.

There is, however, more evidence that tau and a-synuclein interact at the protein level in a
manner that may contribute to neurodegeneration. Biochemical studies showed that
a-synuclein directly binds to the microtubule-binding domain of tau in competition with
tubulin and can facilitate its phosphorylation (Jensen et al. 1999); in line with this, A30P
a-synuclein mice show increased phosphorylation of tau (Frasier et al. 2005). Further, the
two proteins may mutually stimulate fibrillisation in vitro (Giasson et al. 2003), but
interestingly also in vivo in mice with both P301L tau and a-synuclein transgenes (Giasson et

al. 2003). As the P301L tau mutation and A30P a-synuclein mutation each reduced binding
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to their wild-type partners shown by luciferase two-hybrid assay and FRET respectively
(Benussi et al. 2005; Esposito et al. 2007), this suggests that the mechanisms of
co-fibrillisation and phosphorylation might not require the direct binding first described
above. Oligomers of both a-synuclein and tau have been detected in PD brains and found to
co-localise (Sengupta et al. 2015). Importantly however, unlike for AD models where tau
knockout prevented AB-mediated toxicity (see section 1.3.2i) tau knockout mice were not
protected from the effects of human a-synuclein overexpression, suggesting that tau is not a
downstream mediator of a-synuclein toxicity, at least not when there is sufficient additional
cause for pathogenesis (Morris et al. 2011). Contrariwise, a-synuclein knockout prevented

an increase in tau phosphorylation in the striatum of MPTP-treated mice (Duka et al. 2006).

1.4 Functional outcomes of MAPT haplotype

1.4.1 Hypotheses

PD is not a tauopathy, so what role does MAPT play in PD? So far | have detailed how the
genetic association between MAPT and PD is mediated by the H1 haplotype; to understand
the functional basis of the association of MAPT haplotypes with risk for PD therefore
requires study of the differences between the haplotypes. Although it is possible that the
risk haplotype, H1, harbours rare mutations, the fact that the haplotype-specific association
has been found even in small cohorts strongly suggests otherwise. The same argument holds
against as-yet unknown variants within a sub-haplotype of H1 such as Hlc. Rather, the
association is highly likely to be the result of differences inherent in the set of SNPs in LD

that form the haplotype, or in the identified SNPs that form any associated sub-haplotype.

SNPs present in the two overarching MAPT haplotypes, H1 and H2, do not alter the amino

acid sequence of the tau proteins. Thus the association with PD is almost certainly driven by
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non-coding variation that alters one or more aspects of gene expression. Two remaining
hypotheses may explain the association of disease risk (Caffrey and Wade-Martins 2012):
(1) haplotype affects overall expression of tau through variants in the promoter sequence or
microRNA (miRNA) sites in the 3’ untranslated region (3’UTR); (2) haplotype affects
alternative splicing to produce altered ratios of protein isoforms. However, these two

mechanisms are not mutually exclusive and may both contribute to susceptibility to PD.

1.4.2 Haplotype-specific expression studies of total MAPT

The first hypothesis is that the H1 and H2 haplotypes express different levels of total tau,
and thus that the total amount of tau present in neurons would impact on risk for PD. In an
effort to understand whether the H1 and H2 haplotypes differ in the strength of their
promoter for MAPT, one group cloned fragments of H1 or H2 containing 5’ promoter
sequence (~720 bp) plus exon 0 and cloned them upstream of luciferase, where the H1
construct showed 10-20% increased luciferase expression compared to the H2 construct in
two cell lines (Kwok et al. 2004). Related studies by another group yielded a similar trend to
20% increase from H1 although this was not statistically significant in their report (Myers et

al. 2007a).

Quantitative trait locus (QTL) studies combine phenotypic data with genotype to examine
association; this has been performed for transcript data from expression chips. However, for
a highly polymorphic locus like MAPT, some probes overlap with common SNPs, so that any
other allele would be detected more weakly by technical error, confounding the true QTL
data (Ramasamy et al. 2013). Three studies claimed association of MAPT haplotype with
gene-level expression of MAPT transcripts using array data for human brain regions (Myers

et al. 2007b; Gibbs et al. 2010; IPDGC et al. 2011), one of which specifically removed known
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polymorphic probe sets from the analysis (Myers et al. 2007b); however, later reports
disputed those studies on the basis of newly discovered common polymorphisms (Trabzuni
et al. 2012; Ramasamy et al. 2013), and found no haplotype association of MAPT gene level
expression across several brain regions using a more refined array (Trabzuni et al. 2012). The
same lack of association was confirmed in another study (Latourelle et al. 2012). However, a
new study performing RNA-seq on post-mortem human brain showed reduced expression of

total MAPT in H2/H2 individuals (Valenca et al. 2016).

Studies have also investigated expression from the H1lc haplotype. Expression of total MAPT
was higher in post-mortem human cortex samples from cases and controls homozygous for
the Hlc sub-haplotype compared to homozygotes for H2 or other H1 sub-haplotypes (Myers
et al. 2007a). The same study used luciferase reporter constructs derived from portions of
the H1 and H2 promoters to show that the addition of segments containing Hlc-tagging
SNPs resulted in 4-fold greater expression with the H1lc allele SNPs than the H2 allele SNPs
(Myers et al. 2007a). Other luciferase reporter constructs showed differential effect of
rs242557 but with the opposite effect (Rademakers et al. 2005); however, this shows that
constructs using portions of regulatory sequence out of context and order are unlikely to
represent the complete physiological truth (Caffrey and Wade-Martins 2012). Finally,
another study found no effect of the Hlc haplotype on total expression in post-mortem
human brain from healthy controls, but rather an effect of age on the relative expression

from H1 vs. H2 (Hayesmoore et al. 2009).

1.4.3 Haplotype-specific expression studies of splice isoforms

The second hypothesis is that the H1 and H2 haplotypes express different ratios of the six

tau isoforms found in the adult CNS, and thus that individual tau isoforms or the ratio of
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those isoforms present in neurons would impact on risk for PD. Evidence that altered
splicing of MAPT can produce neurodegeneration is shown by the high-risk mutations
affecting exon 10 splicing leading to frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17) (Hutton et al. 1998; Spillantini et al. 1998a; Hasegawa et al. 1999)
(see section 1.3.2 iv). Our laboratory has previously shown haplotype-specific control of
exon inclusion in post-mortem brain samples from healthy H1/H2 heterozygous individuals
(Caffrey et al. 2006; Caffrey et al. 2008). Using allele-specific quantitation of expression, the
H1 allele expressed up to 40% more exon 10+ transcripts and the H2 allele expressed two-
fold more exon 2+3+ transcripts (Caffrey et al. 2006; Caffrey et al. 2008). The increased
relative expression of exon 10+ transcripts from the H1 haplotype was corroborated by
another study using an alternative allele-specific quantitation technique (Majounie et al.
2013) and also by the new RNA-seq study, which used paired-end sequencing to find that
the H2 haplotype expresses fewer 1N/4R (exon 2+/exon10+) MAPT transcripts (Valenca et
al. 2016). In support of the haplotype-specific effect on exon 3, the curated QTL analysis
discussed in section 1.4.2, although not finding association of haplotype with total MAPT
expression, did show enhanced expression of exon 3 alone with increasing number of H2

alleles in all brain regions except white matter (Trabzuni et al. 2012).

The Hlc sub-haplotype has also been associated with increased expression of exon 10+
transcripts, encoding 4R tau. Expression of exon 10+ transcripts was elevated from Hlc
compared to H2 and other H1 sub-haplotype alleles, both in homozygotes and by
allele-specific PCR in heterozygotes (Myers et al. 2007a); the exon 10+ increase also
appeared to be higher than that of total MAPT expression, suggesting that Hlc contributes
to both hypotheses (Myers et al. 2007a). Another study examined 4R/3R ratio in PSP brains
but found no effect of haplotype, although they were considerably underpowered to make
that analysis (Ezquerra et al. 2007). Finally, a different Hlc-related SNP, rs7521, was

associated with higher 4R tau expression in two brain regions (Majounie et al. 2013).
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In summary, while there are some data supporting the hypothesis that the H1 haplotype
increases total MAPT expression, there remains some dispute for this hypothesis. In
contrast, the data in support of haplotype-specific effects on MAPT isoform expression are
stronger and suggest that specific tau isoforms or the ratios of those isoforms play a role in

susceptibility for PD, as well as for PSP and CBD.

1.5 Tau protein function

1.5.1 Tau protein domain structure

The tau protein is an intrinsically disordered protein with no permanent secondary structure
(Mukrasch et al. 2009), but can be divided into three domains both by virtue of its
interactions and by the flexibility of the protein structure (Fig. 1.2A) (Gustke et al. 1994;
Mukrasch et al. 2009). The projection domain covers approximately the N-terminal half of
the protein, encoded by exons 1, 2, 3, 4, 5, 7 and a small part of exon 9, up to amino acid
197 (numbering of 2N4R, 441 amino acid isoform). The microtubule binding or microtubule
assembly domain (amino acids 198-400) comprises the three or four microtubule binding
repeats encoded by exons 9-12 and part of exon 13. A proline-rich region in the centre of
the protein overlaps the projection and microtubule binding domains, and includes seven
PXXP motifs where non-receptor tyrosine kinase proteins containing Src-homology 3 (SH3)
domains, such as Fyn, can bind (Lee et al. 1998; Lau et al. 2016). Finally the remaining 41

amino acids at the C-terminus form the C-tail.
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1.5.2 Microtubule binding domain

Despite being referred to as microtubule binding repeats, the repeats themselves do not
bind strongly to microtubules, but rather the regions immediately flanking the region of
three or four repeats, giving rise to a description of the flanks as ‘jaws’ (Gustke et al. 1994;
Preuss et al. 1997). In this model, the microtubule binding repeats act as assembly units, as
constructs without the repeats can bind to microtubules but not promote their assembly,
both in vitro and in vivo (Gustke et al. 1994; Preuss et al. 1997). Once microtubules are
assembled, tau further acts to stabilise them (Drubin and Kirschner 1986). In addition, the
microtubule binding domain and proline-rich region are capable of binding to actin (He et al.
2009; Elie et al. 2015), whereby they can induce the formation of actin bundles (He et al.
2009) or assist in their organisation alongside the microtubule network (Elie et al. 2015). For
the latter it was determined that the microtubule binding domain alone was sufficient, but
that at least two repeats were required so that one could interact with and assemble each

kind of cytoskeletal protein in concert (Elie et al. 2015).

The effect of an extra repeat in the microtubule binding domain constituting 4R tau is

discussed further in chapters 4 and 5.

1.5.3 Phosphorylation of tau

Phosphorylation is an important controller of protein function and mediator of signal
transduction. Full-length tau protein has 80 serine/threonine residues and 5 tyrosine
residues that could alter tau function and/or form potential signalling sites; many kinases
have been identified that can phosphorylate 74 and 4 of these respectively (Diane Hanger
Laboratory, Tau phosphorylation sites, http://cnr.iop.kcl.ac.uk/hangerlab/tautable, accessed

September 2016), including GSK-3B (Mufioz-Montafio et al. 1997) and cyclic-cAMP-
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dependent protein kinase (PKA) (Litersky et al. 1996). Additionally, while tau extracted from
the brains of healthy controls shows phosphorylation of 16 serine/threonine residues,
hyperphosphorylation of tau in AD brain leads to the formation of paired helical filaments,
which show phosphorylation of at least 42 serine/threonine and three tyrosine residues
(http://cnr.iop.kcl.ac.uk/hangerlab/tautable). Immunodetection by the tau-1 antibody is
blocked by phosphorylation of the epitope; tau-1 immunohistochemistry shows the
presence of non-phosphorylated tau along axonal microtubules, but following
dephosphorylation, tau can be detected in the soma and dendrites, showing that
phosphorylation state regulates cellular localisation, and thus the function, of tau
(Papasozomenos and Binder 1987). Phosphorylation of tau at particular residues, notably
$262 in the first microtubule binding repeat, can both induce the detachment of tau from
microtubules (Biernat et al. 1993) and protect tau from aggregation into paired helical

filaments (Schneider et al. 1999).

1.5.4 Projection domain

While the repeats in the C-terminal half of tau bind to microtubules, the N-terminal
‘projection domain’ of tau, as its name suggests, protrudes from the microtubule surface
(Vallee and Borisy 1977; Vallee 1980; Chen et al. 1992). In doing so, the projection domain
acts to repel neighbouring microtubules by entropic force, i.e. to maintain maximal entropy
and flexibility of possible conformations of tau, thus each tau molecule acts as a single
bristle that assists in determining the spacing of brush-like microtubules (Chen et al. 1992;
Mukhopadhyay and Hoh 2001; Ciasca et al. 2012). Further, there is evidence that this
spacing is adjustable by phosphorylation state (Mukhopadhyay and Hoh 2001; Shahpasand

et al. 2012). Recent evidence from cell-free systems also suggests that microtubule spacing
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by tau is both repulsive and attractive, with an opportunity for projection domains on

neighbouring microtubules to interact via oppositely-charged segments (Chung et al. 2016).

Experiments using FRET have shown that the N-terminus of tau can interact with the
C-terminus, which itself simultaneously interacts with a portion of the microtubule binding
repeats, the whole protein being proposed to form a paper clip confirmation (Jeganathan et
al. 2006). However, truncation experiments suggest that the important portion of the
N-terminus that contributes to these interactions is formed by residues 18-42 (within
exon 1) and that the absence of the residues encoded by exons 2 and 3 makes no difference
(Horowitz et al. 2006), so that it does not appear to be a function that is differentially
regulated by ON, 1N or 2N tau. A separate investigation of the propensity of tau to undergo
‘thermal collapse’ and form interactions with parts of itself showed that these contacts were
predicted to form by a stretch of residues beginning in exon 3 (Ciasca et al. 2012). A short
stretch of the segment encoded by exon 3 shows propensity towards beta-sheet structure,
whereas the ON and 1N forms are predicted to lack particular secondary structure in the

N-terminal portion (Mukrasch et al. 2009).

The N-terminus of tau interacts with the p150 subunit of dynactin, a complex that associates
with the motor protein dynein, directing the attachment of dynactin to microtubules
(Magnani et al. 2007); however, the interaction of tau and dynactin is independent of the

sequence encoded by exons 2 and 3 (Magnani et al. 2007).

Finally, tau interacts with the plasma membrane (Brandt et al. 1995) via interactions with
Fyn in the proline-rich region (Lee et al. 1998; Pooler et al. 2012). This localisation to the
plasma membrane is dependent on the dephosphorylation of tau at many serine/threonine
residues (Pooler et al. 2012) and results in the phosphorylation of tau at tyrosine residues by

Fyn and Lck kinases, notably residue Y18 in the N-terminus (Lee et al. 2004; Scales et al.
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2011). These findings suggest that the projection domain of tau plays some role in signal

transduction at the plasma membrane (Pooler and Hanger 2010; Scales et al. 2011).

1.5.5 Axonal transport

Tau is predominantly localised to neuronal axons, so much so that it is implicit in establishing
axonal identity and outgrowth, evidenced in primary neurons with acute tau depletion
(Caceres and Kosik 1990; Liu et al. 1999). As a regulator of microtubule assembly and
stability, tau is important in maintaining the microtubule network needed for the axonal
transport of cargo, comprising organelles and vesicles. As microtubules have inherent
orientation, with axonal microtubules oriented with the plus end at the distal tip and the
minus end at the soma (Black and Baas 1989), the direction of movement along them is
dependent on the specific motor protein. The kinesin family of motors is predominantly
plus-end directed so they perform anterograde transport and dynein is a predominantly
minus-end directed motor that transports retrogradely. While tau is important for stabilising
and spacing microtubules, it can also hinder movement of motors along microtubules: in
vitro experiments with tau-decorated microtubules showed that kinesin detached from
microtubules with increasing tau concentration, while dynein was less affected and able to
reverse (Dixit et al. 2008); overexpression of tau in primary retinal ganglion cells increased
the number of stationary mitochondria and severely inhibited kinesin-mediated anterograde
transport (Mandelkow et al. 2004; Stamer et al. 2002). These suggest that the balance of tau
in the axon is important for correct functioning of axonal transport. However,
overexpression of tau in a human neuronal model showed no effect on axonal transport
except when a phosphorylated form of tau was expressed (Mertens et al. 2013). | will

discuss more regarding the role of tau and its isoforms in axonal transport in chapter 5.
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1.6 Human induced pluripotent stem cell-derived dopamine neurons

The clear monogenic forms of PD, such as mutations in LRRK2, SNCA, PINK1 and PARK2, have
been studied using a wealth of animal and cellular models in order to elucidate possible
disease mechanisms that could provide a unifying pathway for PD. Generally, cellular models
are more amenable to genetic and environmental manipulation and to analysis by detailed
imaging and electrophysiology. However, cancer cell lines, even from human
neuroblastomas, offer only limited physiological relevance as cellular models of human

neurons and neurodegenerative disease.

1.6.1 Dopamine neuron differentiation from pluripotent stem cells

Pluripotent stem cells (PSCs) are capable of continual self-renewal and of differentiation into
all three germ layers: endoderm, mesoderm and ectoderm, the latter of which incorporates
all neural tissue. Manipulation of PSCs with specific morphogens can direct differentiation to
specific cell fates, including neuronal populations. Since the generation of the first
embryonic stem cell (ESC) lines from human blastocysts (Thomson et al. 1998), human ESCs
have been used to generate many cell types, including midbrain-type dopaminergic neurons
with the potential for both study and transplantation with respect to PD (Perrier et al. 2004;

Chambers et al. 2009; Kriks et al. 2011; Sdnchez-Danés et al. 2012a).

Several protocols have been published for the generation of dopaminergic neurons from
PSCs, using a similar selection of morphogens and growth factors as they have built upon
previous work. As an overview, stem cells first undergo neural induction by blocking
differentiation to endodermal and mesodermal cell fates (Chambers et al. 2009), second
undergo patterning to a ventral midbrain fate by sonic hedgehog (SHH) pathway activation

and delivery of anterior-posterior patterning factors (Perrier et al. 2004), and third receive
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various factors stimulating neuronal maturation (Badger et al. 2014). As | employed two

different protocols in the current study | will discuss more about these in chapter 3.

1.6.2 Induced pluripotent stem cells

The differentiation of cells to particular lineages is a terminal commitment through the
application of epigenetic markings that control the expression of key genes and transcription
factors, although cycles of epigenetic reprogramming do occur at specific times during
embryonic development to reset cell fate, such as the reprogramming of parental imprinting
in primordial germ cells (Lee et al. 2002). Ten years ago the first report was made that
terminal cell fate could be reversed through delivery of a set of exogenous transcription
factors that are normally expressed in stem cells, thus creating induced pluripotent stem
cells (iPSCs) (Takahashi and Yamanaka 2006). Yamanaka discovered these factors by
selecting a bank of genes thought to control pluripotency in ESCs, delivering them to mouse
fibroblasts and then selecting for cells that expressed a resistance gene from the Fbx15
locus, a gene that is normally expressed in ESCs (Takahashi and Yamanaka 2006). Single
factors were not sufficient for reprogramming, but the minimal combination of Oct-3/4,
Sox2, KIf4 and c-Myc successfully generated iPSCs (Takahashi and Yamanaka 2006). Distinct
from their original identity, the new iPSCs, first made from mouse fibroblasts, were able to
self-renew, differentiate into all three germ layers and form functional chimeric embryos
when injected into blastocysts (Takahashi and Yamanaka 2006). The process was
subsequently performed to generate iPSCs from human fibroblasts, which was successful
with the same four factors (Takahashi et al. 2007) and the four transcription factors used in
this process have since been named ‘Yamanaka factors’. After reprogramming, iPSC colonies
begin expressing their endogenous pluripotency factors and silence transgene expression

(Takahashi and Yamanaka 2006; Takahashi et al. 2007).
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The particular advantage of iPSCs over ESCs is the distinct genetic background of iPSCs
corresponding to their specific donor, given that ESCs were already capable of generating
physiologically relevant human cell types through differentiation. Thus iPSCs are particularly
important in the fields of disease modelling for diseases with a genetic component, and in
the fledgling field of personalised cell transplantation. However, in addition to the expected
biological variation inherent in the identity of the donor, the nature of the reprogramming
leads to differences between clones made from the same donor cells. One study found that
some lines still show expression of the reprogramming transgenes in a manner that
correlated with the ability of those lines to be directed to differentiate (Boulting et al. 2011).
Indeed, even after clones are verified to be free of chromosomal abnormalities, the use of
integrating retroviruses that can potentially disrupt/enhance endogenous gene expression
or continue to express the transgene after reprogramming may be a significant contributor
to intra-individual clonal variation (Beevers et al. 2013). Evidence for the worth of “factor-
free” reprogramming (Soldner et al. 2009) to generate iPSC clones includes the finding that
the expression signature of iPSCs following Cre-mediated excision of the transgene was
more similar to ESCs than for iPSCs with transgene integration (Soldner et al. 2009).
However, the technique used in that study still left a small footprint’ in the genomic DNA,
and thus techniques involving no integration and no persistence of factors such as CytoTune

Sendai virus are highly preferred (Lieu et al. 2013).

Inter-individual variation can be minimised or controlled for in iPSC studies of particular
genetic mutations/variants by generating isogenic lines using genome editing techniques,
including homologous recombination (Liu et al. 2011), zinc-finger nucleases (ZFNs) (Soldner
et al. 2011), transcription activator-like effector nucleases (TALENs) (Hockemeyer et al.
2011) and the clustered regularly interspaced short palindromic repeats (CRISPR)-associated

protein-9 nuclease (CRISPR/Cas9) system (Mali et al. 2013). Unless isogenic lines are
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available, variability between clones from the same individual and from different individuals

requires the use of multiple lines from multiple individuals to confirm findings.

1.6.3 iPSC-derived dopaminergic neuronal cultures as a model to study Parkinson’s

disease

The natural consequence of being able to reprogramme fibroblasts from any individual into
iPSCs is to use the technique to study cells from patients, dubbed “Diseases in a Dish” (Vogel
2010). There are four groups that could be studied in this regard: (1) patients with identified
monogenic causes of PD; (2) patients with idiopathic PD; (3) any individual with a genotype
of interest including those considered at risk for disease; (4) healthy individuals as controls
alongside groups 1-3. Studying these groups can inform about disease processes and

susceptibility in order to better understand PD.

(i) Monogenic PD

Group 1 has been the most studied so far, with iPSC lines reported for dominant LRRK2
mutations (Nguyen et al. 2011; Sdnchez-Danés et al. 2012b; Cooper et al. 2012; Reinhardt et
al. 2013; Orenstein et al. 2013; Su and Qi 2013; Sanders et al. 2014; Fernandez-Santiago et
al. 2015; Hsieh et al. 2016), dominant SNCA mutations (Soldner et al. 2011), multiplications
of SNCA (Devine et al. 2011; Byers et al. 2011) and recessive mutations in PARK2 (Imaizumi
et al. 2012; Aboud et al. 2012; Jiang et al. 2012; Shaltouki et al. 2015) and PINK1 (Seibler et
al. 2011; Cooper et al. 2012; Rakovic et al. 2013); yet although these were differentiated into
dopaminergic neuronal cultures, not all reports included phenotypic characterisation.
Additionally, lines have been made bearing mutations in GBA, considered at risk for PD

(Woodard et al. 2014; Fernandes et al. 2016).
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In the same way that gene-targeted knock-in mice are more physiologically relevant than
those overexpressing a transgene, iPSC models from individuals with disease-related
mutations are expected to show better physiological expression patterns and cell-type
specific functions than other cell models. For example, in one study human fibroblasts
overexpressing Parkin demonstrated Parkin-mediated autophagy of mitochondria
(mitophagy), but iPSC-derived dopaminergic neuronal cultures did not produce detectable
mitophagy even with Parkin overexpression, despite translocation of Parkin to mitochondria
(Rakovic et al. 2013), suggesting that the timing and/or downstream process of mitophagy is
different in real neurons (Grenier et al. 2013). The use of these physiologically relevant

models to understand PD can reduce the discovery of artefactual or irrelevant phenotypes.

What have iPSC-derived dopaminergic neurons from PD patients with disease-causing
mutations told us about PD? First, given that the differentiation protocols produce mixed
cultures, some phenotypes have been specifically observed in the dopaminergic neurons
and not in non-dopaminergic neighbouring cells, which strongly supports the concept of
selective vulnerability of SNpc neurons. These include: an enlarged lysosomal compartment
in GBA N370S dopaminergic neurons (Fernandes et al. 2016); mutant-specific defects in
dopaminergic neuronal survival and mitochondrial volume within PARK2 mutant cultures
(Shaltouki et al. 2015); specific sensitivity of LRRK2 G2019S dopaminergic neurons to
apoptosis following oxidative stress induced by hydrogen peroxide or 6-hydroxydopamine
(Nguyen et al. 2011) or following inhibition of mitochondrial complex | by rotenone
(Reinhardt et al. 2013). Thus iPSC-derived dopaminergic neurons bearing PD-related
mutations are selectively more prone to cell death mediated by reactive oxygen species and

show selective defects in autophagy and/or protein clearance mechanisms.

Second, phenotypes observed in whole cultures, or in dopaminergic neurons but without

non-dopaminergic neuron comparison, centre on three themes: altered mitochondrial
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biology including oxidative stress, altered autophagy and/or protein clearance, and
accumulation of a-synuclein. Important examples include: fragmented mitochondria in
LRRK2 G2019S cultures with evidence of overactivation of the mitochondrial fission protein
DRP1 (Su and Qi 2013); reduced autophagic flux and autophagosome clearance with
accompanying a-synuclein accumulation in LRRK2 G2019S cultures (Sanchez-Danés et al.
2012b); reduced chaperone-mediated autophagy by LRRK2 G2019S with a-synuclein
accumulation (Orenstein et al. 2013); reduced degradation of Miro with accompanying
reduction in mitochondrial clearance in LRRK2 G2019S cultures (Hsieh et al. 2016); increased
accumulation (Woodard et al. 2014) or extracellular release (Fernandes et al. 2016) of

a-synuclein in GBA N370S cultures.

(i) Idiopathic PD

Group 2, individuals with idiopathic PD, is one of the most interesting potentials for iPSCs,
because any robust phenotypes they display compared to controls would be strong
candidates for signatures of disease. As such, the first phenotyping study of iPSC-derived
dopaminergic neurons from idiopathic PD patients found some overlap with phenotypes of
LRRK2 mutants in autophagy (Sanchez-Danés et al. 2012b), while a recent study found
mitophagy to be impaired in LRRK2 and idiopathic PD lines, linked to reduced degradation of
the mitochondrial adaptor protein Miro (Hsieh et al. 2016). Additionally, iPSC-derived
dopaminergic neuronal cultures from both LRRK2 mutant lines and idiopathic PD lines
showed an altered DNA methylation signature compared to control lines, and this signature
was specific to dopaminergic neuronal differentiation (Fernandez-Santiago et al. 2015),
suggesting that dopaminergic neurons in PD patients are inherently different in their gene
expression profile. Much more can be done to investigate PD using iPSC-derived

dopaminergic neurons from patients with idiopathic PD.
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(iii) Additional modelling

Group 3, any genotype of interest, is similar to group 1 but need not be about disease
modelling but rather about human genetics. In chapter 4 | use lines corresponding to this
group to understand more about MAPT haplotype-specific expression in healthy controls
with the H1/H2 genotype. With the advent of more reliable genome editing, iPSC/ESC lines
can be generated to investigate genetic variants through the engineering of isogenic lines;
this was described recently for variants in SNCA promoter and enhancer sequences
engineered into isogenic ESC lines, accompanied by allele-specific expression analysis, which
confirmed that an enhancer element regulates SNCA expression but the REP1 polymorphism
that had previously been thought to alter SNCA expression has no discernable effect

(Soldner et al. 2016).

1.6.4 Neuronal maturity and modelling ageing

A major challenge for the study of neurodegenerative diseases associated with ageing is to
establish models that represent aged human neurons. Neuronal maturity can be measured
by global transcriptome signature, epigenetic markings, neuronal functionality (e.g.

electrophysiology) and the presence of mature protein isoforms (e.g. those of MAPT).

Global transcriptome profiling by RNAseq and microarrays suggests that human PSC-derived
dopaminergic neurons are immature compared to human SNpc (Xia et al. 2016), in concert
with single-cell RNAseq data from human iPSC-derived cortical neurons revealing a foetal
rather than adult identity (Handel et al. 2016). Nevertheless, PSC-derived dopaminergic
neuronal cultures from PD patients still exhibited expression signatures observed in SNpc

from PD patients (Xia et al. 2016), suggesting that immature models remain informative.
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The epigenetic signature of donor fibroblasts is generally lost through reprogramming with
the Yamanaka factors. Cells acquire an age-related epigenetic signature over time (e.g.
reduced histone H3 Lysine-9 trimethylation) according to their ‘physiological age’, but when
‘old’ fibroblasts are reprogrammed, their age-related markers reset to align with fibroblasts

from young donors and are not regained following differentiation (Miller et al. 2013).

iPSC-derived dopaminergic neurons require extended maturation to display mature
electrophysiology and dopamine release. iPSC-derived dopaminergic neurons 8-10 weeks
post-differentiation exhibited mature trains of evoked action potentials, some spontaneous

action potentials and oscillatory calcium activity (Hartfield et al. 2014).

(i) Progerin expression

One strategy for modelling ageing in iPSC-derived neurons used progerin, a short splice
variant of lamin A expressed in Hutchinson-Gilford progeria syndrome (HGPS), to induce
rapid ‘ageing’ of cells (Miller et al. 2013). iPSC-derived fibroblasts either expressing progerin
or from HGPS patients showed an ‘aged’ marker profile, while progerin treatment exposed
mutant-specific phenotypes in iPSC-derived dopaminergic neurons bearing PINK1 or PARK2
mutations, including reduced neuronal arbour in vitro and increased dopaminergic cell death
in vivo post-transplantation (Miller et al. 2013). However, this technique awaits wider use to
create ‘aged’ iPSC-derived neurons to model PD; reticence may be due to its artificial nature,
as even HGPS patients display low expression of lamin A/progerin in neurons (Nissan et al.

2012). The technique may only induce a ‘progeria-like’ state with similarities to aged cells.
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(ii) Induced neurons (transdifferentiation)

Another strategy is ‘transdifferentiation’, which directly converts somatic cells to another
cell type by forced expression of key transcription factors without a pluripotent stem cell
stage. “Induced neurons” have been generated by delivering Ascl1(Mash1)/Brn2/Myt1 to
mouse fibroblasts (Vierbuchen et al. 2010), delivering Asc/1(Mash1)/Brn2/Myt1/NeuroD1 to
human fibroblasts (Pang et al. 2011), or expressing regulatory microRNAs miR-9/9* and miR-
124 assisted by ASCL1/MYTL1/NEUROD2 in human fibroblasts (Yoo et al. 2011).
Transdifferentiated dopaminergic neurons have been generated from human fibroblasts
using Ascl1(Mash1)/Brn2/Myt1 plus dopaminergic factors Lmx1a and FoxA2 (Pfisterer et al.
2011) and from mouse and human fibroblasts using Ascl1(Mash1)/Nurrl/Lmx1a (Caiazzo et
al. 2011). Further, knockdown of p53 or Tetl overexpression may aid transdifferentiation to
dopaminergic neurons performed by Ascl1(Mash1)/Nurrl/Lmxla with miR-124 (liang et al.

2015).

Transdifferentiated neurons reach stages of electrophysiological maturity much earlier than
iPSC-derived neurons (non-dopaminergic), with report of spontaneous action potentials 6
days post-induction (Pang et al. 2011) compared to between 40 and 80 days in culture from
iPSCs (Shi et al. 2012). The electrophysiological maturity of transdifferentiated dopaminergic
neurons differed whether the starting human fibroblasts were foetal or adult; neurons from
human adult fibroblasts showed a less mature electrophysiological profile than their foetal
counterparts (Caiazzo et al. 2011) and another study found spontaneous action potentials by
28 days post-induction (Pfisterer et al. 2011). These findings could reflect either (i) the
activation of the right transcription factors induces expression of genes responsible for
mature neuronal physiology, or (ii) that transdifferentiated neurons retain a ‘memory’ of

their physiological age that is not removed by reprogramming to pluripotency.
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Dopaminergic neurons transdifferentiated from mouse embryonic fibroblasts exhibited
transcriptome profiles closer to adult midbrain dopaminergic neurons than their source
fibroblasts, but nevertheless an incomplete overlap (Caiazzo et al. 2011). In a clearer study,
FACS-purified transdifferentiated neurons (non-dopaminergic, NCAM®) and their originating
fibroblasts both showed transcriptome profiles that differed according to donor age, but the
age-specific differences were erased after reprogramming fibroblasts to iPSCs (Mertens et
al. 2015). Thus transdifferentiation appears to maintain age-related epigenetic markings that
control gene expression, ideal for modelling age-related neurodegenerative disease,

whereas iPSC reprogramming resets these marks.

Dopaminergic transdifferentiation has focussed on possible transplantation and published
studies of PD phenotypes are still awaited; however, transdifferentiated dopaminergic
neurons bearing the FTDP-17 mutation MAPT K298E have been reported (lovino et al. 2014).
Transdifferentiated neurons may be a safe option for transplantation as transdifferentiation
avoids a pluripotent/progenitor stage that could result in tumour growth (Caiazzo et al.
2011). Transdifferentiated dopaminergic neurons are functional have rescued aberrant
movement behaviour caused by unilateral 6-hydroxydopamine lesioned rats (Dell'Anno et al.

2014).

Despite their potential advantages as ‘aged’ models, the supply of transdifferentiated
neurons is limited per reprogramming batch, and ultimately restricted by the expansion
capacity of the original fibroblasts. Although the technique has been applied to iPSCs as a
‘one-step differentiation protocol’ (Theka et al. 2013), they would have already lost any age-

related markers through reprogramming.
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(iii) Maturity of MAPT

iPSC lines have been made with mutations in MAPT to study FTDP-17 then differentiated
into cortical neuronal cultures (lovino et al. 2015; Sposito et al. 2015) or dopaminergic
neuronal cultures (Ehrlich et al. 2015). These FTDP-17 studies revealed that iPSC-derived
neuronal cultures are not mature with respect to MAPT expression. As MAPT expression is
developmentally regulated, initially only foetal ON3R tau is expressed and may require
significant lengths of culture to detect all isoforms; indeed, the lovino study found that it
took 150 days of differentiation to properly detect three additional isoforms of tau (ON4R,
1IN3R, 1N4R) in control cortical neuronal cultures, whereas the MAPT splicing mutant line
N279K showed clear 1N4R expression by day 55 (lovino et al. 2015). In contrast the Sposito
study required a year of maturation to detect all six adult isoforms in control cortical
neuronal cultures, but the exon 10+16 mutant showed at least ON3R and ON4R isoforms by
day 100 (Sposito et al. 2015). iPSC-derived dopaminergic neuronal cultures were only
cultured for a short period so that MAPT exon 10+ (4R) transcripts were hardly detectable
except with the N279K splicing mutant line, and no exon 3+ transcripts were detected

(Ehrlich et al. 2015).

Interestingly, other human PSC-derived neurons have been shown to express adult isoforms
of tau in a relatively short period of maturation; forebrain neuronal cultures generated from
human embryonic and foetal stem cells both showed clear expression of at least five of the
adult isoforms by day 56, with the foetal stem cell-derived cultures maturing more quickly
than those from ESCs (lovino et al. 2010). However, it is not clear whether the rapid
maturation of these non-iPSC derived neurons is truly the consequence of the cells
themselves or differences in the differentiation protocol. In contrast, transdifferentiated
dopaminergic neurons from adult fibroblasts expressed both 3R and 4R tau by day 30

post-induction while those transdifferentiated from embryonic fibroblasts expressed only 3R
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tau even at 53 days post-induction (lovino et al. 2014), affirming that transdifferentiation

maintains the physiological age of the donor cells.

| will discuss more about the expression of mature isoforms of tau in iPSC-derived neuronal

cultures in chapter 4.

1.7

Aims of the thesis

This thesis comprises four results chapters in which | describe work towards understanding

the role of MAPT and its encoded tau protein isoforms in iPSC-derived dopaminergic

neurons in order to identify reasons underlying the association of the H1/H2 haplotypes

with risk for PD.

In chapter 3 | will outline efforts to generate a human dopaminergic neuronal
reporter to identify dopaminergic neurons in live culture. | employed a novel
strategy of deliverable reporter, using virtually the entire tyrosine hydroxylase (TH)
locus from a BAC to drive expression of a fluorescent protein, and packaged the final
constructs as herpes simplex virus-1 amplicons. The chapter will detail the
construction, refinement and testing of the reporter in immortalised human cell
lines and iPSC-derived dopaminergic neuronal cultures to determine its specificity
for dopamine neurons.

In chapter 4 | will describe my findings of haplotype-specific control of MAPT
expression in iPSC-derived dopaminergic neuronal cultures and human post-mortem
midbrain. Importantly | will show how my iPSC-derived cultures express all mature
isoforms of tau, and how a newly identified variant alters MAPT isoform expression.
I will also outline efforts to isolate dopaminergic neurons by fluorescence-activated

cell sorting for expression analysis.
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In chapter 5 | will describe the generation of RNA interference tools to knockdown
MAPT and some of its specific isoforms. | will further describe the effects of tau
knockdown on the process of axonal transport of mitochondria in iPSC-derived
dopaminergic neuronal cultures at both a young time point and following
maturation to express adult isoforms.

Finally in chapter 6 | will describe preliminary findings of the use of the RNA
interference tools generated in chapter 5 to assess the effects of tau knockdown on
phenotypes seen previously in our laboratory in iPSC-derived dopaminergic neuronal

cultures bearing GBA N370S mutation.
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Chapter 2: General Methods

All reagents were from Sigma unless specified. All shaking incubation had a 5.1 cm orbit.

2.1 Bacterial culture

E. coli were grown as single colonies on plates of autoclaved LB-Miller agar (Fisher Scientific)
or with single colony inoculation of autoclaved LB-Miller broth (Fisher Scientific), with
addition of one or more antibiotics: 100 ug/ml ampicillin, 15 pg/ml chloramphenicol,
3 ug/ml tetracycline and 15 pg/ml kanamycin. Starter cultures (1.5 ml LB-Miller broth) were
incubated for 16 hours (37°C, 225 RPM) for plasmid minipreps or for 8 hours followed by
transfer to 250 ml LB-Miller broth for plasmid maxipreps. Plates were incubated for 16 hours

(37°C) to observe single colonies.

2.2 Purification of DNA

2.2.1 Plasmid miniprep

Three methods were used: the Wade-Martins method, suitable for BAC/PAC constructs; the
QlAprep Miniprep Kit (QIAGEN) for plasmids <10 kb; the PureLink HiPure Plasmid Miniprep
Kit (Invitrogen) for the final versions of lentiviral plasmids, producing low endotoxin
minipreps suitable for transfection. The three protocols adopt similar principles but the first
does not use a DNA-binding column. The column kits were used according to manufacturer’s
instructions. DNA from all column-based purification methods was quantified by Nanodrop

spectrophotometer (ThermoScientific).
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(i) Wade-Martins method

Cultured E. coli (1.5 ml) were pelleted by microcentrifugation (2400 RCF, 10 min) and
resuspended in 70 ul STET buffer (8% sucrose, 5% Triton X-100, 50 mM EDTA, 50 mM tris,
pH 8) by pipetting. Lysis was achieved with 200 pl lysis buffer (1% SDS, 0.2 M NaOH), then
neutralised with 150 ul 7.5 M ammonium acetate and incubated briefly on ice. Supernatant
from microcentrifugation (18000 RCF, 20 min, 4°C) was mixed with 250 pl isopropanol to
precipitate DNA and microcentrifuged (9600 RCF, 8 min). The pellet was washed with
70% ethanol, air-dried and resuspended in 50 ul TE buffer (ImM EDTA, 10mM tris, pH 8)

with 5 pg/ml RNase A.

(ii) QlAprep Miniprep Kit

Cultured E. coli (1.5ml) were pelleted by microcentrifugation (2400 RCF, 10 min),
resuspended in 250 ul Buffer P1, lysed with addition of 250 ul Buffer P2 (5 min) and
neutralised by mixing with 350 ul Buffer P3. Supernatant from microcentrifugation
(18000 RCF, 20 min, 4°C) was applied to a QlAprep Spin column and microcentrifuged
(16250 RCF, 1 min henceforth). The column was washed with 500 ul Buffer PB,
microcentrifuged, washed with 750 ul Buffer PE and microcentrifuged twice before elution

of DNA with 30-50 ul Buffer EB or water.

(i) PurelLink HiPure Plasmid Miniprep Kit

PureLink HiPure Mini Columns (gravity flow) were equilibrated with 2 ml Equilibration
Buffer. Cultured E. coli (3 ml) were pelleted by microcentrifugation (2400 RCF, 10 min),

resuspended in 400 pl Buffer R3 with RNase A, lysed with addition of 400 ul Buffer L7 (5 min)
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and neutralised by mixing with 400 pl Buffer N3. Supernatant from microcentrifugation
(16250 RCF, 10 min, ambient temperature) was applied to an equilibrated column, followed
by two washes with 2.5 ml Buffer W8. Elution was achieved with 900 ul Buffer E4. DNA in
the eluate was precipitated with 630 ul isopropanol, microcentrifuged (18000 RCF, 30 min,
4°C), resuspended in 1 ml 70% ethanol and microcentrifuged (18000 RCF, 5 min, 4°C). The

pellet was air-dried and resuspended in 50 pl TE buffer.

2.2.2 Plasmid maxiprep

Three methods were used: QIAGEN Plasmid Maxi Kit (QIAGEN) with modifications by
R. Wade-Martins to accommodate BACs/PACs; NucleoBond Xtra Maxi EF Kit
(Machery-Nagel) with modifications to accommodate BACs/PACs, used for endotoxin-free
preparations prior to nucleofection; PurelLink HiPure Plasmid Maxiprep Kit (Invitrogen), used
for low endotoxin preparations prior to lentiviral packaging. All centrifugation steps were
carried out in an Avanti J-E Centrifuge with JLA 10.500 rotor (pre-column steps) or JA 17
rotor (post-column steps) (Beckman Coulter). The column kits were used according to
manufacturer’s instructions with modifications for BACs/PACs. DNA was quantified by

Nanodrop spectrophotometer (ThermoScientific).

(i) QIAGEN Plasmid Maxi Kit

Cultured E. coli (250 ml) were pelleted (5000 RPM, 15 min, 4°C), resuspended in 15 ml Buffer
P1, lysed with addition of 15 ml Buffer P2 (5 min), neutralised by mixing with 15 ml Buffer P3
and incubated on ice (20 min). After centrifugation to remove protein precipitate
(8000 RPM, 30 min, 4°C), supernatant was applied to a QIAGEN-tip 500 column that was

pre-equilibrated with 10 ml Buffer QBT, using a tissue to prevent fouling of the column. The
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column was washed twice with 30 ml Buffer QC then DNA was eluted with 15 ml Buffer QF
warmed to 55°C, precipitated with addition of 10.5 ml isopropanol and centrifuged
(14000 RPM, 30 min, 4°C). DNA was washed with 3.5 ml 70% ethanol, centrifuged again,

then air-dried and resuspended in 250 ul TE buffer for 24 hours (4°C).

(ii) NucleoBond Xtra Maxi Kit

Cultured E. coli (300 ml) were pelleted (5000 RPM, 15 min, 4°C), resuspended in 15 ml Buffer
RES-EF, lysed with addition of 15 ml Buffer LYS-EF (5 min), neutralised by mixing with 15 ml|
Buffer NEU-EF and incubated on ice (5 min). NucleoBond Maxi columns were equilibrated
with 35 ml Buffer EQU-EF. The neutralised lysate was mixed by inversion and applied to a
column with attached filter. The filter was washed with 10 ml Buffer FIL-EF, then removed
before washing the column successively with 90 ml Buffer ENDO-EF, 45 ml Buffer WASH-EF
and eluting DNA with 15 ml Buffer ELU-EF. DNA was precipitated with 10.5 ml isopropanol,
centrifuged (14000 RPM, 30 min, 4°C), washed with 5ml 70% ethanol, centrifuged
(14000 RPM, 5 min, ambient temperature), then air-dried and resuspended in 250 pl H,0-EF

for 24 hours (4°C).

(i) PurelLink HiPure Plasmid Maxiprep Kit

PureLink HiPure Maxi Columns (gravity flow) were equilibrated with 30 ml Buffer EQ1.
Cultured E. coli (250 ml) were pelleted (5000 RPM, 15 min), resuspended in 10 ml Buffer R3
with RNase A, lysed with addition of 10 ml Buffer L7 (5 min) and neutralised by mixing with
15 ml Buffer N3. After centrifugation (8000 RPM, 30 min), supernatant was applied to an
equilibrated column, followed by two washes with 30ml Buffer W8. Elution was achieved

with 15 ml Buffer E4. DNA in the eluate was precipitated with 10.5 ml isopropanol,
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centrifuged (14000 RPM, 30 min, 4°C), washed with 5ml 70% ethanol and centrifuged

(14000 RPM, 5 min, 4°C). The pellet was air-dried and resuspended in 250 ul TE buffer.

2.2.3 Purification of linear DNA

PCR products and single-fragment digested plasmids <10 kb were purified by QlAquick PCR
Purification Kit (QIAGEN). Gel extraction of PCR products and digested plasmids was
performed by QlAquick Gel Extraction Kit (QIAGEN). In the following manufacturer’s
instructions, all microcentrifuge steps were at 16250 RCF for 30-60 s. DNA was eluted with

30 pul water by microcentrifugation.

(i) QlAquick PCR Purification Kit

Five volumes of Buffer PB were added to reaction mixtures with 10 pl 3 M sodium acetate,
pH 5.0 if required to bring to pH <7.5, then the mixture was applied to a QlAquick column,

microcentrifuged, washed with 750 ul Buffer PE and microcentrifuged twice.

(ii) QlAquick Gel Extraction Kit

Following gel electrophoresis, the portion of the gel containing the desired band(s) was
removed, weighed and dissolved by incubation with Buffer QG (300 ul/100 mg gel, 50°C,
10 min) with intermittent vortexing. The dissolved DNA/gel mixture was mixed with
isopropanol (100 ul/100 mg gel), applied to a QlAquick column and microcentrifuged. The
column was washed with 500 pl Buffer QG, microcentrifuged, then washed with 750 pl

Buffer PE before being microcentrifuged twice.

50



2.2.4 Genomic DNA extraction

Genomic DNA from cultured cells was extracted using the lllustra tissue and cells
genomicPrep Mini Spin Kit (GE Healthcare) according to manufacturer’s instructions. Briefly,
frozen cell pellets were lysed in 100 ul Lysis buffer 1 plus 200 pg Proteinase K (15 min, 56°C;
2 min, 70°C) then incubated with 100 ug RNase A (15 min). Following incubation with 500 pl
Lysis buffer 4 (10 min), lysate was applied to a spin column (1 min, all microcentrifuge steps
at 11000 RCF), washed with 500 pl Lysis buffer 4, microcentrifuged (1 min), washed with
500 ul Lysis buffer 6 and microcentrifuged (3 min). Elution was achieved by

microcentrifugation with 200 ul pre-warmed Elution buffer 5.

2.3 Plasmid vector enzymatic reactions

2.3.1 Restriction digests

Analytical digests of plasmid preparations (400 ng) were incubated with 2-10 U restriction
enzyme (New England Biolabs Inc., hereafter NEB) in a 15-25 ul reaction for 1-3 hours using

the manufacturer’s recommended buffers and temperatures, prior to gel electrophoresis.

To facilitate the insertion of PCR-amplified sequences (e.g. mCherry) into a vector,
restriction digests were set up to cleave 5 pug of vector maxiprep and the PCR-insert
generated with primer-introduced restriction sites using manufacturer’s recommended
buffers and temperatures. When a single restriction enzyme was used, vector ends were
dephosphorylated using calf intestinal phosphatase or Antarctic phosphatase (NEB)
according to manufacturer’s instructions. Overnight digestion with Dpnl enzyme was also
used to remove template DNA from PCR products if gel extraction was not required.

Digested cloning fragments were purified as detailed in section 2.2.3.
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2.3.2 Ligation

Ligation was achieved using T4 DNA ligase (NEB) and multiple ratios of insert:vector (3:1,
5:1, 9:1) with 50 ng vector in a 20 pl reaction, incubated for 2 hours (25°C) or overnight
(16°C). Reactions were incubated for 2 hours at room temperature then drop-dialysed using

0.025 um VSWP membrane discs on Milli-Q water for 1 hour before electroporating.

Ligation of PCR products into pGEM-T Easy was performed using the pGEM-T Easy Vector
System (Promega) as per manufacturer’s instructions with 30 ng vector and molar ratios of

insert:vector between 8:1 and 1:8, then incubated etc. as above.

2.4 Electrophoresis of DNA

DNA fragments (<10 kb) were separated using agarose gel electrophoresis in 1% (w/v)
agarose gels with 1X tris-borate-EDTA buffer with 5x10°% (w/v) ethidium bromide staining.
Large DNA fragments (>10 kb) were separated using pulsed-field gel electrophoresis (PFGE)
1% (w/v) agarose gels with 0.5X tris-borate-EDTA buffer using the CHEF-DR Il system
(Bio-Rad) for 16 hours at 14°C, 6 V/cm and post-stained with 7.5x10° % (w/v) ethidium

bromide before UV-visualisation.
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2.5

2.5.1 AmpliTaqg Gold PCR

Unless specified, the AmpliTag Gold PCR System (Applied Biosystems) was used for

analytical PCR according to manufacturer’s instructions using experimentally optimised

Polymerase Chain Reaction (PCR)

annealing temperatures. The general conditions are shown in Table 2.1.

Table 2.1: Conditions for PCR using AmpliTaq Gold.

Volume per Final
PCR component k .
reaction (ul) | concentration
Water 13.4 -
10X Gold Buffer 2.0 1X
MgCl, (25 mM) 2.0 2.5mM
dNTPs (2.5mM each, 10 mM total) 0.5 | 0.25 mM total
Forward Primer (10 uM) 0.5 0.25 uM
Reverse Primer (10 uM) 0.5 0.25 uM
Taq Gold 0.1 0.25U
DNA (10 ng/ul) 1.0 -
TOTAL 20.0 -
Cycling Conditions
Temperature Time Cycles
95°C 15 min 1
95°C 30s
x°C (50-70°C) 30s 35
72°C 30-45s
72°C 10 min 1
15°C hold 1

2.5.2 KAPA HiFi PCR Kit

High fidelity cloning of sequences for incorporation into vectors (TH reporter construct in
Chapter 3 and shRNA lentiviral constructs in Chapter 5) was performed using the KAPA HiFi
PCR Kit or KAPA HiFi HotStart ReadyMix PCR Kit (KAPA Biosystems). Primers introduced
additional sequence either including restriction sites to allow ligation into the target vector
or homologous sequence to enable Gibson Assembly. PCR reactions (5 x 25 ul) were set up

according to manufacturer’s instructions using experimentally optimised annealing
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temperatures, then pooled PCR products were purified as section 2.2.3 i. The general

conditions for both kits are shown in Table 2.2.

Table 2.2: Conditions for PCR using KAPA HiFi PCR Kits.

Volume per Final
PCR component i .
reaction (ul) | concentration
Water 17.10 -
5X KAPA Hi-Fi Buffer 5.00 1X
KAPA dNTP Mix (10 mM each) 0.75 0.3 mM each
Forward Primer (10 uM) 0.75 0.3 uM
Reverse Primer (10 uM) 0.75 0.3 uM
KAPA HiFi DNA Polymerase 0.50 1U
DNA (miniprep) 0.15 -
TOTAL 25.00 -
PCR component Volul"ne per Final .
reaction (ul) | concentration
Water 10.00 -
2X KAPA Hi-Fi HotStart ReadyMix 12.50 1X
Forward Primer (10 uM) 0.75 0.3 uM
Reverse Primer (10 uM) 0.75 0.3 uM
DNA (10 ng/pl) 1.00 -
TOTAL 25.00 -
Cycling Conditions
Temperature Time Cycles
95°C 5 min 1
98°C 20s
x°C (55-70°C) 15-30's 35
72°C 20-120s
72°C 5 min 1
15°C hold 1

2.5.3 Expand High Fidelity PCR System

The Expand High Fidelity PCR System (Roche) was used to amplify sequences >2 kb prior to
homologous recombination where primers included 80 bp homology arms at the primer
5’ end, or as a first stage of sequencing to amplify a target region from BAC/PAC or genomic
DNA. PCR reactions (1-5 x 50 pl) were set up according to manufacturer’s instructions using
experimentally optimised annealing temperatures, with general conditions shown in
Table 2.3. For cloning PCR, template DNA was removed from pooled PCR products by Dpnl

digestion and purified as section 2.2.3 j. For pre-sequencing PCR, unused primers and
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nucleotides were subsequently removed by incubation (37°C, 30 min; 80°C, 15 min) with

2 ul FastAP (ThermoScientific), 0.1 ul Exonuclease | (NEB) and 0.9 ul water.

Table 2.3: Conditions for PCR using Expand High Fidelity PCR System.

Volume per Final
PCR component i .
reaction (ul) | concentration
MIX1
Water 18.00 -
dNTPs (2.5mM each, 10 mM total) 4.0 0.2 mM each
Forward Primer (10 uM) 1.0 0.3 uM
Reverse Primer (10 uM) 1.0 0.3 uM
DNA (20 ng/ul) 1.0 -
SUB-TOTAL 25.0 -
MIX 2
Water 19.25 -
Expand High Fidelity 10X Buffer 5.00 1X
with 15 mM MgCl, ) 1.5 mM MgCl,
Expand High Fidelity Enzyme Mix 0.75 26U
SUB-TOTAL 25.00 -
TOTAL 50.00
Cycling Conditions
Temperature Time Cycles
94°C 2 min 1
94°C 15s
x°C (50-60°C) 30s 30
72°C 2 min
72°C 7 min 1
15°C hold 1

2.5.4 Sanger Sequencing

For Sanger sequencing of DNA, single primers were designed >70 bp outside the region of
interest, with multiple nested pairs to cover the target region. Sequencing reactions (10 pl)
with BigDye Terminator v3.1 (Applied Biosystems) were set up in deep 96-well plates as
shown in Table 2.4. PCR products were precipitated by adding 2 ul 125 mM EDTA,
2 ul 3 M sodium acetate and 50 pl 100% ethanol to each well followed by centrifugation
(3000 RCF, 4°C, 30 min) and a further 70% ethanol wash (1650 RCF, 4°C, 15 min) before
air-drying and freezing. Sequencing was 3730xI

analysed on a DNA Analyzer

(Applied Biosystems) at the Zoology Sequencing Facility.
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Table 2.4: Conditions for Sanger Sequencing PCR.

Volume per Final
PCR component k .
reaction (ul) | concentration
Water 5.75 -
BigDye Terminator v3.1 Ready Reaction Mix 0.5 -
5X Sequencing Buffer 1.75 0.875X
Single Primer (10 uM) 1.0 0.3 uM
Plasmid DNA 1.0 -
TOTAL 10.00
Water 1.75 -
BigDye Terminator v3.1 Ready Reaction Mix 0.5 -
5X Sequencing Buffer 1.75 0.875X
Single Primer (10 uM) 1.0 0.3 uM
Purified pre-sequencing PCR from BAC/PAC -
. 5.0
or genomic DNA
TOTAL 10.00
Cycling Conditions
Temperature Time Cycles
96°C 1 min 1
96°C 10s
50°C 5s 30
60°C 4 min
60°C 4 min 1
15°C hold 1

2.6 Transformation of E. coli

2.6.1 Electroporation of E. coli

DNA (10-500 ng in 1-10 pl plasmid preparation, ligation reaction or purified PCR products)
was added to 20-50 pl electrocompetent cells (NEB 10-beta Electrocompetent E. coli (NEB)
or as described in section 2.6.2). Electroporation was performed using the GenePulser Xcell
Electroporation System (BioRad) with 0.1 cm cuvettes and pre-set protocol for E. coli
(exponential decay pulse, capacitance 25 uF, resistance 200 Q, voltage 1800V). SOC
medium (450 pl, Invitrogen) was added for recovery for 60-70 min (37°C, 225 RPM) and
subsequently spread on LB-agar plates with antibiotic(s). Plates were incubated overnight

(37°C) and colonies analysed by miniprep.
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2.6.2 Electrocompetent cell production for homologous recombination

E. coli containing a BAC/PAC were further transformed with pRed/ET with tetracycline
selection and maintenance at 30°C due to the temperature sensitive pSC101 origin of
replication. Starter cultures (16 hours, 30°C, 225 RPM) were transferred to 100 ml LB broth
and incubated (30°C, 225 RPM) until ODggyo = 0.10-0.13. Addition of L-arabinose (1.5% w/v)
induced expression of homologous recombination proteins via the pBAD promoter during
incubation (37°C, 225 RPM) until ODgg =0.30-0.35. Chilled cultures (4°C, 40 min) were
centrifuged (JLA 10.500 rotor, 6000 RPM, 4°C, 15 min) and pellets were washed three times
with 100 ml 10% glycerol with repeated centrifugation at 7000, 7500 and 7500 RPM. The

final pellet was resuspended in 150-250 ul 10% glycerol and snap frozen (-80°C) in aliquots.

2.6.3 Chemical transformation of E. coli

One Shot TOP10 and One Shot Stbl3 Chemically Competent E. coli (Invitrogen) were
transformed by heat shock as per manufacturer’s instructions. Briefly, cells were incubated
on ice (30 min) with 1-5 ul DNA then heat shocked (42°C, 30s) before recovery on ice
(2 min). Cells were incubated (37°C, 225 RPM, 1 hour) with 250 pl warm SOC medium before

selection on LB-agar plates.
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2.7 Mammalian Cell Culture

2.7.1 Immortalised cell lines

Immortalised cell lines (detailed in Table 2.5) were grown adherently in filtered tissue
culture flasks (Corning) at 37°C, 5% CO,. Passaging was performed every 3-5 days by

incubation (3 min, 37°C) with trypsin-EDTA solution followed by neutralisation with medium,

centrifugation (2880 RCF, 5 min) and resuspension in medium.

Table 2.5: Immortalised cell culture lines and media.

Cell Line

Tissue of Origin

Cell Culture Medium contents

BE(2)-M17

Human neuroblastoma

OptiMEM (Gibco)

10% foetal bovine serum (Gibco)
2mM I-glutamine (Gibco)

1X penicillin/streptomycin (Gibco)

(former medium)

DMEM High Glucose (PAA Laboratories)
10% foetal bovine serum (Gibco)

2mM I-glutamine

1% penicillin/streptomycin (Gibco)

MRC-5 SV2

Human foetal lung fibroblasts
transformed with SV40 virus

DMEM/F-12 (Gibco)

10% foetal bovine serum (Gibco)
2mM I-glutamine

1% penicillin/streptomycin (Gibco)

HEK293

Human embryonic kidney cells
transformed with sheared Ad5 DNA

DMEM High Glucose (PAA Laboratories / Sigma)
10% foetal bovine serum (Gibco Gibco)

2mM I-glutamine

1% penicillin/streptomycin (Invitrogen)

Vero 2-2

African green monkey kidney
epithelial cell clone expressing HSV-1
protein ICP27

DMEM High Glucose (PAA Laboratories / Sigma)
10% foetal bovine serum (Gibco)

2mM I-glutamine

1% penicillin/streptomycin (Gibco)

500 pg/ml G418 (Gibco)

G16.9

Gli36 (human glioma) clone
expressing HSV-1 protein VP16

DMEM High Glucose (PAA Laboratories / Sigma)
10% foetal bovine serum (Gibco)

2mM I-glutamine

1% penicillin/streptomycin (Gibco)

200 pg/ml Hygromycin B (Gibco)

58




2.7.2 Induced pluripotent stem cells

iPSC stocks from the James Martin Stem Cell Facility (see Appendix Table F) were thawed
rapidly in a water bath (37°C), transferred to 9 ml Dulbecco’s PBS without Ca**/Mg*
(hereafter DPBS’/'), centrifuged (500 RCF, 5 min) and resuspended in 1 ml mTeSR1 medium
(Stem Cell Technologies), 1X penicillin-streptomycin with 10 uM Y-27632 (hereafter ROCKi,
Tocris Bioscience). Cells were plated on 6-well plates coated with hESC-qualified Matrigel
(Corning). mTeSR1/pen-strep medium (2 ml/well) was changed daily. Single cell passaging
was performed by incubation (5 min, 37°C) with TrypLE Express (Gibco), neutralisation by
dilution with 9 ml DPBS'/', centrifugation (500 RCF, 5 min) and resuspension in medium with

ROCK:i for 24 hours. Single cells were counted by Scepter (Millipore).

2.7.3 Dopaminergic differentiation of induced pluripotent stem cells

(i) Modified method of Hartfield et al.

This protocol was published by Hartfield et al. (2014) with the addition of CHIR-99021 by
Dr J.L. Badger. Induced pluripotent stem cells (iPSCs) were provided as embryoid bodies by
the James Martin Stem Cell Facility, then plated in 6-well plates coated with Geltrex (Gibco)
with 1.5 ml neural induction medium 1 (day 1; for all media see Table 2.6). Medium was
changed 50% on day 4 and replaced with neural induction medium 2 on day 5 with further
50% changes every 2-3 days. Culture medium was replaced with BASF medium on day 11

and changed 50% every 3-4 days.

Neural structures were selected by incision with a sterile needle using a dissecting
microsope and transferred to Geltrex-coated glass coverslips in 24-well plates with final

differentiation medium. Culture medium was changed 50% every 3-4 days.
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Table 2.6: Media for dopaminergic differentiation by the Hartfield method.

Name Cell Culture Medium Contents

Neural induction medium 1 DMEM/F12 (Gibco)

2mM L-glutamine (Gibco)

1x N2 supplement (Gibco)

1 mg/ml bovine serum albumin (Sigma)
10 uM ROCKi (Calbiochem)

10 uM SB431542 (Tocris Bioscience)
200 ng/ml noggin (Gibco)

1% antimycotic/antibiotic (Gibco)

Neural induction medium 2 DMEM/F12 (Gibco)

2mM L-glutamine (Gibco)

1x N2 supplement (Gibco)

1 mg/ml bovine serum albumin (Sigma)

10 uM ROCKi (Calbiochem)

200 ng/ml human sonic hedgehog C241l N-terminus (R&D Systems)
1% antimycotic/antibiotic (Gibco)

BASF medium DMEM/F12 (Gibco)

2mM L-glutamine (Gibco)

1x N2 supplement (Gibco)

1 mg/ml bovine serum albumin (Sigma)

10 uM ROCKi (Calbiochem)

200 ng/ml recombinant human sonic hedgehog C241l N-terminus (R&D Systems)
20 ng/ml brain-derived neurotrophic factor (BDNF) (Gibco)
100 ng/ml fibroblast growth factor 8a (FGF8a) (R&D Systems)
5 ug/ml heparin (Sigma)

200 uM ascorbic acid (Sigma)

1% antimycotic/antibiotic (Gibco)

Final differentiation medium DMEM/F12 (Gibco)

2mM L-glutamine (Gibco)

1x N2 supplement (Gibco)

1x B27 supplement (Gibco)

1 mg/ml bovine serum albumin (Sigma)

20 ng/ml brain-derived neurotrophic factor (BDNF) (Gibco)

20 ng/ml glial cell-derived neurotrophic factor (GDNF) (Gibco)

1 mM N6,2'-O-dibutyryladenosine 3',5'-cyclic monophosphate (Sigma)
1 pug/ml laminin (Gibco)

200 uM ascorbic acid (Sigma)

1% antimycotic/antibiotic (Gibco))

First medium following dissection only: 10 uM ROCK:i (Calbiochem)

This method was used for Figs. 3.21A and 3.23 only.
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(ii) Modified method of Kriks et al.

This protocol was published by Kriks et al. (2011) and implemented in our laboratory by
Mrs H.A. Booth with minor modifications. iPSCs (125000 cells/cm?) were plated in 6-well
plates coated with Geltrex (Life Technologies) then grown to confluency before starting the
differentiation as day 0. Media are detailed in Table 2.7. From day 1-19, media was changed
100% and 50% on alternating days. On day 20, cells were dissociated (6-20 min) with
StemPro Accutase (Gibco), neutralised with NB medium, centrifuged (300 RCF, 5 min) and
resuspended in maturation medium with 10 pM ROCKi before counting by Scepter
(Millipore). Cells were re-plated onto plates/coverslips coated with Geltrex (Gibco) or
poly-L-ornithine, mouse laminin (Gibco) and human fibronectin in the desired format and
density per experiment, ranging from spots of 5x10* cells to an even monolayer of
3x10’ cells/cm®. On day 21, cultures were incubated with 1 pg/ml mitomycin C in NB
medium (1 hour) to remove proliferating cells and washed with neurobasal medium before
returning to fresh maturation medium. Following a 100% medium change on day 24 to

remove dead cells, medium was changed 50% every 2-3 days until use/harvest (<DIV190).

2.7.4 Harvesting of cell pellets

For analysis of protein, RNA or DNA, cultures were washed with DPBS’/', manually detached
in DPBS”, gently pelleted by microcentrifugation (400 RCF, 3-5 min) and snap frozen on dry

ice with -80°C storage.
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Table 2.7: Media for dopaminergic differentiation by the Kriks method.

Name

Cell Culture Medium Contents

KO DMEM KSR
(basal medium)

KnockOut DMEM (Gibco)

15% (v/v) KnockOut Serum Replacement (Gibco)
1X MEM non-essential amino acids (Gibco)

10 uM 2-mercaptoethanol

2 mM L-glutamine

NNB
(basal medium)

Neurobasal Medium (Gibco)
0.5X N2 Supplement (Gibco)
0.5X B27 Supplement (Gibco)
2 mM L-glutamine

NB
(basal medium)

Neurobasal Medium (Gibco)
1X B27 Supplement (Gibco)
2 mM L-glutamine

Day 0 medium

KO DMEM KSR basal medium
100 nM LDN-193189 (Sigma)
10 uM SB-431542 (Tocris Bioscience)

Day 1-2 medium

KO DMEM KSR basal medium

100 nM LDN-193189 (Sigma)

10 uM SB-431542 (Tocris Bioscience)

100 ng/ml recombinant human sonic hedgehog C24Il N-terminus (R&D Systems)
2 UM purmorphamine

100 ng/ml fibroblast growth factor 8a (FGF8a) (R&D Systems)

Day 3-4 medium

As Day 1-2 medium plus:
3 uM CHIR-99021 (Tocris Bioscience)

Day 5-6 medium

0.75X KO DMEM KSR basal medium

0.25X NNB basal medium

100 nM LDN-193189 (Sigma)

10 uM SB-431542 (Tocris Bioscience)

100 ng/ml recombinant human sonic hedgehog C24Il N-terminus (R&D Systems)
2 UM purmorphamine

100 ng/ml fibroblast growth factor 8a (FGF8a) (R&D Systems)

3 uM CHIR-99021 (Tocris Bioscience)

Day 7-8 medium

0.5X KO DMEM KSR basal medium
0.5X NNB basal medium

100 nM LDN-193189 (Sigma)

3 uM CHIR-99021 (Tocris Bioscience)

Day 9-10 medium

0.25X KO DMEM KSR basal medium
0.75X NNB basal medium

100 nM LDN-193189 (Sigma)

3 uM CHIR-99021 (Tocris Bioscience)

Day 11-12 medium

NB basal medium

3 uM CHIR-99021 (Tocris Bioscience)

20 ng/ml brain derived neurotrophic factor (BDNF) (PeproTech)

20 ng/ml glial cell line-derived neurotrophic factor (GDNF) (PeproTech)
1 ng/ml transforming growth factor B3 (TGFB3) (PeproTech)

10 uM DAPT * (abcam)

200 uM ascorbic acid (Sigma)

500 uM N6,2'-O-dibutyryladenosine 3',5'-cyclic monophosphate (Sigma)

Maturation medium
(Day 13 onwards)

As Day 11-12, without CHIR-99021

! DAPT, N-[N-(3,5-difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester.
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2.8 Immunodetection

2.8.1 Western blotting

(i) Protein lysates

Cell pellets were sonicated in RIPA buffer (50 mM tris-HCL, pH 7.4, 150 mM NacCl, 1% (v/v)
Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS) for standard Western blotting,
or in TBS (20 mM tris-HCI, pH 7.4, 140 mM NacCl) when protein dephosphorylation would
follow; cOmplete mini protease inhibitors (Roche) were added to both. After incubation on
ice (30 min), the soluble fraction was isolated by microcentrifugation (1200 RCF, 20 min,

4°C).

(ii) Bicinchoninic acid protein assay

Protein concentrations were determined by BCA assay (Sigma) with a calibration curve of
bovine serum albumin (BSA) from 0-1 pg/ul in triplicate wells. Protein lysates were diluted
10X in RIPA/cOmplete buffer before running in triplicate wells. Bicinchoninic acid solution
and 4% (w/v) copper(ll) sulphate pentahydrate in 50:1 ratio were mixed and 100 pl added to
each well before incubation (30 min, 37°C). Complexes were detected at 562 nm using a

Synergy HT plate reader (BioTek).

(iii) Western blotting

For protein dephosphorylation to reveal tau isoforms, 15-20 pug protein samples were
incubated with lambda phosphatase (NEB) (20 units/ul, 60 min, 30°C) followed by

denaturation with Laemmli buffer (Laemmli 1970) (95 °C, 10 min). Standard samples without
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dephosphorylation had 2.5-10 ug protein loading in Laemmli buffer. Protein separation was
achieved using either 10% (dephosphorylated protein blots) or 4-15% (other blots) Criterion
TGX polyacrylamide gels (Bio-Rad) in a tris-glycine running buffer, with transfer to a PVDF
membrane using the TransBlot-Turbo Transfer System (Bio-Rad) (2.5A, 12 min), or
previously by wet blotting (100 V, 70 min) to an Immobilon-P PVDF 0.45 um membrane

Millipore) in 0.048 M tris, 0.04 M glycine, 20% (v/v) methanol.
(Millipore) , glycine, (

Blots were blocked with 5% milk (Sigma) in TBS with 0.1% (v/v) Tween 20 (TBST), incubated
with primary antibody in 1% milk-TBST (overnight, 4°C), washed three times with TBST,
probed with horseradish peroxidase (HRP)-conjugated secondary antibody in 1% milk-TBST
for 1 hour at room temperature, and washed four times in TBST. Immobilon Western
Chemiluminescent HRP Substrate (Millipore) was added and chemiluminescence detected
using the Gel Doc™ XR+ System or ChemiDoc Touch System (Bio-Rad). Bound proteins were
removed using Restore Western Blot Stripping Buffer (ThermoScientific, 15 min) and
immunodetection was repeated using additional antibodies. Antibodies used in this thesis

are detailed in Table 2.8.

Table 2.8: Antibodies used in Western blotting.

Name Supplier Product Code | Concentration
a-synuclein Covance S1G-39730-200 | 1:250

B-actin abcam ab8227 1:10000
B-actin, HRP-conjugated abcam ab49900 1:20000
B3-tubulin (Tuj1) Covance MMS-435pP 1:1000
BiP/GRP78 abcam ab21685 1:1000

GBA abcam ab128879 1:500

LAMP1 abcam ab24170 1:250
LAMP2A abcam ab18528 1:500

LC3B Sigma L7543 1:1000

p62 abcam ab56416 1:500

Tau-1 clone PC1C6 Millipore MAB3420 1:1000

Tau-5 NeoMarkers | MS-247-P 1:2500-1:5000
Tau, 2N, clone 71C11 Covance Sig-39408 1:1000

Tau, 4R, repeat isoform RD4 Millipore 05-804 1:250
Tyrosine hydroxylase Millipore ab152 1:1000-1:2000
HRP-conjugated goat anti-mouse | Bio-Rad | 170-6516 1:5000
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HRP-conjugated goat anti-rabbit | Bio-Rad | 170-6515 1:5000

2.8.2 Immunocytochemistry

Cultures grown on glass coverslips were washed with Dulbecco’s PBS with Ca’'/Mg”*
(hereafter DPBS""), fixed with 4% (w/v) paraformaldehyde in DPBS"* for 10-15 min and

+/+

washed three times with DPBS Cell permeabilisation and protein blocking were
performed with 10% serum (goat or donkey, matching secondary antibody species) in PBS
0.1% Triton X-100 (PBST, 2 hours) prior to incubation with primary antibodies in PBST with
1% serum (4°C overnight). Coverslips were washed three times with PBST and incubated
with Alexa Fluor-labelled secondary antibodies (1 hour). Coverslips were washed with PBS
and incubated with 1 ug/ml DAPI in PBS (5 min) then washed with PBS. Coverslips were
mounted on glass slides with FluorSave (Calbiochem) and cells imaged using an EVOS FL

Auto Imaging System (Life Technologies) or Nikon Eclipse TE-2000-U fluorescent microscope.

Antibodies used in this thesis are detailed in Table 2.9.

Table 2.9: Antibodies used in immunocytochemistry.

Name Supplier Product Code | Concentration
B3-tubulin (Tuj1) Covance MMS-435pP 1:500
FOXA2 R&D Systems | AF2400 1:250

GFAP abcam ab4674 1:1000

GFP Aves Labs GFP-1020 1:300
mCherry Clontech 632543 1:2500
Tyrosine hydroxylase Millipore ab152 1:250-1:300
Donkey anti-goat 647 Invitrogen A21447 1:500
Donkey anti-mouse 594 | Invitrogen A21203 1:500
Donkey anti-rabbit 488 | Invitrogen A21206 1:500

Goat anti-chicken 488 Invitrogen A11039 1:500

Goat anti-chicken 647 Invitrogen A21449 1:500

Goat anti-mouse 488 Invitrogen A11001 1:500

Goat anti-mouse 594 Invitrogen A11005 1:500

Goat anti-mouse 647 Invitrogen A21236 1:500

Goat anti-rabbit 594 Invitrogen A11012 1:500

Goat anti-rabbit 647 Invitrogen A21245 1:500
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2.9 Transfection of immortalised cell lines

Cells were seeded in 12-well or 6-well plates to achieve ~50% confluency the following day.
Unless otherwise stated, plasmids transfection complexes were formed using Lipofectamine
or Lipofectamine LTX and Plus Reagent in OptiMEM (all Invitrogen) according to
manufacturer’s instructions (Table 2.10). Cells were washed 2x with OptiMEM and left in
1 ml OptiMEM before adding complexes. Transfections were left for 4 hours, washed 3x with
OptiMEM and replaced with normal medium. Cells were harvested or imaged by

fluorescence microscopy after 24-96 h.

Table 2.10: Standard conditions for plasmid transfection of immortalised cell cultures.

Component Amount per Procedure
6-well well
Tube A
OptiMEM 250 pl . .
PIZsmid DNA maxiprep 5 :lg Mix and |nct:|bate for
10 min
PLUS reagent 5ul
Tube B
OptiMEM 250 pl
Lipofectamine 16 ul Mix then add
or or drop-wise to Tube A.
Lipofectamine LTX 12.5 ul

2.10 Transcriptional analysis

2.10.1 RNA extraction

Three kits were used to extract RNA: RNAqueous Micro kit (Ambion) used in chapter 3;
RNeasy Mini and RNeasy Micro Kits (QIAGEN) used in subsequent chapters dependent on
cell number. All kits were used according to manufacturer’s instructions including DNase |

treatment. RNA concentration was determined by Nanodrop (Thermo Scientific).
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(i) RNAqueous kit

Pelleted cells were lysed in 100 pl Lysis Solution followed by 50 ul 100% ethanol before
applying to the spin cartridge by microcentrifugation, washing with 180 pl Wash Solution 1,
two washes with 180 ul Wash Solution 2/3 and a further microcentrifugation (16250 RCF,
1 min). Elution was achieved with 2x10 ul Elution Solution (75°C). Eluate (17 pl) was
incubated with 1.7 ul 10X DNase | Buffer and 1 pl DNase | (37°C, 20 min) then with 2 pl
DNase Inactivation Reagent (2 min) before microcentrifugation (16250 RCF, 1.5 min) and

collection of the supernatant.

(ii) RNeasy Mini Kit

Pelleted cells were lysed in 350 ul Buffer RLT, 1% 2-mercaptoethanol and passed through a
QlAshredder spin column (16250 RCF, 2 min). After mixing with 350 pl 100% ethanol the
lysate was applied to an RNeasy spin column by microcentrifugation (9600 RCF, 15 s
hereafter), washed with 350 ul Buffer RW1 then incubated (15 min) with 10 pl DNase |
(27 U), 70 pl Buffer RDD before washing with 350 ul Buffer RW1. Two washes with 500 pl
Buffer RPE were followed by microcentrifugation (16250 RCF, 1 min) with a fresh collection
tube, and then eluted with 30 pl water into a new tube by microcentrifugation (16250 RCF,

1 min).

(iii) RNeasy Micro Kit

Details match those of section 2.10.1 iji, with the exception of RNeasy MinElute spin
columns, until after the second Buffer RW1 wash. The column was washed once with 500 pl

Buffer RPE then with 500 ul 80% ethanol with longer microcentrifugation (9600 RCF, 2 min),
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further microcentrifugation (16250 RCF, 5 min) with a fresh collection tube and elution with

14 ul water by microcentrifugation (16250 RCF, 1 min).

2.10.2 cDNA Synthesis

(i) SuperScript Il

First-strand cDNA synthesis was performed using SuperScript Ill Reverse Transcriptase
(Invitrogen) as detailed in Table 2.11. Negative controls were made with water in place of

SuperScript enzyme.

Table 2.11: Conditions for SuperScript Il First-Strand cDNA Synthesis.

Component Volume per Final
reaction (ul) | concentration
Water 11 pl -
Total RNA (600-1000 ng) combined -
dNTPs (10 mM each) 1 0.5 mM
Random primers (150 ng/ul) 1 150 ng
SUB-TOTAL 13 -

- 6529C for 5 min, ice for 1 min

5X First-Strand Buffer 4 1X
0.1 MDTT 1 5mM
RNaseOUT RNase Inhibitor (40 U/ul) 1 2U
SuperScript Il RT (200 U/ul) 1 0ou

TOTAL 20 -

- 252C for 5 min, 552C for 60 min, 702C for 15 min

(ii) SuperScript VILO

First-strand cDNA synthesis was performed using SuperScript VILO MasterMix (Invitrogen).
RNA (100-1000 ng) and 4 ul SuperScript VILO MasterMix were made to 20 ul with water and
incubated (25°C, 10 min; 42°C, 2 hours; 85°C, 5 min). Negative controls were made by heat
inactivating the MasterMix and water (65°C, 10 min) before adding the RNA and incubating

as above.
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2.10.3 End-point RT-PCR

End-point RT-PCR was performed using AmpliTag Gold (section 2.5.1) with primers detailed

in Appendix Table D.

2.10.4 Quantitative Real-Time PCR

All gRT-PCR assays were run on a StepOnePlus System (Applied Biosystems) using either
TagMan Gene Expression Master Mix or Fast SYBR Green Master Mix (Applied Biosystems)
as detailed in Tables 2.12 and 2.13. FAM-labelled TagMan Gene Expression Assays for MAPT
were multiplexed with VIC-labelled assays for housekeeping genes (all Applied Biosystems,
Appendix Table H). A common threshold value of 0.1 was set for all TagMan assays to enable
comparison. Primers for SYBR Green expression assays are listed in Appendix Table K.
Expression of  total MAPT, RBM4  and PTBP1 were  determined as
27—(Assay C; — housekeeper geometric mean). Expression of MAPT isoforms was normalised
to total MAPT instead of housekeepers, with exon % inclusion determined by the formula

[2A—(MAPT isoform assay Cy — Total MAPT C;)]*100.
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Table 2.12: Conditions for gRT-PCR with TagMan Gene Expression Master Mix.

PCR component Volul"ne per Final .

reaction (ul) | concentration

Water 3 -
TagMan Gene Expression Master Mix (2X) 10 1X
Tau probe/primer mix (20X) FAM 1 1X
Housekeeper probe/primer mix (20X) VIC 1 1X
cDNA (1 or 2 ng/ul) 5 5o0r10ng
TOTAL 20 -

Cycling Conditions

Temperature Time Cycles
50°C 2 min 1
95°C 10 min 1
95°C 15s

40
60°C 1 min

Table 2.13: Conditions for qRT-PCR with Fast SYBR Green Master Mix.

PCR component VOIUI.“e S Final .
reaction (ul) | concentration
Water 3 -
Fast SYBR Green Master Mix (2X) 10 1X
Primer Pair (2 uM forward, 2 uM reverse) 2 200 nM each
cDNA (1 or 2 ng/ul) 5 5o0r10ng
TOTAL 20 -

Cycling Conditions

Temperature Time Cycles
95°C 20s 1
95°C 3s
60°C 30s 40
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Chapter 3: Generation and validation of a human

dopaminergic reporter

3.1 Introduction

On a cellular level, pathologically confirmed PD is characterised by the progressive loss of
dopaminergic neurons in the SNpc, and in most cases some of the remaining neurons exhibit
aggregated deposits of alpha-synuclein formed into Lewy bodies (Spillantini et al. 1997).
Despite the detection of Lewy bodies and Lewy neurites throughout the brain stem and later
within cortical regions (Braak et al. 2003), the degree of cell loss observed in the SNpc is
selective (Hirsch et al. 1988) and does not always correlate with the overall burden of Lewy
body pathology (Parkkinen et al. 2011), suggesting that SNpc neurons themselves are
particularly susceptible to the toxic processes of PD. Further, the pattern of cell loss within
the SNpc is different to the loss seen in ageing (Fearnley and Lees 1991), so PD does not

simply accelerate the process that occurs naturally.

The study of this critical cell type in situ in the brain has led to the generation of animal
models to examine the effects of genetic mutations, environmental factors and toxic insults
on the health of SNpc dopaminergic neurons as well as the impact of their loss, often
induced through potent dopaminergic toxins e.g. 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (Heikkila et al. 1984). However, the identification of these
neurons by fluorescence while alive has been difficult, as this requires a cell-type specific

promoter to drive the expression of a fluorescent protein.

Candidate promoters in mammals include the tyrosine hydroxylase gene (TH or Th) and the
pituitary homeobox 3 gene (PITX3 or Pitx3). The TH enzyme catalyses the addition of a

hydroxyl group to L-tyrosine to yield L-dihydroxyphenylalanine (L-DOPA); this reaction forms
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the rate-limiting step in the synthesis of dopamine as well as the other catecholamines
noradrenaline and adrenaline that are produced by further metabolism from dopamine. As
such this enzyme is crucial to all catecholaminergic neurons, although dopaminergic neurons
of the SNpc that form the nigrostriatal pathway are anatomically separate from populations
of noradrenergic and adrenergic neurons. Alternatively, PITX3 is a transcription factor that is
involved in the regulation of midbrain dopaminergic neurons, and is more restricted in its

expression than TH (Messmer et al. 2007).

Transgenic mice have been made carrying most of the human TH locus, comprising all exons
and introns, 2.5 kb of 5’ promoter and 0.5 kb downstream (Kaneda et al. 1991); expression
generally matched that of mouse Th but there was some ectopic expression in
non-catecholaminergic regions. Likewise, the use of limited portions of the human TH
5’ promoter — 5 kb (Nagatsu et al. 1994) or 11 kb (Kessler et al. 2003) — to drive reporter
gene expression in transgenic mice have also shown ectopic expression. Nevertheless, the
11 kb promoter construct has since been used to generate a GFP-expressing rat model with

selection of a founder line showing minimal ectopic expression (lacovitti et al. 2014).

In contrast to animal models, the study of these neurons in the brains of individuals with or
without PD is for the most part restricted to non-invasive imaging techniques, e.g. positron
emission tomography (PET), or functional magnetic resonance imaging (fMRI), which provide
only very limited observational information and cannot be manipulated. The dawn of stem
cell technology, first by differentiation of human ESCs and most recently by differentiation of
iPSCs obtained from any donor of choice, allows the study of this critical neuronal cell type

in vitro, with a large toolkit of manipulations and experimental designs available for use.

Identification of live dopamine neurons within iPSC-derived cultures has so far been
impossible due to the lack of a reliable fluorescence reporter, whether engineered into the

genome of individual clones or delivered by viral means. Nevertheless, recently a human ESC
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line has been engineered to express EGFP from one allele of PITX3 and showed >90%
co-localisation of EGFP with dopaminergic markers following differentiation to dopaminergic
neuronal cultures (Watmuff et al. 2015); this followed similar reports made in a mouse ESC
line (Zhao et al. 2004; Hedlund et al. 2008). However, the creation of genetically engineered
reporter knock-in iPSC lines for each donor individual would be impractical, so ideally a
reporter construct that can be delivered to any human cell culture would be employed.
While a fragment of the mouse Pitx3 5’ promoter has been used as a deliverable construct
for human neuroblastoma culture (Castillo-Carranza et al. 2008), it showed low expression
and no further reports have been made of constructs using this or the human PITX3

promoter.

Further to the efforts described above using portions of the human TH locus in transgenic
mice, one group attempted to generate a dopaminergic reporter for human cell culture
using minimal portions of the human TH 5’ promoter incorporated into a lentiviral construct.
Following the identification of five conserved regions in the 5’ promoter of human, mouse
and rat, the five human regions were sequentially combined, yet the construct containing all
five only showed 47% specificity in differentiated neuronal culture (Romano et al. 2005).
Their further attempts with 6.3 kb of contiguous sequence comprising the latter three
conserved regions plus the first intron of TH positioned 3’ to the GFP reporter were not
successful in cell culture using mixed TH+/TH- cells (Romano et al. 2007). Additional studies
showed that polymorphic sequences in TH intron 1 assist in regulating gene expression
(Meloni et al. 1998; Albanése et al. 2001); for example, replacement of both exon 1 and
intron 1 of endogenous mouse Th produced reporter expression in proportionally few cells,

some of which were non-catecholaminergic (Kelly et al. 2006).

The above attempts to produce a minimal human TH promoter were directed by the 9 kb

limit for packaging RNA into lentiviral particles. However, the use of such designs requires
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the removal of sequence that may still assist in regulation of gene expression. The distance
upstream of the TH translation start site before reaching the next defined locus is 95 kb and
this region could contain additional distal promoter elements beyond those that have
already been identified within the first 11 kb of 5 promoter (Kessler et al. 2003). Ideally, a
whole genomic locus with full promoter sequence would be used to generate a reporter that
is regulated in the same physiological manner as the endogenous gene; however, genomic
loci comprising all coding and regulatory sequences usually exceed the packaging limit for
lentiviruses so require an alternative strategy. Whole genomic loci can be cloned into
bacterial artificial chromosomes (BACs) or P1-derived artificial chromosomes (PACs) up to a
few hundred kilobases long. Herpes simplex virus-1 (HSV-1) amplicons, which can package
152 kb of any DNA construct containing the viral packaging signal, are therefore suitable for
packaging of large BACs/PACs for cellular delivery of entire genomic loci (Wade-Martins et
al. 2001). This enables the use of an entire genomic locus rather than minimal promoter
elements to drive reporter gene expression. Further, manipulation of large DNA constructs
such as BACs/PACs requires particular tools, namely homologous recombination by Red/ET
recombination (Zhang et al. 2000) rather than restriction digest and ligation, and separation

of DNA by pulsed-field gel electrophoresis (PFGE).

Despite the difficulty of manipulating and utilising BAC/PAC constructs, they are invaluable
as a tool for studying gene expression and for enabling expression of alternatively spliced
gene products. For this reason they have been widely used to generate stable transgenic
animal models that maintain the physiological regulation of the donor locus. However,
studies also support a physiological regulation of expression when BAC/PAC constructs are
delivered to animals and cell culture by HSV-1 amplicon transduction. For example,
physiological regulation of splicing has been shown by delivery of the CDKN2 region to
glioma cells that rescued expression of three correctly-spliced encoded mRNAs along with

concomitant growth inhibition (Inoue et al. 2004), and by delivery of the human MAPT locus
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to mouse primary cultures that subsequently expressed splice isoforms corresponding to
both 3R and 4R tau (+ exon 10) (Peruzzi et al. 2009). Cell-type specific expression has been
shown through delivery of the gonadotropin-releasing hormone gene GnRH to the brains of
AGnRH mice where expression was generally restricted to the expected brain regions unlike
constitutive GFP expression (Jeong et al. 2007); this concept has been shown further by the
expression of lacZ from glutamatergic neuron-specific promoters (PAG, VGLUT1) and a
GABAergic neuron-specific promoter (GAD67), which each showed ~90% cell-type specificity
of expression when injected into rat cortex (Rasmussen et al. 2007). Finally, HSV-1 amplicons
are capable of demonstrating expression that is dependent on cell state, as evidenced by the
delivery of the low density lipoprotein receptor (LDLR) locus to ALdIr cells whereby the levels
of expressed LDLR were capable of being repressed by sterols as would be seen with
endogenous expression (Lufino et al. 2007), supporting the concept that episomal genomic

DNA constructs can exert physiological gene expression.

3.1.1 Aims of the Chapter

* To detail the generation of a deliverable dopaminergic neuronal reporter using the
entire genomic locus of human TH to control expression. This novel PAC-based
approach includes all regulatory elements found in the 5’ promoter, exons, introns
and 3’ downstream sequences, replacing only the coding portion of exon 1 with a
self-contained fluorescent protein cassette. As a result, the expression of the
fluorescence reporter is driven by the native TH promoter but does not allow
transcription from the remaining exons of TH contained within the PAC.

* To detail efforts to validate expression from the construct in TH+ and TH-

immortalised cell lines and in iPSC-derived dopaminergic neuronal cultures.
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3.2 Methods

3.2.1 Plasmids and primers used in the construction of TH-PAC reporters

For full lists of plasmids and primers used in this chapter, see Appendix Tables A-C. Of special
mention, BAC RP11-542J6 containing the human TH locus from chrl1p15.5 was previously
sub-cloned into a PAC by Mr S.P. Shorkey to eliminate the remaining loci (IGF2, INS, ASCL2,
Cllorf21 and TSPAN32 as per UCSC Genome Browser GRCh38/hg38 Assembly), leaving
~70 kb upstream of the translation start site and 0.7 kb downstream of the 3’ untranslated

region (3’ UTR) (S.P. Shorkey, MSc Dissertation, Hilary Term 2012).

3.2.2 Retrofitting of plasmids with HSV-1 amplicon sequences

Reporter constructs were retrofitted with HSV-1 amplicon sequences by Cre-mediated
recombination with retrofitting plasmids pEHHG (Wade-Martins et al. 2001) or pH-FRT-Hy
(Alegre-Abarrategui et al. 2009) by a modified method of Lufino et al. (2011). Inverted ratio
combinations of 50-100 ng PAC-based reporter construct and 1-2 pg retrofitting plasmid
were used in 30 pl reactions in 1X Cre buffer with 1 ul Cre recombinase (Novagen). Reactions
were incubated (37°C, 1 hour) then heat-inactivated (70°C, 5 min) before dialysing on
0.025 um VSWP filters (Millipore) over MilliQ water for 2 hours then electroporated into
E. coli (15 ul reaction, 20 ul bacteria; see section 2.6.1) for selection by both the antibiotic(s)

of the reporter construct and the ampicillin resistance of the retrofitting plasmids.
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3.2.3 Production and use of HSV-1 based amplicons

(i) Packaging of HSV-1 based amplicons

Improved helper virus-free packaging (Saeki et al. 2001) was performed according to
published protocols (Lufino et al. 2011). Briefly, 1x10° Vero 2-2 cells were seeded in 6 cm
dishes in DMEM Complete medium (without G418), six dishes per retrofitted TH-PAC
construct and three dishes per unmodified retrofitting plasmid for controls due to the
increased transfection efficiency of and viral titres from these smaller constructs. After 24
hours, each dish of Vero 2-2 cells was co-transfected with 1.8 ug retrofitted TH-PAC (or
0.6 ug unmodified retrofitting plasmid for controls), 2 pug fHSVApacA27 0++ (Saeki et al.
2001) and 0.2 pg pEBHICP27 (Saeki et al. 2001); all DNA was incubated with 10 pl/dish PLUS
reagent (Invitrogen) in 250 pl/dish OptiMEM (Gibco) followed by drop-wise addition of
23 pl/dish Lipofectamine (Invitrogen) in 250 pl/dish OptiMEM and incubation for 30-40 min
for complex formation then topped up with OptiMEM to a final volume of 1.5 ml/dish. Cells
were washed twice with 2.5 ml OptiMEM before replacement with diluted complexes. After
four hours, cells were washed three times with 2.5 ml OptiMEM then replaced with 3.5 ml
packaging medium (DMEM high glucose [Sigma], 6% [v/v] foetal bovine serum,
1X penicillin-streptomycin, 1X L-glutamine, 25 mM HEPES [all Gibco]). After 72 hours, cells
were detached by scraping and cells and medium were pooled in a 50 ml Falcon tube for all
dishes per amplicon then frozen on dry ice. Tubes were thawed in water (~30°C) prior to
sonication to break cell membranes (50% amplitude, 30 s for six dishes or 20 s for three
dishes). Debris was removed by centrifugation (2450 RCF, 15 min, 4°C) then the supernatant
was filtered (0.22 um) into a SW32Ti ultracentrifuge tube with additional ice-cold PBS and an
underlay of 5 ml ice-cold 30% sucrose in PBS before ultracentrifugation (SW32Ti,

22,000 RPM, 2 hours, 4°C). After rapid aspiration of the supernatant the pellet was
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resuspended in 250 pl medium (DMEM Complete medium or base for Final medium from

iPSC differentiation without growth factors) and stored as aliquots at -80°C.

(i) Titration of HSV-1 based amplicons

Titration of amplicons was carried out in G16.9 cells (Inoue et al. 2004) with detection either
by EGFP fluorescence (pEHHG-retrofitted) or X-gal staining (pH-FRT-Hy) also as described
(Lufino et al. 2011). Briefly, 4x10°> G16.9 cells were seeded per well of 24-well plates in
DMEM Complete medium (without Hygromycin B). After 24 hours, medium was replaced
with the following volumes of amplicons diluted to 250 pl in titration medium (DMEM high
glucose [Sigma], 2% foetal bovine serum, 1X penicillin-streptomycin, 1X L-glutamine, 25 mM
HEPES [Gibco]): 5 ul, 2 ul, 0.5 ul, 0.1 pl, 0.02 ul, 0.004 ul. For EGFP-expressing constructs,
fluorescence was examined after 24 hours and counted as described below. For
lacZ-expressing constructs, cells were fixed with 250 ul 2% formaldehyde, 0.05%
glutaraldehyde in PBS for 10 min, washed twice with PBS, then incubated overnight (37°C)
with X-gal solution (PBS with 1 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside,
5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl,). EGFP+ or X-gal+
cells were counted in six fields of view across the well using the eyepieces of a Nikon Eclipse
TE-2000U inverted fluorescence microscope. The calculation for titre was as follows for a
chosen dilution with fewer than ~100 positive cells per field of view, where the area of the

well corresponds to 151 fields of view:

Mean number of transduced cells x 1000 x 151 = number of transducing particles/ml
pl virus in the counted well

Later testing and modification of the protocol resulted in the following changes.
Lipofectamine LTX (20 ul) was used in place of Lipofectamine (23 pl) with only 10-15 min

incubation to form complexes; complexes did not require removal by washing so after four
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hours medium was topped up to 3.5 ml per dish with packaging medium. Finally,
resuspended amplicons were briefly centrifuged (1000 RCF, 5 min, 4°C) to pellet any

remaining debris before application to cells, providing a marked visual improvement.

(i) Transduction using HSV-1 based amplicons

Cultures of immortalised cells or iPSC-derived dopaminergic neurons were transduced with
HSV-1 based amplicons by first diluting amplicons in culture medium according to the
desired multiplicity of infection (MOI) and then using this to replace the medium already on
the cells. As the titres of amplicons were usually low, this necessitated the MOI to be <2 and
often <1. The additional method of ‘spinoculation’ assisted in concentrating the amplicons
closer to the cell layer: after adding the diluted amplicons to the cells, culture plates were
centrifuged (20 min, 1500 RCF, 30°C; then 40 min, 700 RCF, 30°C). Amplicons were

incubated with cells for 24 hours to maximise transduction.

3.2.4 Nucleofection of induced pluripotent stem cells

Attempts were made to nucleofect iPSCs with mCherry-3’UTR TH-PAC pEHHG by Amaxa
nucleofection (Lonza), with pmaxGFP (Lonza) and pEHHG as controls. ROCKi was added to
iPSCs 1-2 hours before use. iPSCs were washed with DPBS, incubated with TrypLE (3 min,
37°C) then added to 9 ml DPBS with ROCKi. After counting by Scepter, the cells to be
nucleofected (8x10°-1x10°) were pelleted by centrifugation (115 RCF, 3 min). Wells of
Geltrex-coated plates were prepared with mTeSR1/penicillin-streptomycin/ROCKi;
non-nucleofected cells were then added to their wells. For nucleofection, pelleted cells were
re-suspended in 100 ul Amaxa Nucleofector Solution, followed by the addition of 2-5 ug

endotoxin-free DNA in <10 ul water, prepared by NucleoBond Xtra Maxi EF (Machery-Nagel).
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The cell:DNA mix was electroporated using an Amaxa Nucleofector | (Lonza) on programme
B-16. Cells were immediately diluted with 500 ul pre-warmed mTeSrl/penicillin-
streptomycin/ROCKi and transferred to the prepared Geltrex-coated well. After 24 hours,

medium was changed to remove ROCKi and changed daily.
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3.3 Results

3.3.1 Generation of 1° generation TH-PAC reporters

A first generation TH-PAC reporter was constructed in two stages: construction of a
fluorescent protein reporter cassette containing a selectable resistance marker;
replacement of the coding portion of TH exon 1 with the reporter cassette by homologous

recombination (Fig. 3.1).
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unaltered TH = 7877 bp full transcript

TH promoter 1/1b 2 3 4 5 6 7 8 9 10 1 12 13 14  downstream
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Figure 3.1: 1% generation human TH fluorescent reporter constructs.

Schematic of the overall process to generate a PAC-based fluorescent reporter to visualise
cells that normally express tyrosine hydroxylase, i.e. dopaminergic neurons. ‘Retrofitting’
denotes a recombination with a plasmid containing the packaging signal of herpes simplex
virus-1 (HSV-1) in order to make infectious BAC/PAC amplicons (iBACs). The initial strategy
was designed by Dr E. Hartfield.

First, the fluorescent protein reporter cassette was constructed in pGEM-T containing three
polyadenylation (polyA) signals. To add a new resistance marker, the chloramphenicol
acetyltransferase sequence inclusive of bacterial promoter was amplified by high-fidelity

PCR and ligated into Sacll-Spel digested pGEM-T/PolyAx3 plasmid (Fig. 3.2A). Correct
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colonies selected on chloramphenicol were confirmed by Ncol and Pvull analytical digests
(Fig. 3.2B). To insert the mCherry sequence, pGEM-T/PolyAx3 was double digested with Apal
and Sacll (Fig. 3.2C) and the product of mCherry high-fidelity PCR (Fig. 3.2D) was ligated in,

with correct bacterial colonies confirmed by Apall analytical digest (Fig. 3.2E).

A vV D
bp . After Dpnl and
bp 5PCRreplicates  Apgl-Sacll digests
00— Y o <« PGEM-T PolyAx3 800 _ -
digested (3.38 kb) 600 — ws —_— s e o s <— mCherry PCR
1000 ~ = - - (735 bp)
—
el
B pGEM-T CAT/PolyAx3 C ‘% s E PGEM-T mCherry/CAT/PolyAx3
@ P
— = 2 I
§ § s 2 incorrect  correct
b| | b b
P p p w
3000 — -y e
. ey 2500~ T -w-w
1500 —
— 4000 — Wi <— PGEM-T CAT/ - e o e = -
. PolyAx3 digested 1000 = - ww == <—Extracutsite
800 — - (4.31 kb) - in mCherry

400 —

Figure 3.2: Incorporation of the chloramphenicol and mCherry sequences by restriction
digest and ligation to form the 1* generation reporter cassette.

(A) Purified pre-ligation components after Sacll-Spel digestion: V, vector pGEM-T PolyAx3;
I, insert PCR of full chloramphenicol acetyl-transferase (CAT) sequence, including promoter,
from the BAC backbone (pBACe3.6) of RP11-542J6 BAC.

(B) Ncol and Pvull analytical restriction digests of plasmid maxiprep from a colony with
correctly ligated pGEM-T CAT/PolyAx3. Each enzyme cuts once within the CAT sequence to
show correct insertion, as well as one (Ncol) or two (Pvull) cuts in the vector backbone. Ncol
digest bands: 3610 bp, 736 bp. Pvull digest bands: 2564 bp, 1297 bp, 485 bp.

(C) Gel purification of the acceptor vector, Apal-Sacll digested pGEM-T CAT/PolyAx3, prior to
mCherry ligation.

(D) Insert PCR of mCherry sequence from an mCherry expression plasmid (gift from Roger
Tsien laboratory) with subsequent Apal-Sacll digestion of the PCR ends ready for ligation.

(E) Apall analytical restriction digests of plasmid minipreps following ligation to insert
mCherry. Correctly ligated pGEM-T mCherry/CAT/PolyAx3 has 3 digest fragments due to a
restriction site within mCherry. Apall digest bands for incorrect pGEM-T/CAT/PolyAx3:
3100 bp, 1246 bp. Apall digest bands for correct pGEM-T/mCherry/CAT/PolyAx3: 2767 bp,
1246 bp, 1020 bp.
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Figure 3.3: Long-range PCR of the 1% generation mCherry cassette for homologous
recombination with TH-PAC.

(A) Schematic of the PCR amplification of the entire mCherry cassette using primers that
each add 80 bp of sequence homologous to the sequences flanking the coding portion of
human TH exon 1.

(B) Long-range PCR of mCherry/CAT/PolyAx3 before and after Dpnl digest and purification.

The second step was to insert the reporter cassette into TH-PAC by homologous
recombination. The sequence-verified fluorescence cassette was amplified by high-fidelity
long-range PCR (Fig. 3.3) and electroporated into E. coli containing the subcloned TH-PAC
and plasmid pRed/ET, which encodes both a 5’-3’ exonuclease and a single-stranded DNA
binding protein that are required for homologous recombination. Subsequent growth at
37°C caused the loss of pRed/ET and permitted homologous recombination to produce
mCherry-TH PAC; selection with chloramphenicol allowed only correct recombinants
containing the mCherry/CAT/PolyAx3 cassette to grow. Colonies with the correct presence
of both 5’ and 3’ insert junctions (Fig. 3.4A), insert sizes (Fig. 3.4B) and overall analytical
digest patterns (Fig. 3.4C) were sequenced to obtain a verified intact reporter construct

90 kb in length that had maintained the remaining TH exons 2-14 (Fig. 3.4D).
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Figure 3.4: Verification of the identity of 1* generation recombinants by analytical PCR and
restriction digest.

(A) Junction PCR to show the presence of the recombined cassette. Schematic shows the
positions of the 5’ (left) and 3’ (right) junction primers that span the junction of homologous
recombination. * represents a colony that has lost one PolyA signal.

(B) Pre-sequencing PCR to amplify the entire inserted region using primers 5 F and 3’ R on
the schematic in (A).

(C) Pulsed-field gel showing SgrAl and Spel analytical restriction digests of maxiprep from a
colony with sequence-verified correctly recombined mCherry-TH PAC. Each enzyme cuts
once within the mCherry cassette to show correct insertion, as well as one (SgrAl) or three
(Spel) cuts in the TH promoter. Note that the SgrAl digest lane still shows some linearised
plasmid with one cut only (90 kb band). SgrAl digest bands: 61 kb, 29 kb. Spel digest bands:
50 kb, 19 kb, 11 kb, 10 kb.

(D) PCR to show the continued presence of all remaining exons of TH in mCherry-TH PAC.

To increase the efficiency of delivery to cell types that are difficult to transfect, the reporter
construct was enhanced by the addition of cis sequences required for packaging as herpes
simplex virus 1 (HSV-1) amplicons; the process of adding the HSV-1 sequences is referred to
hereafter as retrofitting. These sequences are present on plasmids pEHHG (Wade-Martins et
al. 2001) and pH-FRT-Hy (Alegre-Abarrategui et al. 2009) along with constitutive reporters
EGFP and lacZ respectively under the control of the HSV-1 IE4/5 promoter (Fig. 3.5A). The

benefits of having a constitutive reporter are two-fold: first, it is necessary for quantification
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Figure 3.5: ‘Retrofitting’ of 1% generation mCherry-TH PAC by Cre-mediated
recombination.

(A) Schematics of HSV-1 amplicon retrofitting plasmids pH-FRT-Hy and pEHHG, carrying
reporter sequences LacZ and EGFP respectively.

(B) Pulsed-field gel showing Sall analytical restriction digests of maxipreps of unretrofitted
and retrofitted mCherry-TH PAC. Sall enzyme cuts once within the retrofitting plasmid to
show correct recombination without concatamerisation, in addition to two cuts in the TH
promoter. Sall digest bands for unretrofitted mCherry-TH PAC: 72 kb, 18 kb. Sall digest
bands for mCherry-TH PAC pEHHG: 61 kb, 24 kb, 18 kb. Sall digest bands for mCherry-TH
PAC pH-FRT-Hy: 59 kb, 24 kb, 18 kb.

of viral titres, wherein X-gal staining for lacZ may be used without reducing the number of
fluorescence channels available in downstream experiments; second, in the case of cell-type
specific reporters, such as the one generated here, it allows determination of which cells
have received the construct, from which to determine the proportion of cells that express
both the constitutive and cell-type specific reporter. Therefore, mCherry-TH PAC was
retrofitted by addition of either pEHHG or pH-FRT-Hy through Cre-mediated recombination
at loxP sites with successful colonies selected by three antibiotics: ampicillin for the
retrofitting plasmid, kanamycin for the PAC backbone and chloramphenicol for the
mCherry/CAT/PolyAx3 cassette (Fig. 3.5B). Many permutations of ratios of PAC to

retrofitting plasmid were attempted for the reactions, which are also sensitive to DNA
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quality, and it was found that the inverse molar ratio, i.e. high excess of small plasmid, e.g.
50 ng PAC : 1 ug plasmid (approximately 1:180 molar ratio) was the most successful.
However, even after several attempts, the pEHHG-retrofitted reporter could only be
obtained as a concatamer (data not shown), and was subsequently ‘de-retrofitted’ using
Cre-mediated recombination without the addition of other plasmids in order to leave only

one copy of pEHHG within the final construct as per correct Sall analytical digest (Fig. 3.5B).
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Figure 3.6: Identification of TH-positive and TH-negative immortalised cell lines.

(A) TH immunoblot of immortalised cell lines to identify positive and negative controls for
testing of reporter specificity. Immunostaining for rabbit anti-TH (Millipore, AB152),
followed by re-probing with rabbit anti-beta actin (abcam, ab8227).

(B) TH immunocytochemistry of BE(2)M17 and HEK293 lines to confirm 100% and 0% TH"
identity respectively. No endogenous EGFP fluorescence was detected as these are
untransfected cells. Secondary antibody only controls included to show specificity of
fluorescent signal. Bright field and fluorescence images. Scale bars, 100 um.
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3.3.2 Testing of 1°* generation TH-PAC reporters

The expression and specificity of 1** generation TH-PAC reporter constructs were tested in
immortalised cell lines. Three human cell lines were examined for their expression of TH by
Western blot (Fig. 3.6A) and immunocytochemistry (Fig. 3.6B): BE(2)M17 cells, a
dopaminergic cell line derived from a neuroblastoma that had metastasised to bone
marrow, were confirmed as wholly TH+; MRC-5 SV2 cells, foetal lung fibroblasts transformed
with SV40 virus, and HEK293 cells, embryonic kidney cells transformed with a portion of
Adenovirus 5 DNA, were both confirmed as TH-. Transfection of the pre-retrofitted
mCherry-TH PAC reporter construct into both BE(2)M17 cells and HEK293 cells yielded a
small number of red fluorescent mCherry-expressing cells (Fig. 3.7). This confirmed that the
construct was capable of promoting mCherry expression; however, it did not suggest that it

was specific to TH+ cells.

A mCherry mCherry
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mCherry-3'"UTR
TH-PAC
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Figure 3.7: Transfection of 1% generation unretrofitted mCherry-TH PAC showed
expression of mCherry by fluorescence microscopy.

Bright field and fluorescence images for (A)BE(2)M17 and (B) HEK293 cells. Live
fluorescence of mCherry expression is seen in both TH+ and TH- cell lines. Scale bars,
100 pm.
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Following retrofitting of mCherry-TH-PAC with pH-FRT-Hy and subsequent production of
HSV-1 amplicons, transduction did not yield detectable mCherry fluorescence in an initial
test of infected cells (data not shown). However, retrofitting with pEHHG followed by
plasmid transfection of BE(2)M17 and HEK293 cells produced constitutive EGFP-expressing
cells with 18% and 43% of these co-expressing mCherry respectively (Fig. 3.8-3.9). These
data revealed two problems with the construct: first, the degree of expression from the TH
promoter was poor, as it was expected that all BE(2)M17 cells expressing EGFP should co-
express mCherry given that all cells are TH+; second, the construct lacked specificity in that

mCherry expression was produced even in a TH- cell line.
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Figure 3.8: Transfection of BE(2)M17 cells with 1* generation pEHHG-retrofitted mCherry-
TH PAC showed partial co-expression of mCherry and EGFP by fluorescence microscopy.
Bright field and fluorescence images for BE(2)M17 cells. Transfection with the dual-coloured
reporter construct generated mCherry/EGFP co-expressing cells representing 18% of EGFP
expressing cells. Transfection with the EGFP-containing pEHHG retrofitting plasmid alone
only showed EGFP expression. Scale bars, 100 um.
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Figure 3.9: Transfection of HEK293 cells with 1* generation pEHHG-retrofitted mCherry-TH
PAC showed partial co-expression of mCherry and EGFP by fluorescence microscopy.

Bright field and fluorescence images for HEK293 cells. Transfection with the dual-coloured
reporter construct generated mCherry/EGFP co-expressing cells representing 43% of EGFP
expressing cells. Transfection with the EGFP-containing pEHHG retrofitting plasmid alone
only showed EGFP expression. Scale bars, 100 um.
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3.3.3 Generation of 2" generation TH-PAC reporters

It was hypothesised that the problem of poor expression of mCherry from the TH promoter
could be due to transcription continuing beyond the mCherry sequence and into the
bacterial promoter and chloramphenicol acetyltransferase sequence before reaching a
signal for polyadenylation. The fluorescent reporter cassette was redesigned to incorporate
a 3’UTR with polyadenylation signal after the mCherry coding sequence to separate it from
the neighbouring bacterial elements (Fig. 3.10). Given the need to begin the reporter
construction again from an early stage, the opportunity was taken to generate an alternative
reporter using EGFP in place of mCherry. The EGFP sequence was amplified by high-fidelity

PCR (Fig. 3.11A) and ligated into Apal-Sacll digested pGEM-T CAT/PolyAx3 (Fig. 3.11B), then
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Figure 3.10: 2™ generation human TH fluorescent reporter constructs.

Schematic of the overall process to generate 2" generation PAC-based fluorescent reporters
to visualise cells that normally express tyrosine hydroxylase, i.e. dopaminergic neurons. Both
mCherry and EGFP versions were designed, as shown by two possible cassettes for
replacement of the coding portion of exon 1. These cassettes differed from the
1% generation cassettes by the incorporation of a 3’ UTR-polyadenylation sequence after the
mCherry or EGFP coding sequences, which required a repeat of the construction from an
early stage. ‘Retrofitting’ denotes a recombination with a plasmid containing the packaging
signal of HSV-1 in order to make infectious BAC/PAC amplicons (iBACs).
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Figure 3.11: Incorporation of the EGFP sequence by restriction digest and ligation.
(A) Insert PCR of EGFP sequence from pEHHG with subsequent Apal-Sacll digestion of the
PCR ends ready for ligation.
(B) Purified pre-ligation components after Apal-Sacll digestion: |, insert PCR of EGFP;
V, vector pGEM-T CAT/PolyAx3.
(C) Bgll-BsrGl analytical restriction digests of plasmid minipreps following ligation to insert
EGFP. Correctly ligated pGEM-T EGFP/CAT/PolyAx3 has a diagnostic 898 bp fragment due to
a restriction site within EGFP replacing one lost by Apal-Sacll. Bgll-BsrGl digest bands for

incorrect pGEM-T CAT/PolyAx3: 2819 bp, 1318 bp, 209 bp. Bgll-BsrGl digest bands for
correct pGEM-T EGFP/CAT/PolyAx3: 2826 bp, 1318 bp, 898 bp.

colonies displaying the correct Bgll-BsrGl analytical digest pattern (Fig. 3.11C) were
sequenced to verify correct insertion of EGFP. To select a suitable insert to follow mCherry
or EGFP, the sequences of all of the available DsRed2 and mCherry expression plasmids
available from Clontech were compared to identify the 3’UTR and polyadenylation sequence
that is common to all. This sequence was amplified by high-fidelity PCR (Fig. 3.12A) and
ligated into Sacll-digested PGEM-T/mCherry/CAT/PolyAx3 (Fig. 3.12B) and
PGEM-T/EGFP/CAT/PolyAx3 (Fig. 3.12C). Colonies with the insert in the correct orientation
were identified by analytical digest: Swal-Ncol for the mCherry construct (Fig. 3.12D) and
Swal-Bgll for the EGFP construct (Fig. 3.12E). Long-range PCR of the mCherry (Fig. 3.13A) and
EGFP (Fig. 3.13B) constructs was performed prior to electroporation into E. coli containing
TH-PAC and pRed/ET with chloramphenicol selection for the presence of the reporter

cassette. As for the 1% generation construct, successful colonies were confirmed for both
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mCherry-3’UTR TH-PAC (Fig. 3.14) and EGFP-3’'UTR TH-PAC (Fig. 3.15) by verifying insert
junctions (A), insert sizes (B), Spel analytical digest (C) and the remaining presence of

exons 2-14 (D) along with full verification by sequencing.

A 5 PCR replicates B v v
bp b
— P T PGEM-T mCherry/

400 — e , 5000 _! —— - 4 /PolyAx3
- & & @& & <3 URPlyA digested (5.03 kb)
200 — (265 bp) - §
s
- 3’ UTR-PolyA PCR
200 — o - = digested (0.25 kb)
c D pGEM-T mCherry/3’UTR-PolyA/ E PGEM-T EGFP/3’UTR-PolyA/
/PolyAx3 /PolyAx3
incorrect correct incorrect correct
\ \Y orientation orientation
[ - -
bp bp S —— — bp
5000 —- <— PGEM-T EGFP/ '
~v : [PolyAx3 4000 — - - 3000 - g[S &S =
— digested (5.04 kb) i. et
[— 1500 — =
1000 — ! - 1000 - 48
600 — d
- o=
-

Figure 3.12: Incorporation of the 3’ UTR-polyadenylation sequences into 2" generation
constructs by restriction digest and ligation.

(A) Insert PCR of 3’ UTR-PolyA sequence from pDsRed2-C1 with subsequent Sacll digestion
of the PCR ends ready for ligation.

(B) Purified pre-ligation components after Sacll digestion: |, insert PCR of 3’ UTR-PolyA;
V, vector pGEM-T mCherry/CAT/PolyAx3.

(C) Purified pre-ligation components after Sacll digestion: V, vector pGEM-T
EGFP/CAT/PolyAx3.

(D) Swal-Ncol analytical restriction digests of plasmid minipreps following ligation to insert
3’ UTR-PolyA into the mCherry construct. As ligation was of ends cut with a single enzyme,
the correct orientation was determined by the single Swal cut. Swal-Ncol digest bands for
incorrect orientation: 4025 bp, 966 bp, 289 bp. Swal-Ncol digest bands for correct
orientation: 4025 bp, 735 bp, 520 bp.

(E) Swal-Bgll analytical restriction digests of plasmid minipreps following ligation to insert 3’
UTR-PolyA into the EGFP construct. As ligation was of ends cut with a single enzyme, the
correct orientation was determined by the single Swal cut. Swal-Bgll digest bands for
incorrect orientation: 3051 bp, 1318 bp, 920 bp. Swal-Bg/l digest bands for correct
orientation: 2820 bp, 1318 bp, 1151 bp.
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Figure 3.13: Long PCR amplification of the 2™ generation mCherry and EGFP cassettes for
homologous recombination with TH-PAC.

(A) PCR of mCherry/3’UTR-PolyA/CAT/PolyAx3 before and after Dpnl digest and purification.
(B) PCR of EGFP/3’UTR-PolyA/CAT/PolyAx3 before and after Dpnl digest and purification.
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Figure 3.14: Verification of the identity of 2™ generation mCherry recombinants by
analytical PCR and restriction digest.

(A) Junction PCR to show the presence of the recombined cassette. Schematic shows the
positions of the 5’ (left) and 3’ (right) junction primers that span the junction of homologous
recombination. * represents a colony lacking the junction.

(B) Pre-sequencing PCR to amplify the entire inserted region using primers 5 F and 3’ R on
the schematic in (A).

(C) Pulsed-field gel showing Spel analytical restriction digests of maxiprep from a colony with
sequence-verified correctly recombined mCherry-3’"UTR TH PAC. The enzyme cuts once
within the mCherry cassette to show correct insertion, as well as three cuts in the TH
promoter. Spel digest bands: 51 kb, 19 kb, 11 kb, 10 kb.

(D) PCR to show the continued presence of all remaining exons of TH in mCherry-3’UTR
TH-PAC.
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Figure 3.15: Verification of the identity of 2™ generation EGFP recombinants by analytical
PCR and restriction digest.

(A) Junction PCR to show the presence of the recombined cassette. Schematic shows the
positions of the 5’ (left) and 3’ (right) junction primers that span the junction of homologous
recombination. * represents a colony lacking the junction.

(B) Pre-sequencing PCR to amplify the entire inserted region using primers 5 F and 3’ R on
the schematic in (A).

(C) Pulsed-field gel showing Spel analytical restriction digests of maxiprep from a colony with
sequence-verified correctly recombined EGFP-3’UTR TH-PAC. The enzyme cuts once within
the EGFP cassette to show correct insertion, as well as three cuts in the TH promoter. Spel
digest bands: 51 kb, 19 kb, 11 kb, 10 kb.

(D) PCR to show the continued presence of all remaining exons of TH in EGFP-3’UTR TH-PAC.

Finally, Cre-mediated recombination was also repeated to generate dual-reporter constructs
that were ready for packaging as HSV-1-based amplicons. The mCherry-3’UTR TH-PAC
construct was retrofitted with pH-FRT-Hy and pEHHG (Fig. 3.16A-B), but due to the use of
EGFP under the TH promoter, EGFP-3’UTR TH-PAC was only retrofitted with the

lacZ-expressing plasmid pH-FRT-Hy (Fig. 3.16C).
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Figure 3.16: ‘Retrofitting’ of 2™ generation reporters by Cre-mediated recombination.
Pulsed-field gels showing Sall analytical restriction digests of maxipreps of unretrofitted and
retrofitted 2™ generation TH-PAC reporters. Sall enzyme cuts once within the retrofitting
plasmid to show correct recombination without concatamerisation, in addition to two cuts
in the TH promoter.

(A) Unretrofitted mCherry-3’UTR TH-PAC. Sall digest bands: 72 kb, 18 kb.

(B) pEHHG and pH-FRT-Hy retrofitted mCherry-3’UTR TH-PAC. Sall digest bands for
mCherry-3’"UTR TH-PAC pEHHG: 61 kb, 24 kb, 18 kb. Sall digest bands for mCherry-3’'UTR
TH-PAC pH-FRT-Hy: 59 kb, 24 kb, 18 kb.

(C) pH-FRT-Hy retrofitted EGFP-3’UTR TH-PAC. Sall digest bands: 59 kb, 24 kb, 18 kb.

3.3.4 Testing of 2™ generation TH-PAC reporters in neuroblastoma cells

Transfection of all three 2™ generation TH-PAC reporters into BE(2)M17 cells yielded good
reporter efficiency of expression (Fig. 3.17). This was particularly shown for the pEHHG
retrofitted construct (top row) by the co-expression of constitutive EGFP and TH-promoted
mCherry in 80% of transfected cells. Further, the two single-fluorescence constructs
retrofitted with pH-FRT-Hy showed good expression of mCherry or EGFP respectively
without any bleed-through between channels (middle rows) and no expression was
detected in the mock transfection (bottom row). Interestingly, further testing of the dual-
fluorescent reporter (mCherry-3’UTR TH-PAC pEHHG) in two TH- cell lines, MRC-5 SV2 and
HEK293, also yielded high co-expression of mCherry with EGFP at approximately 90%

(Fig. 3.18).
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Figure 3.17: Transfection of BE(2)M17 dopaminergic cells with 2™ generation constructs.
Bright field and fluorescence images for BE(2)M17 cells examined 72 hours after
transfection. Transfection with the dual-coloured reporter construct generated
mCherry/EGFP co-expressing cells representing 80% of EGFP expressing cells. Transfection
with single-coloured reporter constructs expressing either mCherry or EGFP along with lacZ
(encoded by the pH-FRT-Hy retrofitting plasmid portion) showed expression of only mCherry
or EGFP respectively with no cross-talk between fluorescence channels. Scale bars, 100 um.
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Figure 3.18: Transfection of MRC-5 SV2 and HEK293 non-dopaminergic cells with 2™
generation mCherry dual-fluorescence construct

Bright field and fluorescence images for (A) MRC-5 SV2 and (B) HEK293 cells, examined 72
hours after transfection. Transfection with the dual-coloured reporter construct generated
mCherry/EGFP co-expressing cells representing 90% and 89% of EGFP expressing cells in
MRC-5 SV2 and HEK293 cells respectively. Scale bars, 100 um.

To investigate why mCherry under the TH promoter was ectopically expressed in TH- cell
lines, the HEK293 TH- cell line was transfected with the unmodified TH-PAC containing the
full genomic locus of TH. RT-PCR analysis using primers in non-adjacent exons designed only
to amplify mRNA transcripts (Fig. 3.19A) verified that untransfected BE(2)M17 cells express
TH transcripts and that untransfected HEK293 cells do not (Fig. 3.19B), which confirms the
existing assignment of TH+ and TH- made at the protein level (Fig. 3.6). However,
transfection of the full TH locus within the TH-PAC yielded detectable TH mRNA transcripts
in HEK293 cells (Fig. 3.19B). As the TH-PAC is unmodified, these data show that the ectopic

mCherry expression was not due to a hidden expression of endogenous TH mRNA that never
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became detectable TH protein, but instead suggests that unphysiological bulk delivery of

DNA by transfection can result in dysregulation of cell-type specific expression.
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Figure 3.19: TH RT-PCR of MRC-5 SV2 and HEK293 non-dopaminergic cells transfected with
unmodified TH-PAC.

(A) Schematic showing the location of PCR primers relative to the exons of human TH mRNA.
Hatched segment represents exon 1b, an additional 12 bp at the end of exon 1 due to an
alternative 5’ splice site.

(B) End-point RT-PCR for human TH exons 1-3 in non-dopaminergic HEK293 cells with and
without transfection with TH-PAC. BE(2)M17 cells used as a positive control for a TH+
expressing cell line. GAPDH used as a housekeeper control. Primer sequences in Appendix
Table D.

3.3.5 Testing of 2" generation TH-PAC reporters in iPSC-derived dopaminergic

neuronal cultures

Testing in immortalised cell culture had confirmed that in the 2" generation constructs, the
TH promoter was capable of driving expression of the mCherry or EGFP reporter. As the
purpose for these reporters was for use in iPSC-derived dopaminergic neuronal cultures that
contain both dopaminergic neurons and non-dopaminergic cells, the remaining testing of

the constructs was performed on these cultures.
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Figure 3.20: Differentiation of iPSC-derived embryoid bodies into midbrain-type
dopaminergic neuronal cultures.

Timeline schematic for the method modified from Hartfield et al. (2014), showing the timing
of the application of morphogens within the culture medium in order to restrict and
determine cellular fate. This protocol is preceded by the formation of embryoid bodies from
human iPSCs. SHH, sonic hedgehog; BDNF, brain-derived neurotrophic factor; FGF8a,
fibroblast growth factor 8a; GDNF, glial cell-derived neurotrophic factor; db-cAMP,
N®,2’-O-dibutyryladenosine 3’,5’-cyclic monophosphate.

(i) Generation of iPSC-derived dopaminergic neuronal cultures

Differentiation of iPSCs into dopaminergic neuronal cultures was first performed using a
modification of the method of Hartfield et al. (2014) (Fig. 3.20). This method used iPSCs that
had been grown first into embryoid bodies, rather than using iPSCs in two-dimensional
culture. The Hartfield differentiation method generated neurons expressing both tyrosine
hydroxylase (TH) and neuron-specific Blll-tubulin (Fig. 3.21A). However, partway through
this study my laboratory commenced using a modified method of Kriks et al. (2011)
(summarised in Fig. 4.2A) that uses iPSCs cultured in a monolayer before the application of
factors promoting differentiation to dopaminergic neurons. Utilisation of this method also
generated neurons expressing both tyrosine hydroxylase (TH) and neuron-specific BllI-

tubulin (Fig. 3.21B).
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Figure 3.21: Differentiation of iPSCs generates neurons co-expressing dopaminergic
markers TH and Tuj1.

(A-B) Immunocytochemistry showing the presence of TH+/Tujl+ dopaminergic neurons
within iPSC-derived cultures generated by the modified methods of (A) Hartfield et al.
(2014) and (B) Kriks et al. (2011). Red, TH; Green, Tujl. Scale bars, 100 um.

(ii) Generation and use of HSV-1 amplicons

TH-PAC reporters were packaged into HSV-1 amplicons for delivery to iPSC-derived
dopaminergic neurons. Production requires co-transfection of the ~100 kb TH-PAC
constructs, ~178 kb modified HSV-1 genome (fHSVApacA27 0++) and 12.2 kb pEBHICP27
plasmid into the Vero 2-2 packaging cell line, a clone that contains a replacement copy of
the HSV-1 ICP27 gene that has been removed from the HSV-1 genome. Prior to harvesting,
EGFP was clearly expressed from Vero 2-2 cells that had been transfected with pEHHG or the
pEHHG-retrofitted TH-PAC construct (Fig. 3.22A). Although the system is reported to
produce yields up to 10° transducing units/ml (TU/ml) after ultracentrifugation (Saeki et al.
2001), titres of the TH-PAC constructs were consistently between 1x10° and 1x10° TU/ml,
which made their use difficult for large numbers of cells or for anything but a low multiplicity
of infection (MOI), usually <1. When the retrofitting plasmids pEHHG and pH-FRT-Hy were
packaged, these gave titres between 1x10° and 2x10’ TU/ml consistent with the theory that
their smaller size would make transfection more efficient so that more cells received the
DNA and also allow each cell to make more copies of that DNA by rolling-circular replication

during the process of packaging. To improve the transfection conditions for the large TH-PAC
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Figure 3.22: HSV-1 based amplicon production in Vero 2-2 cells.

(A) Bright field and fluorescence images of Vero 2-2 cells 72 hours after transfection for
amplicon production using the standard method with Lipofectamine. Scale bars, 200 pum.

(B) Bright field and fluorescence images of Vero 2-2 cells 72 hours after transfection for
mock production of amplicons to test transfection with Lipofectamine vs Lipofectamine LTX
reagent. Scale bars, 200 pum.

(C) Graph of EGFP+ cell counts from transfection of Vero 2-2 cells with all plasmid
components used in the production of amplicons to test transfection with Lipofectamine vs
Lipofectamine LTX reagent. Mean +SEM from count of n=7 images: Lipofectamine 23 pl, 38.3
1+11.6; Lipofectamine LTX 15 pul, 90.6 #8.5; Lipofectamine LTX 20 ul, 104.7 16.1;
Lipofectamine LTX 25 ul, 97.1 +4.4. One-way ANOVA was statistically different (p<0.0001,
F=13.83)and each Lipofectamine LTX condition was significantly different from
Lipofectamine in Bonferroni’s multiple comparison test: 15 ul, adjusted p=0.0004; 20 ul,
adjusted p<0.0001; 25 pl, adjusted p<0.0001.
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constructs, given the availability of newer transfection reagents since the protocol was first
developed, four transfection conditions were tested in parallel and compared for the
number of EGFP+ cells at the time point where harvesting would normally take place. The
use of Lipofectamine LTX in place of Lipofectamine increased the number of EGFP+ cells in
all three quantities tested (Fig. 3.22B-C). However, use of this modification in the packaging
protocol subsequently showed only a possible minor improvement in amplicon titre at 7x10°

to 2x10° TU/ml.

iPSC-derived dopaminergic neuronal cultures were transduced with 2" generation TH-PAC
reporter constructs to assess their expression and specificity. Unlike had been seen with
transfection of immortalised cell lines, initial transductions of iPSC-derived cultures using the
dual-fluorescent reporter showed differential expression of mCherry in a subset of EGFP+
neurons (Fig. 3.23). Subsequent transductions coupled with fixation 7 days after
transduction and immunocytochemistry for TH, mCherry and EGFP showed that EGFP

single-positive cells were a mixture of mostly TH- and some TH+, while the very small

EGFP mCherry
bright field fluorescence fluorescence overlay

Figure 3.23: Transduction of iPSC-derived dopaminergic neuronal cultures with 2™
generation mCherry dual-fluorescence construct.

Bright field and live fluorescence images for iPSC-derived dopaminergic neuronal cultures
examined 4 days after transduction. Differentiation was by the modified Hartfield method.
Transduction with the dual-coloured construct results in differential expression of mCherry
in a sub-set of EGFP+ cells. Scale bars, 100 um.
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Figure 3.24: Immunocytochemistry of transduction of iPSC-derived dopaminergic neuronal

cultures with 2™ generation mCherry dual-fluorescence construct.

Fluorescence images of immunocytochemistry for iPSC-derived dopaminergic neuronal
cultures fixed 7 days after transduction (DIV27), showing examples of the three different
combinations of EGFP/mCherry/TH co-expression seen following immunocytochemistry.
Differentiation was by the method modified from Kriks et al. (2011). Arrows in the middle
and lower rows point to the same cell in each image per row. Scale bars, 50 um.

Table 3.1: Cell counts for immunocytochemistry of transduction of iPSC-derived
dopaminergic neuronal cultures with 2™ generation mCherry dual-fluorescence construct.
Data from two experiments presented in adjacent sub-columns.

Green Green/Red
TH negative 34 53 0 0
TH positive 5 17 2 1
% specificity (true negative rate) 100
% sensitivity (true positive rate) 12
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number of mCherry+/EGFP+ cells were all TH+ (Fig. 3.24, Table 3.1). These data show that
when delivered by transduction, the TH promoter is not active in all TH+ cells
(sensitivity = 12%, Table 3.1), but the lack of any observed mCherry+ cells that were TH-
suggests that the reporter is nevertheless specific (specificity = 100%, Table 3.1). However,
the small numbers of mCherry+ cells detected in these experiments make it unable to prove

conclusively.

(i) Nucleofection of iPSCs

Given the poor yields of amplicons, | investigated the possibility of introducing the PAC-
based reporter directly to iPSCs by nucleofection of DNA. iPSCs were nucleofected with the
reporter that constitutively expresses EGFP under the HSV-1 intermediate-early 4/5
promoter (mCherry-3’"UTR TH-PAC pEHHG) along with its companion retrofitting plasmid
pEHHG, and pmaxGFP that expresses EGFP under a CMV promoter. Imaging 24 hours after
nucleofection showed many EGFP+ cells for pmaxGFP (2 ug), indicating that nucleofection
was generally successful (Fig. 3.25A), although with a small amount of cell death compared
to non-nucleofected cells (Fig. 3.25B). Nucleofection with 3.9 ug pEHHG produced fewer
EGFP+ cells in most fields of view (Fig. 3.25C) but nucleofection with 5 pg PAC-based
reporter (Fig. 3.25D) yielded very few EGFP+ cells that required searching for, accompanied
by substantial cell death, which worsened by 48 hours after nucleofection (data not shown).
A further trial with 2 ug of each plasmid confirmed that delivery of the PAC-based construct
was toxic to iPSCs; after 24 hours, while pmaxGFP showed a reasonable proportion of EGFP+
cells (Fig. 3.25E), very few EGFP+ cells were found for pEHHG (Fig. 3.25F) and only one
EGFP+ cell for the PAC-based reporter when delivered as 2 pg (Fig. 3.25G) but not as 5 ug
(Fig. 3.25H). Nucleofection of iPSCs with such a large construct was therefore deemed

unsuitable.
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Figure 3.25: Nucleofection of iPSCs with EGFP-expressing plasmids.

Bright field and fluorescence images taken 24 hours after nucleofection. Scale bars, 100 um.

(A-D) Four nucleofections from one experiment: (A)2 ug pmaxGFP according to
manufacturer’s standard conditions; (B) non-nucleofected cells; (C)3.9 ug pEHHG
representing the maximum volume recommended; (D) 5 ug mCherry-3’UTR TH-PAC pEHHG
representing the maximum mass of DNA recommended.

(E-H) Nucleofections from a further experiment where (E-G) 2 ug of each construct was
used, except for (H) where 5 ug mCherry-3’UTR TH-PAC pEHHG was used as previously.
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3.4 Discussion

3.4.1 Reporter construction and design

In this chapter | have presented the generation of several constructs towards the goal of
producing a reporter of dopamine neurons for use in human cell culture models. These
made use of the TH locus in its entirety with the exception of the exchange of the coding
portion of exon 1 for a self-contained fluorescent protein cassette. A first generation human
TH reporter expressing mCherry under the control of the TH genomic locus was successfully
made using Red/ET homologous recombination. Expression of mCherry was sparse amongst
transfected TH+ neuroblastoma cells, which could suggest that the mCherry/CAT/PolyAx3
cassette had problems with production and/or stability of transcripts. The first generation
cassette lacked a specific 3’UTR for the mCherry portion, and the resultant transcripts would
only reach a polyadenylation signal after reading through the bacterial promoter and
chloramphenicol acetyltransferase sequence; it is possible that an element in these bacterial
sequences causes RNA Polymerase |l to pause. Critically, both the 3’UTR and
polyadenylation signals of genes affect the stability of transcripts and are interconnected

with transcription and mRNA processing more generally (Proudfoot 2011).

Subsequently, the reporter was redesigned to alter the cassette used to replace the coding
portion of TH exon 1. These second generation constructs were made by the addition of a
verified 3'UTR and polyadenylation sequence to separate mCherry from the bacterial
promoter of chloramphenicol acetyltransferase so that there would be no significant
read-through beyond the new polyadenylation sequence. Testing of these new constructs by
transfection of immortalised cell lines showed near-complete co-expression of both the
TH-driven mCherry and viral-driven EGFP reporters, showing that the redesign had

overcome the problem of poor expression seen in first generation constructs.
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While unproven, it would appear that the presence of the bacterial elements so close to the
mCherry reporter sequence affected transcription or transcript stability. A better redesign
for the construct would be to eliminate the bacterial elements altogether by using counter
selection Red/ET recombination (Gene Bridges). This method employs two steps of
homologous recombination to produce footprint-free modification of DNA constructs such
as BACs and PACs; as such the reporter cassette used to replace the coding portion of exon 1
could be made to contain only the fluorescent protein sequence, a 3’UTR and
polyadenylation sequences without the need for a bacterial resistance gene. Counter
selection takes advantage of the fact that many widely used laboratory strains of E. coli are
resistant to Streptomycin through a mutant rpsL gene that when augmented with a wild
type rpsL gene will again confer sensitivity to Streptomycin. In such a strategy, the coding
sequence of exon 1 would first be replaced with a cassette containing rpsL-chl (wild type
rpsL and chloramphenicol acetyltransferase) by homologous recombination, with selection
of recombinants performed on chloramphenicol. After verifying that recombinants are then
sensitive to Streptomycin, a second homologous recombination step would be performed
using the fluorescent reporter construct to replace the rpsL-chl cassette, with selection of

recombinants performed on Streptomycin.

3.4.2 Reporter testing

(i) Transfection of immortalised cell lines

Testing of the second generation reporter by transfection of immortalised cell lines showed
expression of mCherry in EGFP+ cells whether the cell line was TH+ or TH- (Fig. 3.18). Further
investigation revealed that although untransfected TH- cells contain no TH transcripts, TH-

cells transfected with unmodified TH-PAC did express TH transcripts (Fig. 3.19), despite the
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TH-PAC construct being the wild type genomic locus that is already present in the genome of
these cells. Similar findings were observed with a related construct made in this laboratory,
where exon 1 of the mouse Th locus was replaced by an EGFP-L10a/3’UTR-PolyA/Amp"
cassette (Dr S. Janezic, DPhil thesis); while the construct expressed EGFP when transfected
into HEK293 cells, region-specific expression was nevertheless demonstrated in the
subsequently generated Th-bacTRAP mice. Further characterisation of these mice by Miss K.

Wagner has shown that a subset of TH+ neurons correctly express the EGFP-L10a.

It has not been examined whether there are any genomic alterations to the TH locus in
HEK293 or MRC-5 SV2 that would mask an otherwise TH+ phenotype, but the likelihood of
this being the case for both cell lines is low. Rather the present data suggest that cell-type
specificity of exogenous DNA constructs can be overridden when delivered by transfection
as a large bolus of DNA. This could be particularly the case if the locus is tightly controlled by
chromatin modifications, which would not immediately be established for newly-delivered
constructs. Some studies have been performed on the epigenetic regulation of TH, notably
that intron 1 includes a site for binding of the nuclear matrix/scaffold, and binding of the
locus to nuclear matrix proteins was detected in TH+ adrenal medulla but not TH- liver
samples (Lenartowski and Goc 2002); additionally the first exon, notably removed in the
current study, contains a DNA methylation site that is specifically methylated in TH- cells and
controls the binding of a transcriptional repressor (Aranyi et al. 2005). Further studies into
this area of regulation are warranted. An alternative possibility is that the transcription
factors that inhibit expression from TH show limited expression, so that the delivery of
additional binding sites upsets the balance of factors and loci. With either of these
hypotheses it is possible that after sufficient time the correct regulation of expression could
be established for loci delivered by transfection, requiring passaging of immortalised cell

lines. Alternatively, further investigation of the reporter could be carried out in a set of
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single-cell clones so that all cells would carry the reporter; however, this was not pursued in

this study.

As detailed in the introduction of this Chapter, in principle, the delivery of genomic loci by
HSV-1 amplicons allows physiological regulation of gene expression. Packaging of the
unmodified TH-PAC into HSV-1 amplicons and subsequent delivery would inform as to
whether the ectopic mRNA expression in TH- cell lines was an artefact of transfection or a
possible problem with the TH locus itself. Certainly the TH locus is not straightforward in its
regulation, evidenced by the failures of attempts to make a minimal promoter using
conserved elements (Romano et al. 2005; Romano et al. 2007) and the complex regulatory
architecture of the locus, including roles for the element in intron 1 in regulating expression

(Meloni et al. 1998; Albaneése et al. 2001; Lenartowski and Goc 2002; Kelly et al. 2006).

(ii) Comparison of differentiation protocols

Both differentiation protocols used in this chapter employ similar principles to generate
dopaminergic neurons from iPSCs. The Kriks method is now generally used throughout the
field because it generates midbrain progenitors co-expressing FOXA2 and LMX1A. Both
protocols used in the current study begin with neural induction by inhibition of two SMAD
pathways: inhibition by SB431542 of the TGF-B pathway acting through Smad2/3 and
inhibition of the BMP pathway acting through Smad1/5/8 (Chambers et al. 2009), the latter
using noggin in the Hartfield protocol or the dorsomorphin derivative LDN-193189 in the

Kriks protocol. These restrict patterning to a (neuro)ectodermal fate.

Next, both protocols induce patterning to a ventral midbrain fate. Through a modification to
the Hartfield protocol by Dr J.L. Badger, both protocols used CHIR-99021 to inhibit GSK-3p,

resulting in the de-inhibition of Wnt signalling, although employed at different times. Sonic
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hedgehog (SHH), aided by CHIR-99021, promotes differentiation to a ventral fate, while
delivery of FGF8a mimics release from the midbrain-hindbrain organiser (Rhinn and Brand
2001) to induce a more caudal identity. However, the Kriks protocol introduces both SHH
and FGF8a at a much earlier time point (equivalent Day 2) instead of at days 5 and 11
respectively, and adds the Smoothened agonist purmorphamine to augment the effect of
SHH in triggering the hedgehog pathway. As a result of the compressed patterning time, the
Kriks protocol only has one maturation medium from equivalent day 12 onwards once

patterning has been achieved.

For maturation, both protocols use growth factors BDNF and GDNF to offer trophic support
to neurons, while the specific antioxidant ascorbic acid (Yan et al. 2001) and protein kinase A
activator dibutyryl-cAMP (Mena et al. 1995) have been shown to increase dopaminergic
differentiation. Additionally the Kriks protocol employs both TGF-B3 (Roussa et al. 2006) and
the y-secretase/Notch inhibitor DAPT (Crawford and Roelink 2007; Borghese et al. 2010) to

promote neuronal maturation.

One particular advantage of the Kriks method is that it does not employ embryoid bodies,
which have reduced accessibility of the interior cells to the soluble differentiation factors
added in the medium and so generate more heterogeneous cultures (Bratt-Leal et al. 2009).
Further, the manual dissection and re-plating steps in the Hartfield method are replaced by
single-cell dissociation, counting and re-plating as a monolayer in the Kriks method, allowing
for better penetration of viral particles, more accurate determination of cell number, and
better ability to control cell density. The Kriks method also uses mitomycin C treatment to
remove dividing cells, which improves the ability to keep cultures for long-term maturation.

For these reasons, the Kriks method was employed in the remaining chapters of this thesis.
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(i) Transduction of iPSC-derived dopaminergic neuronal cultures

Second generation constructs were tested in iPSC-derived dopaminergic neuronal cultures
by delivery of HSV-1 amplicons and showed very few cells expressing the fluorescent protein
from the TH promoter, although all of these were TH+. The specificity of the construct when
delivered by HSV-1 amplicons to human neuronal cultures as designed may therefore be
correct, although the sensitivity is poor, i.e. not all TH+ cells that were EGFP+ also expressed
mCherry. However, with such low numbers of transduced cells it cannot be ruled out that
some TH- cells will ectopically express from the reporter; it has also not been confirmed that
the entire construct is maintained intact on delivery to cells by performing a plasmid rescue
experiment, as fragmented constructs could express one or both fluorescent proteins in a

dysregulated manner, especially if integrated into the genome near to a promoter.

The attempts to verify cell-type specificity in iPSC-derived dopaminergic neuronal cultures
were largely hampered by low yields of amplicons so that only low MOIs could be achieved.
The helper-virus free system for HSV-1 amplicon production relies on co-transfection of the
very large BAC containing the HSV-1 genome, the large TH-PAC reporter construct itself and
a small additional plasmid. Even with small improvements in transfection capacity by
changing the transfection reagents only had a numerical gain, not an increased order of
magnitude of viral titres. It was noticed that while the transfection complexes can be left on
cells with Lipofectamine LTX without the need to remove them after 4 hours, the adding of
packaging medium at the 4 hour mark did not compensate for the volume already on the
cells with respect to the concentrations of FBS, L-glutamine, HEPES etc.; it is possible that
while more cells were transfected, the yield from each cell was not the optimal it could be.
The quality of supercoiled DNA for transfection could also be improved by caesium chloride
density gradient purification of DNA maxipreps. Further optimisations could be attempted

for the packaging protocol, although these would be time-consuming to verify. The use of a
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replication-deficient helper virus instead of the current helper-virus free system, in addition
to producing amplicons contaminated with helper virus, would only improve vyields for
constructs that are smaller than 50 kb because the serial passaging of viral stocks only alters
the ratio of products in favour of the target amplicon when the amplicon has a higher ratio

of ori:genome length and so can replicate faster than the helper virus (Geller et al. 1990).

A final improvement would be to redesign the TH-PAC reporter to have a shorter promoter
length so that it can be more easily transfected and packaged. The choice to use 70 kb of
promoter was to be certain that long range regulation was included, and this amount of
upstream sequence was available within the original BAC; however, given the difficulties of
working with such a large construct and the lack of evidence that this length is required, a
more manageable construct would be preferred. A BAC expressing mCherry as a fusion of
the gene product of FUS made in this laboratory by Dr M. Thomas was 59 kb and showed
significantly better transfection efficiency in immortalised cells when performed alongside
the TH-PAC constructs (data not shown), and the smaller retrofitting plasmids likewise
showed increased transfection efficiency and HSV-1 amplicon yields compared to the TH-

PAC constructs (Fig. 3.22A).

3.4.3 Future directions for a dopaminergic reporter

Despite the benefits of genomic expression from HSV-1 amplicons, production of infectious
lentiviral particles is a more ideal situation due to their higher viral titres and greater
infectivity. However, the packaging limit for lentiviruses is 9 kb between the 5’ and 3’ long
terminal repeats (LTRs), whereas HSV-1 amplicons can package up to 152 kb; as such, the
promoter and reporter would need to be sufficiently small and simple to be accommodated

within a lentiviral plasmid. Considering this, future efforts to produce a dopaminergic
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reporter would be best served concentrating on the PITX3 locus. Advantageously, this
transcription factor is restricted to a more appropriate subset of dopaminergic neurons
rather than the wider expression of TH in all catecholamine-producing cells (Messmer et al.
2007) so would theoretically be a more ideal target. Mice with knock-in expression of EGFP
under the Pitx3 locus yielded EGFP+ neurons that were >90% pure after fluorescence
activated cell sorting (Hedlund et al. 2008), compared to the problems of ectopic expression
in TH- cells seen by the same group using mice expressing EGFP from the rat TH promoter
(Hedlund et al. 2007), although knock-in and transgenic promoters are not truly comparable.
A fragment of the mouse Pitx3 promoter has already been used in human cell culture, albeit
with minimal characterisation (Castillo-Carranza et al. 2008), suggesting that a small portion
of its promoter could be incorporated into a lentiviral vector. It is therefore hoped that the
human PITX3 locus would be amenable to the incorporation of its promoter into a lentiviral
vector as a reporter construct for use in human iPSC-derived dopaminergic neuronal

cultures.
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Chapter 4: Allele-specific expression studies in iPSC-derived

dopaminergic neuronal cultures

4.1 Introduction

Variation at the MAPT locus is associated with risk for PD as well as tauopathies in the
spectrum of parkinsonism. The risk is conferred by an extended haplotype created by a
chromosomal inversion within chromosome 17g21.31 (Stefansson et al. 2005) and the
resulting linkage disequilibrium that maintains separation of the two principal haplotypes,
H1 and H2 (Baker et al. 1999). Meta-analysis of genome-wide association studies has shown
that in European populations where the H2 allele is present, the H1 haplotype is associated
with risk for PD and the H2 haplotype with disease protection (Nalls et al. 2014).
Interestingly the H2 allele also appears to be under positive selection (Stefansson et al.
2005). As the H1 allele is more common, representing approximately 75%, and is understood
to be the human ancestral allele, it has significantly more variation than H2 resulting in H1
having many sub-haplotypes (Pittman et al. 2005; Fung, Xiromerisiou, et al. 2006;
Vandrovcova et al. 2009). However, although the Hlc sub-haplotype and rs242557 are
associated with increased risk for PSP (Pittman et al. 2005; Hoglinger et al. 2011), no sub-
haplotype of H1 has been repeatedly associated with PD to narrow down the range of the

association and provide insight into how the haplotype confers risk.

The coding portions of MAPT do not include any non-synonymous SNPs so the amino acid
sequence of tau is unchanged from the two haplotypes. However, tau is not a single protein,
but has expression of six major isoforms in adult human brain through the variable inclusion
of exons 2, 3 and 10. As outlined in section 1.4, there are two candidate explanations for

how the two MAPT alleles could differentially confer risk to PD (Caffrey and Wade-Martins
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2012): haplotype sequence differences alter the overall expression of tau protein through
changes in the promoter or 3’UTR; or haplotype sequence differences alter the expression of

particular isoforms of tau protein by changing the regulation of alternative splicing.

Evidence on both sides has been presented. In summary, biochemical promoter studies in
SK-N-MC cells suggested that the H1 promoter shows increased expression compared to H2
(Kwok et al. 2004); however, the isolation of this promoter sequence from the context of the
MAPT locus and a relevant cellular context could affect the applicability of these findings.
Curated analysis of exon array data and correlation with genotype suggested that there was
no haplotype-specific alteration in total MAPT expression, but that isoforms containing exon
3 were more abundant with each allele of H2 in most brain regions examined (Trabzuni et al.
2012). However, a more powerful method for examining the effect of individual alleles is the
use of PCR-based expression assays with allelic discrimination, either using single-base
extension and detection or differential probe binding (Buckland 2004; Chen et al. 2008),
because these can be performed using heterozygous samples and generate an
internally-controlled ratio of expression between the two alleles. Previous studies from this
laboratory used allelic discrimination to investigate MAPT haplotype expression in
neuroblastoma cell lines and post-mortem human frontal cortex and globus pallidus (Caffrey
et al. 2006; Caffrey et al. 2008). These studies found that post-mortem brain samples
showed no difference in total MAPT expression between the two haplotypes, but did show
haplotype-specific increases in exon 10 expression from the H1 allele and in exon 3

expression from the H2 allele.
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4.1.1 Aims of the Chapter

* To detail the generation of dopaminergic neuronal cultures from human iPSCs with
MAPT H1/H2 genotype, and the determination of culture conditions necessary for
the expression of all six isoforms of MAPT.

* To present analysis of the expression of MAPT in human iPSC-derived dopaminergic
neuronal cultures and post-mortem human midbrain, both in terms of general
expression and expression from the individual haplotypes H1 and H2. Both sample
sets represent the kind of dopaminergic neurons that die in PD.

* To describe efforts to isolate and characterise MAPT expression within a pure
population of dopaminergic neurons to understand that specific cell type following
fluorescence-activated cell sorting. This work includes the co-culture of human

neurons with primary rat astrocytes to assess the effect on neuronal maturity.
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4.2 Methods

4.2.1 Genotyping, sequencing and sub-cloning

Genomic DNA for 58 healthy individuals from the OPDC cohort was provided by Mr S. Evetts.
MAPT H1/H2 genotyping reactions around the 238 bp indel in intron 9 (Appendix Table E)

were performed as described in section 2.5.1.

For sub-cloning of individual alleles, products from allele-specific amplification of the region
around MAPT exon 10 by AmpliTag Gold (section 2.5.1) were ligated into pGEM-T Easy
(section 2.3.2) and electroporated into NEB 10-beta Electrocompetent E. coli (section 2.6.1)
prior to incubation (overnight, 37°C) on ampicillin-agar with IPTG/X-Gal for blue-white

selection. Plasmids were isolated (section 2.2.1 ii) and sequenced (section 2.5.4).

4.2.2 RNA extraction from post-mortem human midbrain

Samples of frozen post-mortem human midbrain were obtained for MAPT H1/H2 individuals
without signs of neuropathology from the UK MRC Control collection run by Oxford Brain
Bank, University of Oxford. Samples were composed of several cryostat-generated
horizontal sections that each included the substantia nigra. Samples were homogenised in
RNeasy Buffer RLT with 1% 2-mercaptoethanol using a TissueRuptor (QIAGEN), centrifuged
(16250 RCF, 3 min), then RNA was extracted from the lysate supernatant as per section

2.10.1 ji, beginning with the addition of 100% ethanol.
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4.2.3 Bioanalyzer electrophoretic analysis of RNA

RNA integrity was evaluated by Eukaryotic Total RNA 6000 Pico assay on a 2100 Bioanalyzer
(Agilent Technologies) according to manufacturer’s instructions. Briefly, pico chips were
assembled with gel by addition of 1 ul dye concentrate to 65 ul pre-filtered gel matrix,
centrifugation to remove precipitates (10 min, 13,000 RCF) and even dispersal of 9 ul per
chip using the chip priming station; 9 ul gel and 9 ul conditioning solution were then added
to the respective marked wells. Pico marker was added to each sample/ladder well (5 pl)
then 1 ul denatured RNA (70°C, 2 min) or 1 pl 1X ladder was added to each sample/ladder
well before the chip was vortexed horizontally (1 min, 2400 RPM) and run on the

Bioanalyzer.

4.2.4 Allele-specific gRT-PCR

Three pairs of TagMan probes were used to discriminate allelic transcripts in MAPT at
haplotype-tagging SNPs identified in Baker et al. (1999): (1) a pair validated by Dr M-C.Lai
against SNP1 (rs17650901) (M.C. Lai, DPhil Thesis, Hilary Term 2016); (2) a pair designed in
PrimerExpress software v3.0 (Applied Biosystems) against SNP9ii (rs17652121); (3) an
additional pair against SNP9ii published by Myers et al. (2007a). Probe pairs were ordered as
custom probe-only assays (both probes together) from Applied Biosystems; see Appendix
Table J for all primer and probe sequences. Validation of specificity was performed using
H1/H1, H1/H2 and H2/H2 genomic DNA, followed by the generation of a standard curve
from 8:1 to 1:8 with MAPT H1 PAC (a gift from F. Denk) and MAPT H2 PAC (a gift from R.
Wade-Martins) constructs, which was adjusted through the origin. Specificity for the
reactions was achieved with 5XSNP1 probe concentration, 3X SNP9ii (Myers) probe

concentration and 900 nM primers.
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H1:H2 ratios were calculated as follows: 2”(-1.194*[(cDNA AC; H1-H2) — (Mean genomic ACy
H1-H2)] for SNP1 and 27(-1.043*[(cDNA AC; H1-H2) — (Mean genomic AC; H1-H2)] for
SNP9ii. For midbrain samples, the mean of the genomic AC;H1-H2 values for the eight iPSC
clones was used. Specific H1:H2 ratios for inclusion of exon 3 and exon 10 in MAPT
transcripts were determined by dividing by the respective H1:H2 ratio for total MAPT

transcripts.

4.2.5 Co-culture of astrocytes with iPSC-derived dopaminergic neuronal cultures

A vial of rat primary cortical astrocytes (Invitrogen) containing 1x10° cells was thawed into a
T75 flask in DMEM, 25 mM glucose, 3.97 mM GlutaMAX, 1 mM sodium pyruvate (Gibco)
supplemented with 15% FBS as per manufacturer’s instructions. Medium was changed every
4-5 days until cells reached confluency at which point they were passaged into three 6-well
plates pre-coated with Geltrex, being approximately timed to reach confluency by DIV20 of
the differentiation protocol. Astrocyte culture medium was removed and re-plated neuronal
cultures were added in neuronal maturation medium before being treated as standard

neuronal cultures regarding mitomycin C treatment etc.

4.2.6 Intracellular staining and fluorescence-activated cell sorting

The following protocol was developed by Mr P. Robertson and detailed in Sandor and
Robertson et al. (2016) (under review). Neuronal cultures or co-cultures (one 6-well plate
per line) were rinsed briefly with DPBS and incubated with trypsin-EDTA (900 ul/well, 5 min)
to detach cells. After addition of defined trypsin inhibitor (Gibco) with 6 U/ml| DNase | (NEB)
(1200 pl/well), cells were pooled and gently triturated to a single-cell suspension before

passed through a 40 um cell strainer rinsed with PBS with 3 U/ml DNase I. All subsequent
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steps were performed on ice. Cells were centrifuged (4°C, 300 RCF, 5 min), resuspended in
1 ml PBS and centrifuged (4°C, 300 RCF, 5 min; standard from here). Dead cells were stained
for 10 min with 1 ml 1:500 LIVE/DEAD Fixable Yellow Dead Cell Stain Kit (Molecular Probes)
in PBS, which was stopped with addition of 200 ul 10% BSA in PBS. Cells were centrifuged,
resuspended in 30 pl PBS and fixed for 10 min with addition of 200 pl 4% paraformaldehyde
in PBS. Fixation was stopped by adding 25 pl 1 M glycine in PBS then 200 pul permeabilisation
buffer with IgG (PB/IgG; PBS with 0.1% saponin, 2% BSA, 5 mM DTT, 100 U/ml Protector
RNase inhibitor [Roche], 2 pg/ml normal goat IgG [Santa Cruz Biotechnology]). After
centrifugation, cells were blocked by 10 min incubation in 200 ul PB/IgG and 25 ul 1 M

glycine then divided 5:1 for TH and IgG,, staining and centrifuged.

For staining with primary antibody or IgG,, isotype control, cells were resuspended in 500 pl
or 100 pl PB/IgG with the appropriate antibody (0.1 pug/ml TH F-11 or normal mouse IgG,,
[Santa Cruz Biotechnology]) and incubated rotating for 1 hour, 4°C, then centrifuged. For
staining with secondary antibody, cells were resuspended in PRDB (PBS with 2% BSA, 5 mM
DTT, 100 U/ml Protector RNase inhibitor) with 1:2000 goat anti-mouse IgG Alexa-Fluor 635
conjugate (Invitrogen) and incubated rotating for 15 min, 4°C, then centrifuged. After
resuspension in 200 ul PRDB, centrifugation and final resuspension in 400 ul PRDB, cells

were ready for sorting.

Staining controls were processed as follows. Unstained cells were only resuspended in PBS
and centrifuged before fixation and neutralisation with glycine but not blocking with 1gG (PB
only). A ‘live’ population stained only with LIVE-DEAD stain was treated with all steps to
fixation and neutralisation with glycine but not blocking with 1gG (PB only). A ‘dead’
population was treated as the unstained cells above, then fully permeabilised by addition of

PB (no IgG) and glycine again before incubation with LIVE-DEAD stain, which enters all cells,
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and neutralisation with BSA. Following the above preparations, all controls were centrifuged

and resuspended in PRDB before being used in sorting.

Cells were sorted on a BD FACSAria llu at the Weatherall Institute of Molecular Medicine
Flow Cytometry Facility by Dr S-A Clark, or a BD FACSAria Il at the Experimental Medicine
Division Flow Cytometry Facility by Dr H Ferry. Unstained cells were used to delineate the
cell population from debris while ‘live’ and ‘dead’ controls were used to set the gating
strategy for the LIVE-DEAD staining to select only cells that had been alive prior to fixation.
Finally, the gating for the TH staining was determined using the IgG,, isotype staining control
and then the live TH+ population was identified on the initial forward-scatter side-scatter

plot to further refine the area corresponding to live cells.

4.2.7 RNA isolation and cDNA synthesis from fixed cells

RNA was isolated from fixed cells using either the RNeasy micro kit as described in Chapter 2
with addition of proteinase K digestion step, or by RNeasy FFPE kit (QIAGEN). To add
proteinase K digestion to the RNeasy micro protocol, samples in buffer RLT with 1%
2-mercaptoethanol were vortexed for 5 min and diluted 3-fold with RNase-free water and
proteinase K (Sigma) to final concentration of 222 ng/ul before incubation at 56°C for either
15 min or 60 min then continuation with the standard protocol at the 70% ethanol step. The
RNeasy FFPE kit was carried out as per manufacturer’s instructions. Briefly, samples were
resuspended in 150 pl buffer PKD and 10 pl proteinase K (>600 mAu/ml, QIAGEN) was added
before incubation at 56°C for 15 min and 80°C for 15 min, or else 56°C for 60 min according
to Thomsen et al. (2016). Samples were held on ice (3 min) and centrifuged (15 min,
20,000 RCF) before addition of 1/10 volume DNase booster buffer and 10 ul DNasel

(2.73 U/ul) with incubation for 15 min at room temperature. Lysates were mixed with 320 pl
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buffer RBC and 720 ul 100% ethanol before loading on the MinElute spin column by
centrifugation. The columns were washed twice with 500 ul buffer RPE, spun again for 5 min

to dry the columns, then samples were eluted with 14 ul RNase-free water.

RNA concentration was determined by Quant-iT RiboGreen kit (Molecular Probes) using the
low-range assay as per manufacturer’s protocol. Briefly, a standard curve was constructed
with ribosomal RNA standard from 0 to 10 ng in 100 ul; samples were run as 1 pl or 0.2 pl
neat sample diluted to 100 ul with 1X TE buffer. Standard/samples were run in duplicate in a
flat-bottomed 96-well plate. After addition of 100 ul diluted RiboGreen reagent (2000-fold in
1X TE buffer), the plate was incubated for 2-5 min and read on a Synergy HT fluorescent
microplate reader (BioTek) using 485/20 excitation filter, 528/20 emission filter and multiple

gain settings to choose the one with results nearest the instrument’s maximum.

cDNA synthesis was performed using the SeqPlex RNA Amplification kit (Sigma-Aldrich)
according to manufacturer’s instructions. Briefly, 15 ng of RNA, 1.8 ul library synthesis
solution and water to 11.88 ul were incubated to denature RNA (70°C, 5 min) then held at
18°C to allow primer binding. To this, 1.8 pl library synthesis buffer, 1.44 pl library synthesis
enzyme and water were added to make an 18 ul library synthesis reaction, which was
incubated as follows: 18°C, 10 min; 25°C, 10 min; 37°C, 30 min; 42°C, 10 min; 70°C, 20 min;
4°C hold. Library samples were frozen at -20°C until amplification. On thawing, the
amplification reaction was set up by addition of 15 pl 5X amplification mix, 0.75 pl
amplification enzyme and water to 75 pl, then incubated for PCR in a thermal cycler as
follows: 94°C, 2 min; 25 cycles of 94°C, 30 s and 70°C, 5 min; final step of 70°C, 30 min.
Amplified cDNA was purified by QIAquick PCR Purification kit (QIAGEN) as described in

section 1.2.3 J, with elution in 50 pl water.
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4.2.8 Statistical analysis

All statistical analysis and graphical representation was performed in Prism version 7
(GraphPad Software). Specific tests are noted in each figure legend. For allele-specific
expression studies, two-tailed one-sample t-tests were used to determine whether the
mean H1:H2 ratio was significantly different from 1. Unpaired two-tailed t-tests were used
to compare the expression levels of two groups. Pearson correlation was used to determine

the correlation between RBM4 and PTBP1 expression.

123



4.3 Results

4.3.1 Generation of human iPSC-derived dopaminergic neuronal cultures

To enable study of the relationship between MAPT and PD, human iPSCs were differentiated
into dopaminergic neuronal cultures as a cellular model of human dopamine neurons. The
use of iPSC technology enables cultures to be made with specific genotypes of interest
corresponding to those of their donors. Fifty-eight healthy controls within the Oxford
Parkinson’s Disease Cohort were screened to identify heterozygous individuals with a copy
of both the MAPT H1 and H2 alleles by amplifying around the 238 bp indel in intron 9
(Fig. 4.1). Of the 58 individuals genotyped, 22 individuals (38%) were the desired H1/H2
genotype with 31 individuals (53%) homozygous for H1 and 5 individuals (9%) homozygous
for H2 (Fig. 4.1B). Overall the H1 allele represented 72% of all alleles and the H2 allele
represented 28% (Fig. 4.1C). The distributions of genotypes and alleles were not significantly

different from those of a published UK control cohort (Goris et al. 2007).

From the available iPSC clones generated by Ms J. Vowles and Dr S.A. Cowley at the James
Martin Stem Cell Facility, Oxford Stem Cell Institute, a total of eight iPSC clones were
selected for use in this study, being made from three H1/H2 individuals (Fig. 4.1D, Appendix
Table F). The three individuals were further genotyped by myself at 33 exonic SNPs in MAPT,
STH, SNCA, LRRK2, CRHR1 and KANSL1 (see Appendix Table G). Many of the selected SNPs
were chosen as they carry significant association with Parkinson’s disease by large meta-
analysis (Nalls et al. 2014), but only rs6673790 in LRRK2 of individual 3 showed a differential
presence of a risk allele (homozygous C in individual 3 vs. homozygous T in individuals 1-2),
and all three individuals confirmed their H1/H2 status at additional SNPs in MAPT, STH,

CRHR1 and KANSL1.

124



A

bp
500 — - —— e -— == == = === = < Hlhaplotype (484 bp)
300 — - e Twe- == €= 42 haplotype (246 bp)
B H2/H2 C
H1/H2 H1/H1
38% 53% H1 allele
72%
D 1A 1B 2A 2B 2C 3A 3B 3C -
bp w==
B e c o cih e e S <— H1 haplotype (484 bp)
400 = w—
G e c— — —— — — <— H2 haplotype (246 bp)

200 = w—

Figure 4.1: Determination of MAPT genotype of healthy control cohort.

Genotyping data for healthy controls in the OPDC cohort using PCR to distinguish the H1 and
H2 alleles of MAPT by the 238 bp indel in intron 9.

(A) Representative agarose gel electrophoresis of the genotyping PCR showing the three
genotypes, H1/H1, H1/H2 and H2/H2, in members of the OPDC cohort.

(B) Pie chart showing the percentage distribution of genotypes within the 58-individual
cohort. Actual numbers: H1/H1, 31; H1/H2, 22; H2/H2, 5. UK control cohort from Goris et al.
(2007) for comparison: H1/H1, 1241 (58%); H1/H2, 806 (37%); H2/H2, 106 (5%). OPDC
control cohort distribution shows no significant difference from that of Goris et al.
(2007) using a Chi-square test (x°=1.714, df=2, p=0.4244).

(C) Pie chart showing the percentage distribution of alleles within the 58-individual cohort.
UK control cohort from Goris et al. (2007) for comparison: H1 allele, 3288 (76%); H2 allele,
1018 (24%). OPDC control cohort distribution shows no significant difference from that of
Goris et al. (2007) using a Chi-square test (x’=0.9708, df=1, p=0.3245).

(D) Agarose gel electrophoresis of the genotyping PCR showing the H1/H2 genotype of eight
selected iPSC clones. Clones are identified by the number of the individual donor (1-3) then
by the clone generated from reprogramming of the fibroblasts of that individual (A-C).

Differentiation of iPSCs towards a midbrain fate (Fig. 4.2A) generated dopaminergic
neuronal cultures (Fig. 4.2B) expressing neuron-specific beta-lll tubulin (Tujl) and the
dopaminergic neuronal marker tyrosine hydroxylase (TH), identified by Western blot
(Fig. 4.2C). Both markers were already present by DIV20 when the differentiated cells are re-
plated in their final configuration. Immunocytochemistry confirmed the Western blot data,
showing that 60% of cells were Tujl-positive, with up to 50% of those co-expressing TH

(Figs. 4.2D and 4.3). Further, at later time points during maturation some cultures had
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Figure 4.2: Differentiation of induced pluripotent stem cells with MAPT H1/H2 genotype
into dopaminergic neuronal cultures.

(A) Schematic of the differentiation protocol to generate dopaminergic neuronal cultures
and their subsequent maturation as used in this study. Orange boxes denote the
differentiation and trophic factors added to the medium on each day (purple boxes). Base
media are shown in the bar at the top. Following re-plating on DIV20 (maturation week 0),
time point samples were taken as shown by purple arrows up to a maturation of 24 weeks
(DIV190). For full details see section 2.7.3 ii.

(B) Phase contrast images of a representative differentiation from iPSCs (DIVO)to
dopaminergic neuronal cultures at DIV36. Each image shows DIV in the top left. Scale bars,
50 pum.

(C) Western blots showing differentiation into cultures expressing Tujl and TH. Clone
numbering as described in Fig. 4.1D; clones 3B and 3C include samples from two
differentiations. iPSC stage and DIV20 (week O; re-plating) samples are included as
comparisons for the DIV190 samples.

(D) Bar chart of cell counts following immunostaining for tyrosine hydroxylase (TH) and
beta-lll tubulin (Tujl). Counts were performed on cultures fixed between one and four
weeks following re-plating. Mean £SEM of n=2 or n=3 clones per individual; 4 images per
clone.
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spontaneously differentiated a very small number of glial fibrillary acidic protein
(GFAP)-positive astrocytes, but these were estimated to be <1% of all cells (Fig. 4.4).
Expression of the MAPT gene is both spatially and developmentally regulated, being
primarily expressed in neurons, but although astrocytes express a small amount of tau
(Papasozomenos and Binder 1987; Mdller et al. 1997), the small number of contaminating
astrocytes is unlikely to make a significant impact on MAPT expression data generated from

these cultures.

1A 18 2A 28 2C 3A 38 3C
(DIV36) (DIV48) (DIV27) (DIV27) (DIV27) (DIV27) (DIV27)

/DAPI

DAPI

Figure 4.3: Immunostaining of iPSC-derived dopaminergic neuronal cultures showing the
generation of dopaminergic neurons.

Immunostaining of representative dopaminergic neuronal cultures from each clone fixed
between 1 week (DIV27) and 4 weeks (DIV48) after re-plating with separate channels and
merged image. Each clone generated dopaminergic neurons shown by co-expression of
TH+/Tuj+ but with different efficiencies, as quantified in Fig. 4.2D. Scale bar, 50 um.
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Figure 4.4: Immunostaining of iPSC-derived dopaminergic neuronal cultures showing the
spontaneous generation of a small number of astrocytes.

(A-D) Selected images of a small number of glial fibrillary acidic protein (GFAP)-positive cells
by immunostaining at various points in the time course, weeks numbered beyond re-plating
at DIV20: (A) clone 2A, 15 weeks; (B) clone 2B, 15 weeks; (C) clone 1B, 15 weeks; (D) clone
3A, 4 weeks. Merged images with GFAP (magenta), Tujl (green), TH (red) and DAPI (blue).
Scale bar, 50 um.

4.3.2 Development of allele-specific quantitative RT-PCR expression assays

The principal aim of the work detailed in this chapter was to characterise the level of MAPT
isoforms expressed from the two haplotypes, H1 and H2, within iPSC-derived dopaminergic
neuronal cultures. The overall expression of the different isoforms was determined using
existing quantitative real-time PCR (qRT-PCR) assays but these cannot distinguish allelic
transcripts. Rather, allele-specific expression assays distinguish the provenance of
transcripts from an individual allele using a single nucleotide polymorphism (SNP). A set of
TagMan-based gRT-PCR allele-specific expression assays was developed using SNPs in exon 1
(rs17650901) (M.C. Lai, DPhil Thesis, Hilary Term 2016) and exon 9 (rs17652121) of MAPT to
distinguish between transcripts deriving from H1 and H2 alleles (Fig. 4.5A-B). These assays
amplify the desired portion of cDNA (primers in exons shown in purple in Fig. 4.5A-B) or

genomic DNA (one primer in an intron shown in orange in Fig. 4.5A-B) without allelic
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discrimination, but rely on a pair of TagMan probes whose sequences differed at a
haplotype-tagging SNP to distinguish the allelic origin of each molecule. The output of these
assays is a ratio of H1:H2 transcripts for a given PCR amplicon, whereby a ratio greater than

1 represents more expression from the H1 allele than from the H2 allele and vice versa.

A rs17650901 rs17650901 B _ 1517652121
= =
- -
p
= = =
— — < — -
-
D E 4
SNP9ii assay: Beevers probes Y = -0.9558"X
10 ’
2
5
I [ | L | = T T T 1
I . HIH1 E -4 =2 2 4
Q W 2 Log(2) H1:H2 Ratio N
-0 H/H2 - E
T7TAX 300nM  2X,300nM 5, 300 nM 774X, 900 1M 2X, 900 M 3X, 900 1M 5X, 900 M 44
Probe / Primer concentration Probe / Primer concentration Corrected ACT (H1-H2)

Figure 4.5: Schematics and validation of allele-specific MAPT qRT-PCR expression assays.
(A-B) Schematics of the allele-specific TagMan-based expression assays exploiting the
haplotype-tagging SNP in (A) MAPT exon 1 (SNP1, rs17650901) or (B) MAPT exon 9 (SNP9ii,
rs17652121), shown as a green or red diamond denoting the H1 or H2 allele respectively.
TagMan probes bearing FAM (green) or VIC (red) are shown as coloured lines below the
SNP. Arrows denote primers to amplify from genomic DNA (orange) or cDNA (purple).

(C-D) Validation of specificity for the two pairs of allele discriminating probes for SNP9ii
(rs17652121). The concentration of probe pairs was increased to try to improve specificity
(greater ACy H1-H2 value) when only one allelic sequence was present (ie homozygous H1 or
H2). Mean *SEM, n=2 wells.

(E) Standard curve for the allele-specific expression assay using SNP9ii (rs17652121),
generated using MAPT H1 PAC and MAPT H2 PAC in ratios from 8:1 to 1:8. The values of
AC; (H1-H2) were plotted against log(2) H1:H2 ratio, then corrected after linear regression to
remove the value of the y-intercept (to bring the graph through the origin). To use as a
standard curve for cDNA expression assays, cDNA values of AC; (H1-H2) were first corrected
relative to a genomic DNA sample before reading the corresponding log(2) H1:H2 ratio from
the standard curve using the graph equation, AC;(H1-H2) = -0.9558 * log(2)H1:H2 ratio.
Mean +SEM, n=3 wells, linear regression R?=0.997. Red dashed line, 95% confidence interval.
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The allele-specific probes against SNP9ii (rs17652121) that | designed were tested for their
specificity using genomic DNA from H1/H1, H1/H2 and H2/H2 individuals and showed that
while the three genotypes could be distinguished sufficiently for genotyping purposes (the
goal of the design software) the signal generated from the non-present allele in each case
was too great (Fig. 4.5C). Despite increasing the concentration of probes from 1X up to 5X,
the AC; (H1-H2) values for H1/H1 were -2.56, -2.23 and -1.69 with increasing probes and for
H2/H2 were 2.29, 2.17 and 1.79 with increasing probes (Fig. 4.5C). As this degree of
specificity was unsuitable for the construction of a standard curve for allele dilution, the
probes designed and used by Myers et al. (2007a) were obtained and tested likewise. The
Myers probes showed greater specificity, which further increased with increasing probe
concentration, so that the AC; (H1-H2) values for H1/H1 were -6.49, -6.72, -14.64 and -14.72
and for H2/H2 were 6.54, 5.10, 5.36 and 5.35 (Fig. 4.5D). The probe pair has an inherent bias
so that the H1 probe is more prone to incorrectly bind to the H2 sequence than the H2
probe is to incorrectly bind to the H1 sequence, as shown by the negative ACt (H1-H2) values
when the template is H1/H2 heterozygous genomic DNA (Fig. 4.5D). Notwithstanding, the
Myers probes were suitable for construction of a standard curve of allele dilution from 8:1
to 1:8 with H1 and H2 PAC DNA (Fig. 4.5E). By adjusting the AC; (H1-H2) values by the value
of the y-intercept, the graph passed through the origin, correcting for the inherent bias, and
allowing for subsequent cDNA samples to be compared to the standard curve following

correction with a genomic DNA sample.

4.3.3 Establishment of expression of adult tau isoforms in neuronal cultures

Adult human brain expresses six principal isoforms of tau generated through the splicing of
exons 2, 3 and 10 (Fig. 1.2B) while the human foetus expresses only the shortest isoform,

lacking exons 2, 3 and 10. An initial time course study of the first four weeks after re-plating
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(up to DIV48) showed that each of the principal alternatively-spliced exons of MAPT could
be detected in RNA transcripts (Fig. 4.6A), revealing the presence of the following isoforms:
foetal tau (ON and 3R) from week 0; 1IN tau from week 0; 2N tau, i.e. exon 3 inclusion, from

week 1; 4R tau, i.e. exon 10 inclusion, from week 2.
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Figure 4.6: MAPT adult isoforms increase in expression over a six-month differentiation.
(A) Agarose gel electrophoresis of end-point RT-PCR on samples from a short time course of
maturation of iPSC-derived dopaminergic neuronal cultures from the week 0 (DIV20), the
day of re-plating, to week 4 (DIV48) following re-plating.

(B) RNA integrity values for RNA extracted from slices of frozen post mortem human
midbrain containing the substantia nigra, from individuals of H1/H2 genotype (n=9). Box and
whisker plot showing minimum and maximum (bars), quartiles (box), median (centre
line) and mean (+).

(C) MAPT exon inclusion from TagMan-based quantitative RT-PCR expression assays
performed on human midbrain cDNA. Mean 1SEM, n=5 individuals; exon 3+ mean =
6.79 £1.43; exon 10+ mean = 35.22 £2.43.

(D-F) Data from TagMan-based quantitative RT-PCR expression assays on samples from a
time course of maturation of dopaminergic neuronal cultures from week 1 (DIV27) to week
24 (DIV190) as per time points shown in Fig. 4.2A, as well as the iPSC stage (representative
of DIVO). Each graph shows mean +SEM, n=7 clones (all clones except 1A). For each graph,
linear regression performed using all data points from weeks 4-24 with F-test confirming
that each slope is significantly different from zero: (D) y = -0.01303*x + 0.7279, F= 4.615,
p=0.0391; (E) y = 0.2553*x - 0.7078, F= 23.32, p<0.0001; (F) y = 0.7416*x - 0.05151, F=96.28,
p<0.0001.
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As a comparison for the data to be generated from iPSC-derived dopaminergic neuronal
cultures, RNA was extracted from nine post-mortem human midbrain samples, shown to be
of adequate quality (Fig. 4.6B) and quantified by qRT-PCR (Fig. 4.6C). The average inclusion
of exon 3 in post-mortem adult midbrain was 6.8% and of exon 10 was 35.2% (Fig. 4.6C).
Publications estimate that adult brain has a 3R:4R ratio of approximately 1:1, i.e. 50%
inclusion of exon 10; however, this is most commonly determined in human cortical samples
(Goedert and Jakes 1990; Hong et al. 1998) and so may reasonably be different in the
midbrain, as evidenced by other published regional differences in this ratio within control

individuals (Majounie et al. 2013).

Using gqRT-PCR, iPSC-derived dopaminergic cultures were examined over a six-month time
course of maturation as outlined in Fig. 4.2A. During this period the expression of total
MAPT transcripts relative to GAPDH peaked at four weeks after re-plating (DIV48; Fig. 4.6D).
Over the period from DIV48 to DIV190, cultures exhibited a 15-fold increase in the
expression of adult isoforms containing exon 3, reaching an inclusion of 5.6%, a similar level
to that of adult midbrain (Fig. 4.6E). Adult isoforms containing exon 10 showed a 6.6-fold
increase in expression over the same period (Fig. 4.6F), rising towards the level seen in
post-mortem human midbrain (18.2% vs. 35.2%). Data from the inclusion of exons 3 and 10
are clear evidence of cell maturation, but also show that further maturation would be

required to reach equivalent adult midbrain levels of exon 10 inclusion.

In addition to quantification of transcripts by qRT-PCR, the presence of all six tau protein
isoforms was examined by Western blot with dephosphorylation to allow accurate
identification of isoforms. An initial time course reaching 25 weeks (DIV197) after re-plating
showed the presence of ON4R tau from 8 weeks (DIV76) and 1N4R tau and both 2N isoforms
by 25 weeks (DIV197) (Fig. 4.7). Cultures of all eight clonal iPSC lines were subsequently

matured to six months after re-plating (DIV190). Although included on this blot, the batch of
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iPSCs used for clone 1A was discovered to have a duplication in chromosome 1g so was
excluded from further expression analysis. Western blot analysis of six-month cultures
confirmed that for all remaining lines the inclusion of exons 3 and 10 at the transcript level
led to the presence of all six isoforms at the level of tau protein, detected by either a pan-
tau antibody or antibodies probing for 4R and 2N tau isoforms (Fig. 4.8). In contrast, only a
small amount of foetal tau (ON3R), the smallest isoform, was detected at DIV20, the day of
re-plating following the period of midbrain patterning and initial differentiation (Fig. 4.8,
lane 5) and none in iPSCs before commencing differentiation (Fig. 4.8, lanes 2-4). Overall,
these data show that by six months, iPSC-derived dopaminergic neuronal cultures already
show significant adult-like maturity, recapitulating expression patterns seen in adult

midbrain, and are a valuable model for the study of MAPT biology.
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Figure 4.7: Tau adult isoforms increase in expression over a six-month differentiation.
Western blots showing the increasing presence of isoforms of mature tau protein in an
initial time course of iPSC-derived dopaminergic neuronal cultures (clone 3A) from DIV41 to
DIV200, as detected by antibodies against total tau (TAU5) or just specific isoforms (4R Tau,
2N Tau) and beta-actin loading control. All sample lanes included dephosphorylation
treatment with lambda phosphatase. Left lane, ladder of all six recombinant tau protein
isoforms. 2N Tau blot: central bands indicated by blue arrows represent the two 2N Tau
isoforms; additional lower band is of unknown identity. The positions of the 63 kDa and
48 kDa bands from BLUeye Prestained Protein Ladder (GeneFlow) are shown on the right.
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Figure 4.8: All major tau protein isoforms expressed in iPSC-derived dopaminergic
neuronal cultures differentiated for six months.

Western blots showing the presence of all six major isoforms of mature tau protein in
dopaminergic neuronal cultures at DIV190, as detected by antibodies against total tau
(Tau-1) or just specific isoforms (4R Tau, 2N Tau) and beta-actin loading control. Sample
details as Fig. 4.2C; all sample lanes included treatment with lambda phosphatase except the
far right lane as an untreated duplicate sample. Although the sample for clone 1A is included
on this blot, it was generated from a batch containing a duplication of chromosome 1q and
was subsequently removed from further analysis. Far left lane, ladder of all six recombinant
tau protein isoforms. 2N Tau blot: central bands indicated by blue arrows represent the two
2N Tau isoforms; additional upper and lower bands are of unknown identity. The positions
of the 63 kDa and 48 kDa bands from BLUeye Prestained Protein Ladder (GeneFlow) are
shown on the right.

134



4.3.4 Haplotype-specific expression of MAPT in human iPSC-derived dopaminergic

neuronal cultures

Following the design of allele-specific assays detailed in section 1.3.2, analysis of MAPT
expression was performed in both a general and haplotype-specific manner in iPSC-derived
dopaminergic neuronal cultures matured for six months to model the critical cell type that
degenerates in PD. Samples from the same six-month cultures of the eight clonal iPSC lines
that had been examined previously by Western blotting (Fig. 4.8) were analysed by qRT-PCR.
The levels of total MAPT transcripts showed no significant difference between individuals
(Fig. 4.9A). Transcripts containing exon 3 also showed no significant difference between
individuals, with the average inclusion of exon 3 for all seven clones being 9.1% (Fig. 4.9B).
However, following a trend seen at the protein level (Fig. 4.8) individual 3 showed a 42%
higher inclusion of exon 10 in MAPT mRNA transcripts compared to individuals 1 and 2

(p=0.0005; Fig. 4.9B).

The expression of all MAPT transcripts combined, measured by amplifying transcripts
between constitutive exons 0 and 1, was 23% greater from H1 than from H2 in DIV190
dopaminergic neuronal cultures (Fig. 4.9C). In the same assay, total MAPT expression in

post-mortem human midbrain did not differ significantly from an allelic ratio of 1 (Fig. 4.9C).

The average H1:H2 allelic ratio of MAPT transcripts containing exon 3 was 0.56 across all
iPSC-derived dopaminergic culture sample sets as well as 0.51 in the midbrain sample set
(Fig. 4.9D). This signifies that the H2 allele expresses approximately twice as many
transcripts containing exon 3 as the H1 allele. These data from dopaminergic neuronal
cultures and midbrain agree with those of other brain regions and cell types examined
previously (Caffrey et al. 2008) and it is expected that this haplotype-specific difference in

the regulation of exon 3 inclusion would be displayed in most CNS neurons.
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Figure 4.9: Dopaminergic neuronal cultures extended to six months exhibit significant
differences in isoform expression from H1 and H2 alleles.

Data from TagMan-based gRT-PCR expression assays on samples at DIV190 (week
24) matching those analysed by Western blot in Fig. 4.2C and Fig. 4.8. Following the
discovery that the batch of iPSCs for clone 1A had a duplication of chromosome 1q, these
data were removed from analysis but are included below for reference. Mean *SEM;
individual 1, n=1 clone; individuals 2 and 3, n=3 clones each; 3 cDNA samples per clone,
except clones 3B and 3C where 6 cDNA samples were averaged to generate the clonal mean
(two differentiations of 3 cDNA samples each).

(A-B) Standard MAPT expression assay results combined by individual. (A) Total MAPT
expression reported as relative AC; of geometric mean of three housekeeper genes (GAPDH,
HPRT1, ACTB). No difference between individuals using one-way ANOVA with Fisher’s least
significant difference test using all comparisons. Clone 1A, 1.64. (B) Asterisk denotes
significant statistical difference between groups in an unpaired t-test: mean;,=15.23 £+ 0.50,
means=21.69 + 0.65, p=0.0005, t=8.019, df=5. Clone 1A: exon 3, 0.60%; exon 10, 4.79%.

(C-E) Allele-specific expression assays distinguishing transcripts of H1 and H2 allelic origin,
presented as H1:H2 ratio, i.e. values >1 show higher H1 expression. Data from analysis of
human midbrain cDNA are additionally included: (C) n=9 individuals; (D) n=5 individuals that
passed qPCR threshold criteria; (E) n=9 individuals. RIN data for midbrain samples are shown
in Fig. 4.6B. For exon 3+ and exon 10+ transcripts (D-E), the H1:H2 ratio is normalised to the
H1:H2 ratio of total MAPT transcripts per sample. Asterisks on individual samples denote
significant statistical difference from a hypothetical mean of 1 in a one-sample t-test:
(C) individual 1, 1.304, (n=1); individual 2, mean=1.216 + 0.017, p=0.0059, t=12.92, df=2;
individual 3, mean=1.218 * 0.049, p=0.0471, t=4.445, df=2; midbrain, mean=0.917 + 0.041,
n.s.; (D) individual 1, 0.536, (n=1); individual 2, mean=0.613 + 0.022, p=0.0032, t=17.64,
df=2; individual 3, mean=0.509 * 0.031, p=0.0040, t=15.71, df=2; midbrain, mean=0.511 +

136



0.048, p= 0.0020, t=10.29, df=3; (E) individual 1, 0.888, (n=1); individual 2, mean=0.972 +
0.055, n.s.; individual 3, mean=0.514 + 0.014, p= 0.0008, t=34.87, df=2; midbrain,
mean=1.167 + 0.029, p=0.0005, t=5.698, df=8. Asterisks above the bracket in (E) denote
significant statistical difference between groups in an unpaired t-test: mean;,=0.951 +
0.044, mean3=0.514 = 0.014, p=0.0005, t=8.115, df=5. Excluded values for clone 1A:
(C) 1.143; (D) 0.419; (E) 0.832.

(F) Subdivision of Fig. 4.6F (time course qRT-PCR) to separate out individual 3, which showed
a distinct increase in exon 10 inclusion by quantitative RT-PCR. Individuals 1-2, n=4 clones;
individual 3, n=3 clones. Asterisk denotes significant statistical difference between groups in
a multiple one-sample t-test with Sidak-Bonferroni multiple comparison correction: mean;.
»=14.91 £1.85, mean;=22.66 +1.98, p=0.000133, t=4.36, df=31.

Finally, when the allelic ratios of MAPT transcripts containing exon 10 were determined, the
ratio was not different from 1 for DIV190 dopaminergic neuronal cultures from individuals
1-2 (Fig. 4.9E); however, cultures from individual 3 showed a marked shift to a ratio of 0.51
(Fig. 4.9E). Consistent with previous observations in other brain regions and cultured cells
(Caffrey et al. 2008), post-mortem human midbrain exhibited an H1:H2 ratio for exon 10+
transcripts of 1.2 (Fig. 4.9E). As the data from individual 3 showed a distinct phenotype
compared to individuals 1-2, the data from the six-month gRT-PCR time course was re-
analysed and confirmed that individual 3 showed a greater inclusion of exon 10 than
individuals 1-2, a difference that reached statistical significance by 24 weeks as a 52%

increase (Fig. 4.9F).

Having established the extent of haplotype-specific expression differences in iPSC-derived
dopaminergic neuronal cultures matured for six months, samples from three selected time
points from the time course of culture maturation were also examined in these new assays
to determine whether haplotype-specific expression changes over time while cultures are
maturing (Fig. 4.10). For total MAPT transcripts, no difference was seen at 4 weeks after
re-plating but H1 expressed 11% more than H2 at 15 weeks, and 31% more than H2 at
24 weeks, (Fig. 4.10A). For exon 3+ transcripts, no difference was seen at 4 weeks due to low
overall expression of exon 3, but the phenotype of strong H2 expression was clear at

15 weeks (H1:H2 ratio 0.59) and 24 weeks (H1:H2 ratio 0.52) (Fig. 4.10B). Finally, analysis of
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exon 10+ transcripts confirmed that individual 3 consistently showed an H1:H2 ratio of <0.5

at all three time points (Fig. 4.10C).

Total MAPT transcripts MAPT exon 3+ transcripts MAPT exon 10+ transcripts
1.5 1.54 1.5
. _ -0 Individuals 1-2
/ § - Individual 3
° o Z 10
= 1.0 2 1.0 eeeeeey 1.4
E € e w—— s
o~ o~ 2
T T [
T 0.5 T 0.54 Q05 o————6—90
H
0. T T 0.0 T T 0.0 T T
0 10 20 0 10 20 0 10 20
Weeks Maturation Weeks Maturation Weeks Maturation

Figure 4.10: Time-course graphs of allele-specific MAPT gRT-PCR expression assays on
iPSC-derived dopaminergic neuronal cultures.

Data from allele-specific TagMan-based quantitative RT-PCR expression assays on samples
from three points of a time course of maturation of dopaminergic neuronal cultures: week 4
(DIv48), week 15 (DIV124) and week 24 (DIV190) as per time points shown in Fig. 4.2A.
Graph C shows individual 3 separated out to highlight the consistent and distinct phenotype
relative to exon 10. Each graph shows mean +SEM; (A-B) n=7 clones (all clones except clone
1A); (C) individuals 1-2, n=4 clones; individual 3, n=3 clones. Asterisks denote significant
statistical difference from hypothetical mean of 1 in a one-sample t-test: (A) week 4,
mean=1.020 +0.031, n.s.; week 15, mean=1.109 +0.031, p=0.0132, t=3.478, df=6; week 24,
mean=1.305 +0.024, p<0.0001, t=12.58, df=6; (B) week 4, mean=0.832 +0.183, n.s.; week 15,
mean=0.588 +0.038, p<0.0001, t=10.97, df=6; week 24, mean=0.524 +0.034, p<0.0001,
t=13.95, df=6; (C)individuals 1-2 week 4, mean=0.780 +0.013, p=0.0005, t=16.50, df=3;
individuals 1-2 week 15, mean=0.991 +0.030, n.s.; individuals 1-2 week 24,
mean=0.837 +0.014, p=0.0013, t=11.74, df=3; individual 3 week 4, mean=0.441 +0.019,
p=0.0011, t=29.85, df=2; individual 3 week 15, mean=0.488 +0.006, p=0.0002, t=81.41, df=2;
individual 3 week 24, mean=0.492 +0.006, p=0.0002, t=81.39, df=2. Although there was a
discrepancy between the samples of individuals 1-2 in (C)and the corresponding main
six-month sample set (Fig. 4.9E), wherein the time course samples showed a significant
reduction in H1:H2 ratio, the main set had a larger sample size and more cDNA analysis
replicates so was taken to be the more reliable result.

4.3.5 Identification of a novel variant that alters the inclusion of MAPT exon 10

The three clones from individual 3 in this study were significantly different from the four
clones made from individuals 1 and 2 with respect to the biology of MAPT exon 10. In
summary, individual 3 showed a 2-fold increase in expression of exon 10+ transcripts from
the H2 allele (Fig. 4.9E) and over 40% more inclusion of exon 10 (Fig. 4.9B). To investigate

the root of these phenotypes, MAPT exons 9 and 10 and their flanking regions were
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sequenced for all three individuals. Individuals 1 and 2 showed the expected wild-type
sequence but an indel was detected in individual 3 that resulted in a disrupted read formed
by overlapping sequences from the mismatch of the two alleles (Fig. 4.11A). Whether using
the read from reverse sequencing primer or subtracting the known wild-type sequence from
the overlapping portion, both methods identified the indel as a deletion of three nucleotides

(ACTT) at positions +102 to +104 of intron 10.
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Figure 4.11: Discovery of a novel deletion in MAPT intron 10.

(A) Sequencing results within MAPT intron 10 (base positions after exon 10 at top) showing
reads from genomic DNA (both H1 and H2 alleles together) for individuals 1-3. Red x’s
represent unclear reads from two overlapping sequences caused by an indel on one allele.
(B) Agarose gel electrophoresis of products of PCRs amplifying the region around MAPT exon
10 from each separate allele, H1 and H2, by virtue of a forward primer either flanking or
contained within the 238 bp indel in the preceding intron. The PCR products were
subsequently sub-cloned into the pGEM-T Easy vector system to facilitate reading of the two
isolated sequences.

(C) Sequencing results within MAPT intron 10 (base positions after exon 10 at top) showing
clean reads from sub-cloned single allelic genomic DNA from individual 3. The H2 subclone
showed a ACTT that has not previously been reported.

(D) Schematic of the region around MAPT exon 10 showing the sequence differences
between H1 and H2 alleles from individual 3.

G
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To identify on which allele the deletion was present, long PCRs were designed to stretch
from beyond the indel in intron 10 back to the 238 bp haplotype-tagging indel in intron 9
that could be used to anchor the PCR to a specific allele by having the primer positioned
either within (H1) or spanning (H2) the 238 bp indel (Fig. 4.11B). Allele-specific PCR products
were subsequently sub-cloned into pGEM-T Easy vector for screening of colonies with the
expected insert before direct sequencing. Sequencing of individual H1 or H2 allelic sub-
clones confirmed the identity of the ACTT variant and revealed that it was present only on
the H2 allele of individual 3 (Fig. 4.11C). A schematic of the sequence variation in the vicinity
of MAPT exon 10 for individual 3 is shown in Fig. 4.11D. This ACTT variant does not exist on
any public database of genetic variation so is a novel variant. As the deletion was present on
the allele that showed increased exon 10 inclusion, this strongly suggests that this novel
ACTT variant causes increased inclusion of exon 10 in agreement with the altered H1:H2

ratio.

To examine possible functional mechanisms for the increased inclusion of exon 10 in
transcripts that include the ACTT variant, an in silico search of splice factor binding sites was
performed on the intronic sequence with/without the ACTT variant using SpliceAid 2
(Fig. 4.12) (Piva et al. 2012). SpliceAid 2 uses only experimentally confirmed binding motifs
from human cells/tissues to predict binding, and can be further refined to the level of
tissues/cell types to reflect the complement of splicing factors expressed therein. Using all
available splicing factors, two binding sites were predicted to be lost by the ACTT variant:
RBM4, which is predicted to enhance inclusion of exon 10 (Kar et al. 2006), and PTBP1
(PTB/hnRNP I), which is predicted to promote exclusion of exon 10 (Wang et al. 2004). In the
presence of the ACTT variant the predicted binding site for RBM4 would be reduced from

9 bp to 6 bp and that of PTBP1 from 6 bp to only 3 bp.
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Figure 4.12: The novel ACTT deletion in MAPT intron 10 is predicted to decrease binding of
factors that regulate exon 10 splicing.

Screen shots of splice factor binding site analysis with and without the novel deletion in
MAPT intron 10 using Splice Aid 2 online tool (http://193.206.120.249/splicing_tissue.html,
version February 2013, 71 splicing factors, 2339 RNA binding sites, accessed February
2016) (Piva et al. 2012). Analysis performed with input of a portion of (A)the normal
sequence of MAPT intron 10 and (B) the ACTT sequence as in control 3. Splice factors that
promote exon inclusion or exclusion are shown as blocks respectively above or below the
central line. Unlike the normal sequence, the ACTT variant sequence is not predicted to be
bound by RBM4 (blue box above) or hnRNP | (PTB; light green box below). All known splicing
factors were included in this search, rather than restricting by tissue type.

gRT-PCR for RBM4 and PTBP1 confirmed the expression of both of these splicing factors in
cultures of clones from each of the three individuals across the period of the time course
(Fig. 4.13A-B). Furthermore, the expression of RBM4 and PTBP1 appeared to be correlated in
these samples (Fig. 4.13C). From week 4 after re-plating (DIV48) the expression levels of
both genes appears to be relatively stable, rather than matching the observed increase in

inclusion of exon 10 over time. Importantly, if the levels seen in individuals 1 and 2 are taken
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as examples of normal variation in the expression of RBM4 and PTBP1, there is no significant
difference in the levels seen in individual 3 that could otherwise explain the phenotype of

individual 3.
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Figure 4.13: Splice factor expression analysis in a time course study of dopaminergic
neuronal cultures matured up to six months.

(A-B) Quantitative RT-PCR expression for RBM4 and PTBP1 (PTB/hnRNP 1) over the time
course of maturation for dopaminergic neuronal cultures from week 1 (DIV27) to week 24
(DIV190). Both splice factors are significantly expressed at the RNA level from at least
week 4 (DIV48) onwards but show no correlation with the rising inclusion of exon 10 (see
Fig. 4.5F). No significant difference is observed for control 3. Bars represent mean of three
technical values of n=1 cDNA sample, with each of the three individuals (one clone per
individual) represented as a separate bar.

(C) Alternative representation of the data from graphs A-B to reveal correlation of the
expression of RBM4 and PTBP1 transcripts across the time course; statistical results for
Pearson correlation are presented on the graph.
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4.3.6 Isolation of dopaminergic neurons from mixed neuronal culture by

fluorescence-activated cell sorting

The above expression studies were performed on iPSC-derived dopaminergic neuronal
cultures where dopamine neurons are not the only type of neuron or cell. While these data
are highly valuable and informative, | undertook to augment these with cell-type specific
data from dopaminergic neurons alone. A method for isolation of dopaminergic neurons
from mixed cultures using fluorescence-activated cell sorting (FACS) coupled with an
intracellular staining protocol was already developed in this laboratory by Mr P. Robertson.
These techniques have been used previously to isolate dopaminergic neurons from the same
kind of iPSC-derived cultures for analysis by RNA-seq (Sandor and Robertson et al., 2016,

under review).

One additional use for this FACS protocol is to permit assessment of the development of
co-cultures by retrieving only the desired cells afterwards. | have already shown that even
after six months of maturation, iPSC-derived dopaminergic neuronal cultures still only
generate approximately half the inclusion of MAPT exon 10 seen in post-mortem human
midbrain and the required time to reach this maturation complicates their potential
widespread use through high maintenance costs. | determined to investigate the potential of
astrocyte co-culture to stimulate a more rapid maturation of the neurons. However, given
that astrocytes express a small amount of tau (Papasozomenos and Binder 1987; Miiller et
al. 1997), the introduction of a relatively large proportion of astrocytes into the cultures
would contaminate the signal from neurons if expression in the cultures were to be analysed

without first separating the cells.

Initial attempts to isolate TH+ neurons from iPSC-derived dopaminergic neuronal cultures
produced low numbers of TH+ cells stained as ‘live’ before fixation; most occasions retrieved

fewer than 1x10° cells when the initial cell plating was of 1.7x10”. In particular, a noticeable
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problem was that large clumps of cells were difficult to dissociate, and the efforts to do so
could have been damaging those that did dissociate sufficiently. Three alternative
treatments for dissociating cells were tested in parallel and analysed by flow cytometry: the
standard protocol with trypsin-EDTA (5 min) stopped with defined trypsin inhibitor and
DNase |; TrypLE Express (10 min) or Accutase (10 min) stopped by dilution with PBS and
DNase |. However, the two alternative treatments provided no improvement between
conditions in terms of the percentage of cells stained as ‘live’ before fixation (trypsin-EDTA,
52.2% live; TrypLE, 49.6% live; Accutase, 46.0% live) so the standard protocol continued to

be used.

iPSC-derived dopaminergic neuronal cultures with and without astrocyte co-culture were
matured for 15 weeks and exhibited highly dense neuronal morphology (Fig. 4.14A). When
examined at an earlier time point (DIV36), co-cultures of neurons and astrocytes exhibited
some altered network morphology compared to the single cultures, demonstrated by
greater fasciculation of processes with less overall density (Fig. 4.14B), but it is not clear
what specific effect the astrocytes were having on the cultures and whether this was an

advantage or disadvantage.

Cultures were dissociated, stained, analysed by initial examination on the cell sorter and
then sorted. Three staining controls were used to set up initial gating (Fig. 4.15A): one
without any staining and two with only the LIVE-DEAD viability stain, one of which was first
fixed and permeabilised to make all cells appear as dead. For each sample to be sorted an
immunoglobulin isotype control (IgG,,) treated sample was used to determine the level of
background antibody binding; both the IgG,, and anti-TH stained plots are shown in Fig.
4.15B for three clones. TH-positive and TH-negative populations were collected for each

sample.
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Clone 1B

Clone 2A

Neuron-astrocyte co-cultures
NE—

Clone 3B

Figure 4.14: iPSC-derived dopaminergic neuronal cultures and co-cultures with astrocytes.
(A) Phase contrast images of iPSC-derived dopaminergic neuronal cultures matured for
15 weeks (DIV104) after re-plating, taken prior to harvesting for FACS. Due to the density of
cultures, images were taken at low magnification to enable visualisation of large clumps of
cells and the formations between them. Scale bars, 500 um.

(B) Images from preliminary testing of co-culture of iPSC-derived dopamine neuronal
cultures with rat primary cortical astrocytes. The same cell density of neurons was plated
either onto a layer of astrocytes on Geltrex or onto Geltrex alone at DIV20 of the dopamine
neuron differentiation protocol. Phase contrast images were taken at DIV36, followed by
fixation and immunostaining for glial fibrillary acidic protein (magenta), beta-Ill tubulin
(green) and tyrosine hydroxylase (red). Scale bars, 200 um.
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Figure 4.15: Scatter plots from flow cytometry of iPSC-derived dopaminergic neuronal
cultures.

Scatter plots of cells analysed by flow cytometry immediately prior to sorting. Plots show
logarithmic scale of LIVE-DEAD staining on the y-axis against logarithmic scale of Alexa-Fluor
635 secondary antibody staining coupled to primary antibody staining of tyrosine
hydroxylase or immunoglobulin IgG,, isotype staining control on the x-axis. Polygons on each
plot mark the selected TH-negative (left) and TH-positive (right) populations to be collected.
(A) Scatter plots for controls to set the initial gating parameters: unstained cells; cells
stained with LIVE-DEAD stain only; cells fixed and permeabilised before staining with LIVE-
DEAD stain only, i.e. all staining as ‘dead’.

(B) Scatter plots for samples to be sorted, arranged with the three clonal lines in successive
rows, and the four conditions in successive columns: neuronal cultures with 1gG,, or TH
staining; co-cultures with 1gG,, or TH staining. 1gG,, staining was used to establish the level
of background from non-specific antibody binding, and forms an intermediate between the
LIVE-DEAD only stained samples and the real TH stained samples.
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Post-hoc analysis of the FACS plots by dividing into four quadrants determined the number
of cells in each of the four categories (clockwise from top left): dead TH-, dead TH+, live TH+,
live TH-. From this the overall percentages of TH+ cells and live cells were determined
(Fig. 4.16A). Comparison between standard neuron-only cultures and neuron:astrocyte
co-cultures showed a trend towards greater percentage of TH+ cells (Fig. 4.16B) and a

significant increase in live cells in the co-culture samples (Fig. 4.16C).

A % TH+ % Live

Clone | Neurons | Co-cultures | Neurons | Co-cultures
1B 19.07 29.91 41.55 57.02

2A 28.79 32.26 33.64 49.58

3B 10.12 31.32 5.05 12.03
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Figure 4.16: Cell percentages from flow sorting of iPSC-derived dopaminergic neuronal
cultures.

Comparison of the percentage of single cells determined to be TH-positive or Live, in both
standard neuronal cultures and neuron:astrocyte co-cultures.

(A) Table of percentages shown graphically in B and C.

(B) No significant difference between culture conditions for percentage of TH-positive cells
as a proportion of all single cells, using paired two-tailed t-test (p=0.148, t=2.302, df=2,
MeaN eurons=19.33 £5.39, Mean o-cuitures=31.16 £0.68). Mean +SEM, n=3 clones.

(C) Asterisk denotes statistically significant difference between culture conditions for
percentage of live cells as a proportion of all single cells, using paired two-tailed t-test
(p=0.0481, t=4.395, df=2, meanpeyrons=26.75 +11.09, mean o curures=39.54 +13.92, effective
pairing p=0.0167, r=0.9986). Mean +SEM, n=3 clones.
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4.3.7 Analysis of gene expression in flow sorted samples

In order to perform intracellular staining prior to FACS, samples require fixation before
permeabilisation. Aldehyde fixation of cells forms cross-links between molecules throughout
the cell; this includes cross-linking of RNA to the proteins that are bound with it, which
hinders subsequent extraction of the RNA. A selection of RNA extraction methods were
tested on fixed HEK293 cells to examine which releases the most RNA. All of these methods
utilised proteinase K digestion to remove bound proteins. The first pair of methods
employed proteinase K digestion for 15 or 60 minutes before using the QIAGEN RNeasy
micro kit, as had been used in Sandor and Robertson et al. (2016, under review). The other
pair of methods used the QIAGEN RNeasy FFPE kit, designed for use on fixed samples, either
with the standard digestion protocol (15 min at 60°C then 15 min at 80°C) or an extended
digestion protocol (60 min at 60°C only) described by Thomsen et al. (2016). When the
standard RNeasy extraction protocol with buffer RLT was used without proteinase K there
was only a negligible yield of RNA, but addition of a proteinase K digestion step of either
length led to approximately 8-fold greater yield of RNA (Fig. 4.17A). Further still, use of the
RNeasy FFPE kit released 7-fold more RNA than the two RLT/PK conditions (Fig. 4.17A).
However, it was noted that the Bioanalyzer traces for samples generated by the RNeasy
FFPE kit did show increased presence of small RNA fragments <100 nt compared to those
generated from the RNeasy kit (Fig. 4.14B). The method of Thomsen et al. (2016) was

chosen.
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Figure 4.17: RNA yield and Bioanalyzer gel pseudo-images for RNA extracted from fixed
HEK293 cells.

Analysis of RNA extracted from HEK293 cells after aldehyde fixation, using five different
methods performed in duplicate, from left to right being: RNeasy micro kit with addition of
proteinase K digestion for 15 min, 562C; RNeasy micro kit with addition of proteinase K
digestion for 60 min, 562C; RNeasy FFPE kit with standard proteinase K digestion for 15 min,
569C then 15 min, 809C; Thomsen et al. (2016) modification of RNeasy FFPE kit with
proteinase K digestion for 60 min, 562C only; unmodified RNeasy micro kit (single sample
only).

(A) Graph of RNA yield, represented as concentration of a 12 ul sample. Concentration was
determined by Bioanalyzer then multiplied by the dilution factor to achieve a concentration
for undiluted RNA.

(B) Bioanalyzer gel pseudo-images. Scaling mode set to Global to enable comparison
between quantity in lanes, which are loaded with equal dilutions of each sample. 18S and
28S ribosomal subunits appear as bands running at approximately 2000 and 4000 nt
respectively.

The numbers of sorted cells obtained by FACS are shown in Table 4.1. Extraction of RNA
from sorted cells produced a range of yields from 1.2 pg/cell to 11.3 pg/cell (Table 4.1). The
yield and RIN were noticeably lower for samples from clone 3B, which had been delayed for
sorting for 24 hours (Table 4.1, Fig. 4.18). However, while some degradation had occurred
with all samples, they did not show a significant amount of small fragments (Fig. 4.18) like
those that had been seen for the fixed HEK293 samples extracted by the same method
(Fig. 4.17B, lanes 6-9). RNA yields from TH+ samples were 43% higher per cell than for TH-

samples (Fig. 4.19A).
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Table 4.1: Yields of cells and RNA from flow sorted iPSC-derived dopaminergic neuronal

cultures.
Clone Sample Name | Cell yield RNA yield RNA yield RIN from
(ng/ulin 12 pl) | (pg per cell) | Bioanalyzer
1B Neurons TH+ 37,414 23.5 7.5 9.1
(6 wells) | Neurons TH- 152,444 53.5 4.2 7.0
Co-cultures TH+ 67,182 50.1 8.9 9.3
Co-cultures TH- 132,353 75.5 6.8 9.4
2A Neurons TH+ 12,761 9.5 8.9 8.0
(4 wells) | Neurons TH- 27,511 13.9 6.1 9.3
Co-cultures TH+ 4,579 4.3 11.3 8.9
Co-cultures TH- 16,457 13.9 10.1 8.9
3B Neurons TH+ 6,096 1.7 3.3 7.2
(6 wells) | Neurons TH- 56,340 5.6 1.2 6.6
Co-cultures TH+ 25,738 9.0 4.2 6.8
Co-cultures TH- 24,771 5.0 2.4 6.6
Clone 3B Clone 1B Clone 2A
I N+ N- CC+ CcC- 1 N+ N- CC+ CcC- 1 I N+ N- CC+ CcC- 1
nt nt
4000 s s S 4000 |
2000 - | [ 2000 | — e —
1000 — e 1000 ===
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200 = 200 —
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Figure 4.18: Bioanalyzer gel pseudo-images for flow sorted iPSC-derived dopaminergic

neuronal cultures.

Scaling mode set to Individual because each sample was diluted differently according to the
concentration of RNA determined by RiboGreen quantification. 18S and 28S ribosomal
subunits appear as bands running at approximately 2000 and 4000 nt respectively.

cDNA was synthesised from all samples using the SeqPlex RNA Amplification kit (Sigma-

Aldrich), which adds a universal primer sequence to cDNA during reverse transcription

allowing unbiased amplification of all synthesised c¢DNA in successive PCR cycles.

Additionally, some samples with sufficiently high yield were also converted to cDNA using

the standard SuperScript VILO kit to permit verification.
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gRT-PCR analysis of samples yielded unexpected and variable results (Fig. 4.19B-F). For exon
3+ transcripts, the inclusion of exon 3 was over 10-fold higher in some samples than for the
bulk unsorted samples taken at the same time (Fig. 4.19B). Further, for the one clone that
yielded sufficient cells and RNA to allow cDNA synthesis to be performed on the same
samples with both the standard and amplification methods (Superscript VILO and SeqgPlex)
these values were not closely comparable (black dots). For exon 10+ transcripts the samples
were also variable; however, the clone bearing the ACTT variant did show approximately
equivalent exon 10 inclusion to its bulk unsorted sample, but was not the highest of the
three clones like would have been expected (Fig. 4.19C). Allele-specific expression analysis of
total MAPT transcripts was reasonably unvaried but showed no differences between
samples (Fig. 4.19D). However, for exon 3+ transcripts — what should be the most consistent
of all allele-specific phenotypes — the ratios were highly variable and were not around the
expected mean of 0.5 (Fig. 4.19E). Finally, the allele-specific data for exon 10+ transcripts did
not properly recapitulate the lower ratio for clone 3B with the ACTT variant (Fig. 4.19F). In
summary, the quality of the data did not produce confidence in any of the results from the
fixed sorted cells, whether the cDNA was amplified or not, and strongly suggests that RNA

from fixed cells is unsuitable for these assays.
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Figure 4.19: RNA yield and qRT-PCR data from flow sorted iPSC-derived dopaminergic
neuronal cultures.

Legend at bottom right of figure.

(A) RNA yield per cell, as also shown in Table 4.2, showing a statistically significant difference
between the RNA yield from sorted TH+ neurons vs sorted TH- cells. Ratio paired t-test:
p=0.0126, t=3.799, df=5, meany,=7.35 *1.25, meanyy.=5.13 +1.32 (mean zSEM),
effectiveness of pairing p=0.0002, r=0.9853.

(B-F) MAPT gRT-PCR expression assay results. RNA from flow sorted fixed samples at
15 weeks maturity was converted to cDNA either using SuperScript VILO (no
amplification) or by SegPlex RNA Amplification kit. cDNA made from bulk unsorted unfixed
samples using SuperScript VILO is shown as a comparison. Lines indicate mean +SEM; each
point represents the mean of technical qRT-PCR replicates. (B-C) Standard MAPT expression
assays showing exon inclusion comparative to total MAPT transcripts. (D-F) Allele-specific
expression assays distinguishing transcripts of H1 and H2 allelic origin, presented as H1:H2
ratio, i.e. values >1 show higher H1 expression. For exon 3+ and exon 10+ transcripts (E-F),
the H1:H2 ratio is normalised to the H1:H2 ratio of total MAPT transcripts per sample.
(E) PCRs for clone 2A N- SegPlex and CC- SeqPlex did not reach threshold so no blue points
are shown.
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4.4 Discussion

In this chapter | have described the generation of human iPSC-derived dopaminergic
neuronal cultures expressing mature isoforms of tau and the analysis of general and
haplotype-specific expression of MAPT within them. | have also presented efforts to isolate

dopaminergic neurons from mixed cultures for specific expression analysis in this key cell

type.

4.4.1 Utility and maturity of iPSC-derived neuronal cultures

This is the first study to specifically use iPSC models to study MAPT haplotypes. iPSC models
are particularly invaluable to the study of human neurodegenerative diseases as they offer
the ability to generate cultures of human neurons that could not be obtained otherwise, and
further still, each cell will bear the genotype of the donor. This also allows a wider range of
genetic diversity to be observed within experiments than with the use of cancer cell lines
(Agholme et al. 2010) or inbred animal lines, as the background of each individual is unique.
Given the sizes of the chromosomal inversion around MAPT (970 kb) and the region of
extended linkage disequilibrium (1.8 Mb), there is scope for significant diversity between
individuals of the same haplotype, and indeed many sub-haplotypes have been identified
(Oliveira et al. 2004; Pastor et al. 2004; Skipper et al. 2004; Fung, Xiromerisiou, et al. 2006;
Tobin et al. 2008; Vandrovcova et al. 2009). Additionally, one of the three individuals with
H1/H2 genotype selected for use in this study contained a novel variant that impacted on

MAPT expression.

Independent iPSC clones derived from the same individual show variability beyond the
genetic diversity seen between individuals and this is particularly evident when integrating

viruses are used in the initial generation of those clones. In this study, six of the eight clones
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were generated by retroviral delivery of the Yamanaka factors, with the remaining two
clones (3B and 3C) generated by the cytoplasmic CytoTune-iPS system based on Sendai virus
that is subsequently eliminated following reprogramming. Clones differed in their ability to
differentiate to dopaminergic neurons, evident in the cell count data (Fig. 4.2D), and showed
some differences in overall appearance of the cultures (Fig. 4.3) including whether or not
they spontaneously generated astrocytes (Fig. 4.4). However, the choice to use multiple
clones from a small number of individuals allowed both inter- and intra-individual clonal
variation to be accounted for, and ultimately permitted the discovery of the novel variant

through having n=3 clones showing the same phenotypes.

One of the greatest achievements of this study is to show production of all six isoforms of
mature tau for the first time in iPSC-derived dopaminergic neuronal cultures, after
maturation of up to six months following initial patterning and differentiation. This was
shown first at the transcript level where the inclusion of the alternative exons 3 and 10
increases steadily across a time course of six months maturation (Fig. 4.6) and further by

specific detection of all six isoforms at the protein level (Figs. 4.7 and 4.8).

Other groups have generated different types of stem cell-derived neurons also expressing
mature tau isoforms. lovino et al. (2010) reported the use of human embryonic stem cells
(hESCs) and foetal neural precursors to generate forebrain neuronal cultures. These cultures
produced all six isoforms of tau protein by DIV56, notably from the already partially
differentiated foetal neuronal precursors, although the evidence for expression of the
largest isoform (2N4R) was not clear. Further work from the same authors suggested that
iPSC-derived cortical neurons express all six tau isoforms by DIV150, particularly from
4R-promoting mutant N279K lines, although again the data were not clear for every
individual isoform (lovino et al. 2015). In contrast, another group reported that only foetal

tau (ON3R) is expressed in iPSC-derived cortical cultures by DIV100 unless bearing a
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mutation affecting exon 10 inclusion (10+16) and that it takes a year of maturation for iPSC-
derived cortical cultures to visibly express all six isoforms (Sposito et al. 2015). In light of
these studies, the ability of iPSC-derived dopaminergic neuronal cultures to express mature
isoforms so relatively quickly is either inherently due to the difference in cell type, or else is
a product of the factors delivered during differentiation and maturation. It is interesting that
the compound DAPT was used for 96 hours “to enhance neuronal maturation” in the
experiments of lovino et al. (2015), and is used continually from DIV11 in the dopaminergic
neuronal protocol used here but never in the experiments of Sposito et al. (2015).
Application of DAPT halts the self-renewal of hESC-derived neural stem cells, promoting
differentiation and improving the electrophysiological maturity of neurons that are
produced (Borghese et al. 2010). However, as an inhibitor of y-secretase, continuous use of

DAPT would have to be precluded from any experiments requiring amyloid-beta.

A strength of the current study is the use of quantitative RT-PCR to assess MAPT expression.
Assessment of the ratio of 3R to 4R MAPT transcripts is frequently performed by standard
end-point RT-PCR followed by quantitation of the two bands separated on a gel
(Boutajangout et al. 2004; lovino et al. 2010); however, this method is not wholly
quantitative and generates two sizes of PCR products from the same primers, which biases
amplification of the smaller product. Another publication utilised gRT-PCR TagMan assays
for exon 10- vs. exon 10+ transcripts to look at only the 3R:4R ratio (lovino et al. 2015) and a
further used Affymetrix exon array datasets, carefully curated to remove probe sets that are
affected by MAPT haplotype, to enable a high-volume study to reveal regional differences in
isoform expression that correlated with MAPT genotype (Trabzuni et al. 2012). The validated
quantitative RT-PCR TagMan assays used in this chapter enabled determine of exon
inclusion by comparison of exon-specific and total MAPT quantitation. In particular, precise
determination of exon 3 inclusion, rarely examined in detail, revealed that cultures matured

for six months express approximately the levels found in adult midbrain (Fig. 4.6C, E).
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Further, in post-mortem human midbrain, transcripts containing exon 10 constituted an
average of 34% of all MAPT transcripts (Fig. 4.6C), rather than nearer to 50%. It is frequently
stated that normal human brain expresses approximately equal quantities of 3R and 4R tau;
however, while many Western blot data generally agree with this statement (Goedert and
Jakes 1990; Hong et al. 1998; Trabzuni et al. 2012), some published images appear to show
greater expression of 3R isoforms than 4R isoforms (Boutajangout et al. 2004; lovino et al.
2010). One analysis of MAPT isoform expression by qRT-PCR in post-mortem frontal cortex
from control individuals found an average 4R:3R ratio of 0.48, equivalent to 32.4% exon 10
inclusion, in contrast to FTLD and PSP brains that had ratios of 1.32 and 1.12 (equivalent to
56.9% and 52.8% exon 10 inclusion) (Ingelsson et al. 2007). Certainly there is variation in
isoform expression in different brain regions (Luk et al. 2009; Trabzuni et al. 2012; Majounie

et al. 2013), and the midbrain data here may reflect that.

4.4.2 Haplotype-specific analysis of gene expression

High inclusion of alternatively spliced exons of MAPT in mature iPSC-derived cultures
permitted reliable quantitation of allele-specific expression in a set of qRT-PCR assays
developed in this laboratory. Allele-specific expression analysis of heterozygotes has the
significant advantage of being internally controlled and permits small differences in
expression to be detected; with the H2 haplotype being such a common variant, many
heterozygous H1/H2 samples were available for use. The TagMan-based allele-specific
assays used here were established according to the description of Chen et al. (2008) who
developed expression assays for individuals with heterozygous variants in BRCA1 and BRCA2.
A less-developed form of the SNP9ii assay had been used previously to show greater 4R tau
expression in carriers of the Hlc sub-haplotype (Myers et al. 2007a), and the probe

sequences from that report were used in this study. Previous work in our laboratory had
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employed the Sequenom platform to quantify single base extensions of PCR products by
mass spectrometry (Caffrey et al. 2006; Caffrey et al. 2008). Although other forms of allele-
specific expression assay also exist (Buckland 2004), including notably the use of SNaPshot
technology to quantify single base extension (Bray et al. 2004; Bray et al. 2003a; Bray et al.
2003b), the ability to perform relatively inexpensive assays on available equipment on a
short timescale made the qRT-PCR form of allelic assay ideal. A final alternative method has
been employed by Majounie and colleagues, where SNP specificity was achieved in standard
gRT-PCR using primers containing a locked nucleic acid base at the position of the SNP
(Majounie et al. 2013); however, the present method offers the advantage of unbiased
amplification of all transcripts, with only the probe binding as a means of distinguishing

allelic origin.

(i) Exon 3+ transcripts

The new assays showed a robust haplotype-specific difference in the inclusion of exon 3,
with H2 expressing two-fold more than H1 in iPSC-derived cultures from all individuals and
also post-mortem human midbrain (Fig. 4.9D). This is in complete agreement with previous
findings in the human neuronal cell line SK-N-F1, post-mortem frontal cortex and globus
pallidus (Caffrey et al. 2008) as well as from comparison of exon 3 expression in several brain

regions in H1/H1, H1/H2 and H2/H2 individuals (Trabzuni et al. 2012).

With the strong association of increased exon 3 expression with the protective H2 allele it is
possible that 2N tau is particularly advantageous to neurons. The inclusion of exon 3
increases the length of the projection domain from 168 to 197 amino acids. This could be
expected to increase the spacing between microtubules, following the pattern seen with
three microtubule-associated proteins possessing different sized projection domains (Chen

et al. 1992). Microtubule spacing has been proposed to mitigate the efficiency of organelle
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transport (Marx et al. 2000; Shahpasand et al. 2012), notably by kinesin-1 (Conway et al.
2014). It is also particularly interesting that, unlike most of the projection domain, exon 3
contains a portion that is basic, which may be involved with charge-charge interactions
between tau projection domains on adjacent microtubules (Chung et al. 2016). 2N tau
isoforms showed reduced kinetics of aggregation than 1N tau isoforms (Zhong et al. 2012).
The presence of both N-terminal inserts (2N4R) also appeared to inhibit acetylation of tau
residue K163 by CREB-binding protein compared to ON4R tau (Cohen et al. 2016); however,
the impact of acetylation of this residue is yet to be explored. Finally, it has been proposed
that the segment encoded by exon 3 may be involved in signal transduction (Trabzuni et al.
2012) following interaction of the projection domain with either the plasma membrane
(Brandt et al. 1995; Pooler and Hanger 2010; Pooler et al. 2012) or src-family kinases such as
Fyn (Ittner et al. 2010); in light of this, apolipoprotein Al (ApoA1l) was shown to interact
specifically with the 2N isoform of tau in adult mouse brain by co-immunoprecipitation so

2N tau may impact on the regulation of lipid metabolism (Liu et al. 2016).

(ii) Total MAPT transcripts

iPSC-derived cultures showed a shifted H1:H2 ratio representing 1.2-fold increased
expression of total MAPT transcripts from the H1 allele, but no allelic effect on the inclusion
of exon 10 (Fig. 4.9C, E). In contrast, H1:H2 ratios in post-mortem human midbrain samples
showed no difference from 1 for total MAPT transcripts but a ratio of 1.2 for exon 10+
transcripts. The midbrain samples were in concert with other cell culture and post-mortem
samples from our laboratory analysed using the Sequenom platform (Caffrey et al. 2006);
however, it should be noted that the cell culture samples in that study did show a small but

significant increase in expression of total MAPT that wasn’t seen in the post-mortem
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samples and so was not highlighted. It is unknown to what extent the general conditions of

cell culture can impact on haplotype-specific regulation of MAPT expression.

On the question of whether the H1 haplotype increases total MAPT expression there is
evidence on both sides, although mostly suggesting that there is no difference. Using MAPT
promoter-reporter studies, one group suggested that the H1 allele expresses more total
MAPT (Kwok et al. 2004), while others showed only a non-significant trend towards
increased expression unless additional SNPs were changed (Myers et al. 2007a).
Quantitative trait loci analyses comparing gene expression with genotype initially claimed to
support increased total expression from the H1 locus (IPDGC et al. 2011) but after the
removal of expression probes that included H1:H2 SNPs the association was claimed to be
no longer significant (Trabzuni et al. 2012; Latourelle et al. 2012). Further, SNaPshot analysis
in three brain regions by another group showed no difference in total MAPT expression
(Hayesmoore et al. 2009). However, a study in cerebellum and temporal cortex of
Alzheimer’s patients showed significant association between the H2 haplotype and
decreased expression of total MAPT (Allen et al. 2014), and the association of the H2/H2
genotype with reduced total MAPT was shown in dorsolateral pre-frontal cortex in a new
RNA-seq study (Valenca et al. 2016). Given the fresh evidence from the current study in
favour of increased total expression from H1 in at least some contexts, it is hard to neatly
reconcile the two different possibilities of total expression vs. isoform-specific expression
alone being at the root of disease risk. However, one possibility is the age of the samples;
Hayesmoore et al (2009) noted a negative correlation between H1:H2 ratio at the rs1052553
SNP in MAPT exon 7 and age, so that with increased age comes decreased H1:H2 ratio.
Despite their expression of mature isoforms of tau, iPSC-derived neuronal cultures may

represent a biologically much younger sample than post-mortem adult brains.
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(i) Exon 10+ transcripts

There is good support for the hypothesis that the H1 haplotype increases the inclusion of
exon 10, seen by allele-specific differences in neuroblastoma cells (Caffrey et al. 2006), and
brain regions in control individuals: frontal cortex and globus pallidus (Caffrey et al. 2006);
temporal cortex and cerebellum (Majounie et al. 2013). Additionally a new RNA-seq study
showed that H2/H2 individuals had lower expression of 1N/4R transcripts (Valenca et al.
2016), which are the most common of the three 4R isoforms in human brain (Hong et al.
1998). Oddly, one study that also used the Myers probes to perform allele-specific
quantification only found an increased H1:H2 ratio for exon 10+ transcripts in samples from
PD patients and not controls (Williams-Gray et al. 2009). Greater allele-specific differences
have been shown with measurements of the effect of the Hlc haplotype vs. non-Hlc
haplotypes (Myers et al. 2007a; Majounie et al. 2013). The increased H1 allelic expression in
post-mortem midbrain of exon 10+ transcripts encoding 4R tau, even if not matched in the
iPSC-derived cultures, is in line with the hypothesis that increased 4R tau is associated with
neurodegenerative disease. This is notably the case with the 4R tauopathies (PSP, CBD, some
cases of FTDP-17), some cases of which are due to mutations around exon 10 of MAPT that
lead to increased inclusion of exon 10 (Hutton et al. 1998; Hasegawa et al. 1999), while
other mutations affect the likelihood of tau to detach from microtubules and/or form

aggregates (Grover et al. 2003).

The discussion of the effect of 4R tau is normally conducted in the context of these
tauopathies, where aggregated filaments of 4R tau becomes incorporated into a range of
deposits such as neurofibrillary tangles (see Table 1.3). However, given the general lack of
aggregated tau in PD, other roles of 4R tau would be more likely candidates to mediate the

specific disease association.
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The presence of the additional repeat in 4R tau strengthens binding to microtubules (Gustke
et al. 1994), and the spacer (KVQIINKK) and repeat encoded by exon 10 appear to be more
capable than those encoded by exon 12 at microtubule binding and nucleation (Goode and
Feinstein 1994; Gustke et al. 1994; Mukrasch et al. 2007). Further, evidence is emerging for
different roles of 3R and 4R tau in the regulation of microtubule dynamics, although the
story is not clear. 4R tau not only stimulates the growth of microtubules more rapidly than
does 3R tau (Panda et al. 2003), which at low concentrations actually inhibits growth (Levy
et al. 2005), but 4R tau is also better at promoting a ‘turbo boost’ to switch microtubules
into a faster grade of assembly (Levy et al. 2005). However, 4R tau increased stability of
microtubules, i.e. reduced the rate of shortening, both near steady state and when
microtubules were diluted below the critical concentration for polymerisation, whereas 3R
tau had little effect (Panda et al. 2003). Additional possible roles for 4R tau in affecting

axonal transport are discussed in chapter 5.

It is likely that there is a healthy balance in the amount of 4R vs. 3R tau, and specifically it
has been proposed that there is a window for healthy microtubule dynamics, outside of
which can be pathogenic to neurons (Panda et al. 2003). It can be expected that the
differences are subtle and cumulative with age to only manifest as disease symptoms in old
age. A final possibility to address is that 4R tau is capable of auto-acetylation at position
K280 within the repeat encoded by exon 10; this acetylation increases the propensity to self-
generate tau fragments in a process catalysed by internal cysteine residues, one of which
also lies within the exon 10 sequence (Cohen et al. 2016). However, more firm evidence of
their production in human brain is required before a role is ascribed to these newly

discovered tau fragments.
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4.4.3 Effect of the ACTT novel intronic variant

Through the use of gRT-PCR and Western blotting | showed that clones from individual 3
expressed greater levels of 4R tau and had reduced H1:H2 expression ratios for exon 10+
transcripts. The discovery of a novel ACTT variant in MAPT intron 10 of the H2 allele within a
sequence that had been previously identified to play a role in exon 10 splicing (Kar et al.
2006) makes it highly likely that this variant is functional and is responsible for the observed

changes.

In silico analysis from SpliceAid 2 showed that two binding sites were predicted to be
disrupted in the variant allele compared to the wild type allele: RBM4 and PTBP1
(PTB/hnRNP 1). Both have already been identified to have roles in the splicing of exon 10.
Such a role for RBM4 was reported by Kar et al. (2006) after they performed a screen with a
human brain cDNA library using a splicing reporter construct that would only express GFP
when MAPT exon 10 was included to make the downstream GFP sequence in frame. Exon 10
inclusion was increased with overexpression of RBM4 and reduced with RBM4-targeting
shRNA treatment, while overexpression of RBM4 lacking the RNA recognition domain
showed no effect (Kar et al. 2006). Further, RBM4, either as extract from cells
overexpressing it or as recombinant protein, bound to RNA containing the putative binding
site downstream of exon 10, but the binding was disrupted either by competitor RNA or by
mutating all pyrimidines to purines in the putative binding site (UCCUUCUUG), though a
small amount of binding persisted even with the mutant binding site (Kar et al. 2006). RBM4
performs a parallel role of promoting exon inclusion for the a-tropomyosin gene, but is
antagonised by the binding of PTBP1 as both share an overlapping binding site (Lin and Tarn
2005) that is similar to the one found in MAPT (Kar et al. 2006). As the novel ACTT variant
forms part of the sequence that was mutated in the study of Kar et al. (2006), this is strong

evidence that ACTT indeed disrupts a common binding site for RBM4 and PTBP1.
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As the ACTT variant is present on the H2 allele and individual 3 shows H1:H2 expression
ratios of approximately 0.5 for exon 10+ transcripts, this means that the variant results in
increased expression of exon 10 from the H2 variant allele than from the H2 wild type allele
borne by individuals 1 and 2. The overall shift towards more splicing is feasible either by
more enhancer action or less suppressor action. Given that the variant is predicted to
reduce binding, | predict that a partial loss of binding of RBM4 and near abrogation of
binding of PTBP1 would swing the balance more in the favour of inclusion of exon 10 in
transcripts originating from the ACTT H2 allele. Alternatively the complete loss of binding of
both factors could leave the balance of remaining factors shifted more towards that of
promoting exon 10 inclusion. Further work to investigate the binding of RBM4 and PTBP1
could include RNA pull-down assays with wild type and mutant RNA probes along with either
cell extracts or recombinant RBM4/PTBP1 to confirm the effect of the ACTT variant on splice

factor binding.

As the ACTT variant increases the inclusion of exon 10, only time will tell if individual 3 is
unfortunate enough to develop a 4R tauopathy such as FTDP-17. Performing a thought
experiment on my existing data, if ACTT doubles exon 10 expression from the H2 allele, then
in the heterozygous state exon 10 expression would be increased by 50%; using the
midbrain data point of 34% exon 10 inclusion, a ACTT heterozygote could be expected to
have a midbrain exon 10 inclusion that is 50% higher, i.e. 51%, and a 4R:3R ratio of 1.04. This
is just below the published mean 4R:3R ratios for sets of FTLD and PSP samples, within the

range of variation shown for cases (Ingelsson et al. 2007).
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4.4.4 Cell-type specific analysis with sorted populations

In order to truly understand the nature of MAPT expression in dopamine neurons | wanted a
way of studying this type of neuron as a pure population. To select an individual population
by FACS, the ideal situation is to have that population express a fluorescent protein so that
no antibody staining is required. This has been possible with transgenic animals (Hedlund et
al. 2008; Roessler et al. 2014; lacovitti et al. 2014) but has been more difficult with human
cell culture. With the unsuitability of the dopaminergic reporter from Chapter 3, an
alternative approach was required to select dopaminergic neurons. This was first pursued in
my laboratory by Mr P. Robertson, who developed the FACS method with intracellular TH
staining utilised here. One previous attempt of his was the use of a fluorescent false
neurotransmitter as a dopamine analogue that would be taken up specifically by cells
expressing the dopamine transporter (Rodriguez et al. 2013); however, those experiments
did not produce satisfactory and cell-specific results suitable for sorting of the cells by FACS.
Using his new method, iPSC-derived dopaminergic neuronal cultures from three control
individuals and three individuals bearing LRRK2 G2019S mutation were sorted and the
extracted RNA used for RNA-seq (Sandor and Robertson et al. 2016, under review). Using
the method he obtained a significant enrichment of TH expression by qRT-PCR (>8-fold)
between unsorted and sorted populations, showing that the method was successful at

selecting dopamine neurons.

Other groups have used FACS with extracellular staining protocols to enrich for
dopaminergic neuronal precursors before the final plating, particularly those desiring purer
populations for transplantation. The first published study performing this on human cells
used the glycoprotein neural cell adhesion molecule (NCAM) to enrich for neurons from
human iPSC-derived dopaminergic neuronal cultures before transplantation into rats

(Hargus et al. 2010). However, as this is not a specific dopaminergic marker this would not
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have been sufficient for use in this experiment, although it could have been used to select
against astrocytes from co-cultures. A more successful approach likely requires the use of
arrays of several markers in concert, none of which is cell-type specific on its own but each
of which is highly expressed and so confers specificity in combination. This was apparently
achieved with human cells in a protocol divided into two stages of FACS: the first at day 11
of the Kriks protocol to select for midbrain dopaminergic progenitors with NCAM+/CD133+
gating and subsequently at day 32 to select for midbrain dopaminergic neurons with gating
for NCAM+/CD24+/CD15-/CD184- (Woodard et al. 2014); however, these are not recognised
markers for dopaminergic neurons and confirmation by other groups is still awaited. For
rodent cells, midbrain dopaminergic progenitors have been selected from mouse ESC-
derived differentiations using Otx2 and Corin (Chung et al. 2011), and from rat midbrain

using Alcam, Chl1, Gfral and Igsf8 (Bye et al. 2015).

In this chapter | used FACS to separate dopaminergic neurons from neuron:astrocyte
co-cultures with the aim to investigate the effect of the astrocytes on neuronal expression of
MAPT. The use of neuron:astrocyte co-cultures to increase maturity of cultured neurons has
been demonstrated in human iPSC-derived cortical neuronal cultures, in which the
expression of mature neuronal markers is increased when cultured with astrocytes
(Muratore et al. 2014). Even without intentional co-culture, astrocytes can be generated in
significant frequency during maturation of iPSC-derived cortical neuronal cultures (Muratore
et al. 2014), although evidence from the present study suggests that iPSC-derived

dopaminergic neuronal cultures only have low level spontaneous generation of astrocytes.

The one meaningful result that was obtained in the present study using FACS was that
co-culture with astrocytes enabled a greater proportion of the cells to remain alive through
the first portion of the dissociation and staining protocol. A few possibilities exist to explain

this. It could represent a favourable effect of the astrocytes on the health of the cultures so
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that there were either fewer dead cells already or that the cells were more robust and so
less susceptible to damage through the protocol. Alternatively, the cultures could have
become less dense early in the co-culture protocol, such as (i) through astrocyte-derived
stimulation to form an altered network morphology, (ii) by an initial toxic effect of the
astrocytes on the progenitors when they were first introduced in co-culture, or (iii) that the
astrocytes permitted the pruning of some of the dead cells after mitomycin C treatment
rather than those cells remaining adhered within clumps due to tangles of DNA. If the
cultures were less dense, as observed at DIV36, it would make dissociation easier, resulting

in fewer cells becoming mechanically damaged.

An alternative method for separation of neuron:astrocyte co-cultures has been described
using application of a jet of ice cold PBS (Goudriaan et al. 2014), which would be worth
attempting in future to enable separation of the two populations without fixation, even if
only to have a bulk neuronal sample free of astrocytes instead of fully-purified dopaminergic
neurons; this would then be comparable to the single culture samples used throughout the
rest of the chapter. Another approach has been to grow the neurons on a separate surface
suspended above the astrocytes but sharing medium (Jones et al. 2012); however, this only

allows the sharing of secreted factors and not any direct cell-cell interactions.

Finally, the results from cDNA analysis of the fixed sorted samples were not internally
reliable and made it difficult to form any firm conclusions. The qRT-PCR results deviated
from the few expectations that were set, namely that at least one group (TH+ or TH-) would
approximate that of the unfixed bulk samples, particularly in terms of the strong allele-
specific ratio phenotypes for exon 3+ transcripts for all samples and for exon 10+ transcripts
for clone 3B. Instead, the exon inclusions were considerably inflated, many of the ratios for
exon 3+ transcripts were in favour of more expression from H1, and clone 3B did not

segregate from the other clones for exon 10+ transcripts. As the deviations were seen both
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from the cDNA made using SuperScript VILO and from the amplified cDNA kit, this suggests
that the problem was with the initial RNA quality and not just due to stochastic levels with
the low amounts of starting RNA in each amplification reaction. RNA from fixed cells is more
likely to be suitable for downstream analysis by RNA-seq as this requires pre-fragmentation
and performs reads on all fragments without the need for specific sequences or extended
lengths. However, other groups have claimed that the RNA extracted from fixed cells after
FACS is of sufficient quality for qRT-PCR without significant bias (Hrvatin et al. 2014;
Thomsen et al. 2016). It is hoped that the generation of a lentiviral-based fluorescent
dopaminergic reporter using the human PITX3 promoter will allow identification of live
dopaminergic neurons that can be reliably isolated by FACS without fixation or extended
staining protocols, and that this will enable detailed cell type-specific expression studies
using qRT-PCR and Western blotting to confirm the findings from bulk cultures containing

dopaminergic neurons.
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Chapter 5: Axonal Transport in iPSC-derived dopaminergic

neuronal cultures with knockdown of MAPT

5.1 Introduction

The MAPT H2 allele is associated with a protective effect from Parkinson’s disease. In
chapter 4 | outlined how the presence of the H2 haplotype could result in lower amounts of
neuronal 4R tau compared to the H1 allele through lower expression of total MAPT
transcripts or lower inclusion of exon 10. However, it is unclear what the impacts of such
differences are on neuronal functionality, and in particular what cellular function is
performed by 4R tau isoforms. No studies have investigated the role of tau and its isoforms
in dopaminergic neurons in order to probe the features underlying genetic risk for

Parkinson’s disease.

One way to interrogate the function or otherwise pathogenic effect of a protein of interest is
to perturb the cellular levels of that protein through augmentation or depletion. Tau, as a
microtubule-associated protein, binds to microtubules and uses its three or four
microtubule-binding repeats to contribute to microtubule assembly and stability (Fellous et
al. 1977; Cleveland et al. 1977; Gustke et al. 1994; Panda et al. 2003). Delivery of surplus tau
protein or its specific isoforms has shown that excess tau can hinder microtubule-related
processes including kinesin-mediated transport, observed in CHO cell culture (Ebneth et al.
1998; Trinczek et al. 1999), differentiated N2a neuroblastoma neuron-like cells (Ebneth et al.
1998; Dubey et al. 2008) and neurons (Mandelkow et al. 2004; Zhang et al. 2005a),
particularly when 4R tau isoforms are overexpressed (Stoothoff et al. 2009). However,
overexpression studies, while informative about an induced pathogenic state, do not

necessarily reveal the normal cellular role. Other studies have adopted an approach of tau
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depletion, either by utilising tau knockout animals to investigate the effect in neurons that
have never expressed tau (Dawson et al. 2001; Yuan et al. 2008; Vossel et al. 2010; Vossel et
al. 2015) or by employing a knockdown methodology to reduce but not completely abrogate
endogenous tau expression (Sapir et al. 2012; DeVos et al. 2013; Vossel et al. 2015).
However, none of these studies has applied knockdown to cultures containing dopaminergic

neurons to relate tau function to the key cell type of PD.

Virtually all previous studies into the cellular functions of the isoforms of tau have been
limited to the selective overexpression of particular isoforms in vivo or delivery of
recombinant isoforms in vitro. Only two studies have performed selective knockdown of
mammalian tau isoforms with phenotypic analysis: one used antisense oligonucleotides to
reduce 4R tau, which destabilised microtubules in non-neuronal pancreatic cells (Kalbfuss et
al. 2001) while another study made mice lacking Mapt exon 10, which displayed a mild
effect on sensorimotor functionality when adult mice expressed only 3R tau (Gumucio et al.

2013).

Altered expression of 4R tau isoforms is already proven to have a pathogenic effect as
evidenced by some cases of frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17), in which mutations in splice sites of MAPT are sufficient to cause
disease by significantly altering the inclusion of MAPT exon 10 (Hutton et al. 1998; Spillantini
et al. 1998a; Hasegawa et al. 1999). The magnitude of the effect of MAPT exon 10 splice-site
mutations in FTDP-17 was first reported as a 2-fold or greater increase in exon 10 inclusion
(Hutton et al. 1998). The allele-specific data presented in chapter 4 revealed that common
variation at the MAPT locus associated with PD causes a smaller increase in expression of 4R
tau transcripts from the H1 allele of approximately 20%. It is therefore expected that the
physiological effects of increased expression from the H1 allele will be less pronounced than

those seen due to FTDP-17 MAPT splicing mutations and hence that the H1 allele
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contributes to disease susceptibility rather than directly causing disease. Additionally, as a
tauopathy, FTDP-17 is characterised by aggregation of tau protein, and cases with exon 10
splicing mutations show a predominance of 4R tau within insoluble deposits (lovino et al.
2014). The general lack of insoluble tau pathology in PD suggests that tau contributes to PD
in other ways than through aggregation. More work is needed to understand the role of tau
isoforms outside of the formation of aggregates and through examination in a more

physiological setting than with protein overexpression.

Very little is understood about the cellular function of 2N tau isoforms, but as the projection
domain is involved in microtubule spacing (Chen et al. 1992) there is scope for a role for 2N
tau in axonal transport if it reduces the likelihood of the steric hindrance of motors within
bundles of microtubules (Marx et al. 2000; Shahpasand et al. 2012; Conway et al. 2014). In
chapter 4 the protective H2 allele showed a robust two-fold increase in expression of
transcripts encoding 2N tau in all samples, agreeing with previous reports (Caffrey et al.
2008; Trabzuni et al. 2012) so it is hypothesised that knockdown of 2N tau would have a

negative effect on axonal transport in neurons.

5.1.1 Aims of the Chapter

* To describe the design, generation and testing of novel RNA interference tools to
knockdown tau protein and its isoforms. This includes design of siRNA and shRNA
molecules and the incorporation of shRNA sequences into lentiviral plasmids for
improved delivery to cells in culture.

* To detail the investigation of the roles of tau protein and its isoforms, notably 4R
tau, in axonal transport in iPSC-derived dopaminergic neuronal cultures using

isoform-specific shRNA tools.
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5.2 Methods

5.2.1 Design of short interfering RNAs

Short interfering RNAs (siRNAs) were designed according to instructions provided by Life
Technologies (Life Technologies, www.lifetechnologies.com/uk/en/home/references/
ambion-tech-support/rnai-sirna/general-articles/-sirna-design-guidelines.html, accessed
28-Apr-2014), whereby candidate sequences of 21 nt beginning with AA, were checked by
NCBI BLAST search (National Center for Biotechnology Information,
www.ncbi.nlm.nih.gov/blast/, accessed 28-Apr-2014) to have no more than a stretch of 15
or 16 nucleotides in common with other human RefSeq RNA sequences. Alignments of
MAPT exons 9-12 as amino acid and DNA sequences were performed using CLUSTAL 2.1
(http://www.clustal.org/clustal2/) (Larkin et al. 2007) with delineation of the microtubule-
binding repeats of MAPT and MAP4 as per Chapin & Bulinski (1992). Custom synthesized
Silencer Select siRNAs were obtained from Life Technologies, in addition to non-targeting

control (Silencer Negative Control No 1, #AM4611).

5.2.2 siRNA transfection of cell culture

BE(2)M17 cells were seeded as 1.2x10° cells per well of 12-well plate. On day 2, transfection
mixtures were made with 100 nM siRNA and 1% (v/v) Lipofectamine 2000 (Invitrogen) in
OptiMEM (Gibco) and incubated to form complexes (20 min, room temperature). Cells were
washed twice with OptiMEM before adding 1 ml OptiMEM and 200 ul siRNA:Lipofectamine
mix to cells. After 6 hours, 600 pl OptiMEM with 30% foetal bovine serum (Gibco) was
added. On day 3, medium was replaced with OptiMEM Complete. Cell pellets were
harvested 72 hours post-transfection. cDNA synthesis was performed with SuperScript Il

(section 2.10.2 j) with 1 ug RNA.
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BLOCK-IiT Alexa Fluor Red Fluorescent Control (Ambion) was used in place of siRNA in
transfection of BE(2)M17 cells to enable determination of transfection efficiency with
100 nM siRNA. NucBlue Live ReadyProbes Reagent (Molecular Probes) was added as 2 drops
per well 24 hours post-transfection to visualise nuclei, then cells were imaged with a Nikon

Eclipse TE-2000-U fluorescent microscope.

For delivery of siRNA to iPSC-derived dopaminergic neurons, transfection mixtures were
made as above but with 3% (v/v) Lipofectamine 2000. Cultures in 12-well plates (DIV41) that
had been seeded at 3x10° cells/cm?® on DIV20 were washed with PBS before adding 900
OptiMEM and 100 pl siRNA:Lipofectamine mix. After 6 hours, medium was replaced with
standard maturation medium. Cell pellets were harvested 72 hours post-transfection. cDNA
synthesis was performed with SuperScript Il (Life Technologies) followed by qRT-PCR where

SYBR Green housekeeper genes (SDHA, GAPDH, HPRT1) were used for normalisation.

5.2.3 Design and construction of short hairpin RNA lentiviral constructs

Short hairpin RNAs (shRNAs) were designed from siRNA sequences using the BLOCK-iT RNAi
Designer (Life Technologies, http://rnaidesigner.lifetechnologies.com/) with additional
instructions from http://rnaidesigner.lifetechnologies.com/rnaiexpress/help/convert_sirna_
to_shrna.htm (accessed Jul-2014) and using the standard CGAA loop to form the hairpin.
Three siRNA sequences against total MAPT that comprise Ambion #4392420 were
determined from the positions of the central nucleotide in each 21 nt sequence in transcript
NM_01123066.3 (s8508, central nt 2316; s8509, central nt 2342; s8510, central nt 1461). A
non-targeting control was generated as a scrambled version of MAPTx3_1 using siRNA

Wizard (www.sirnawizard.com/scrambled.php, accessed Jul-2014) on the 19 nt following the
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initial AA dinucleotide. The resulting scrambled sequence was further verified using NCBI

BLAST against the human RefSeq RNA database.

Lentiviral constructs to express short hairpin RNAs (shRNAs) were made using Gibson
Assembly Master Mix (NEB) with the following DNA molecules: pRRL.sin.wpre fragment of
Spel-HF/Sall-HF double digest (NEB) of pRRL.sin.U6.shRNA.cPPT.CMV.EGFP.wpre (kind gift
from Dr Oscar Cordero Llana); PCR of U6 promoter from the same construct, adding each
specific shRNA sequence with a long reverse primer (Harper and Davidson 2005; Rinaldi et
al. 2014); PCR of RRE.cPPT.pEFla from CSii-EF-MCS (a gift from Dr H. Miyoshi, RIKEN
BioResource Center DNA Bank); PCR of EBFP2 from pBAD-EBFP2 (a gift from Robert
Campbell, Addgene plasmid #14891). Primers for PCR (see Appendix Table L) were designed
to incorporate 220 nt overlapping sequence between PCR/digest fragments to enable
Gibson Assembly. PCRs were performed using KAPA HiFi HotStart ReadyMix (KAPA
Biosystems). All DNA molecules were separated by agarose gel electrophoresis (2% for
shRNA PCRs and 1% for all others), purified by QlAquick Gel Extraction Kit (QIAGEN) and
quantified by Nanodrop. Gibson Assembly was performed as per manufacturer’s
instructions. Digested vector (3x10™ mol) and a three-fold molar excess of the three PCR
products (9x10™* mol each) were incubated in a 20 pl reaction with Gibson Assembly Master
Mix (50°C, 15 min) then stored on ice. Assembly products were diluted three-fold with water
and 1 pl was used to transform One Shot TOP10 Chemically Competent E. coli (Invitrogen)
before growth and selection. Following verification and sequencing (see Appendix Table M),
validated plasmids were used to transform One Shot StbI3 Chemically Competent E. coli
(Invitrogen) for lower risk of recombination. Verification experiments were performed using

plasmids prepared by PureLink HiPure Miniprep (section 2.2.1 jii).
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5.2.4 Transfection of shRNA lentiviral constructs

BE(2)M17 cells were transfected with shRNA-bearing lentiviral constructs as per siRNA
transfections except with 1 pg plasmid DNA instead of siRNA, and cells were harvested

48 hours post-transfection.

5.2.5 Generation and use of lentiviral particles

(i) Production of lentiviral particles

Third-generation lentiviral plasmids (Dull et al. 1998) were constructed, permitting the
generation of self-inactivating lentiviruses as neither copy of the lentiviral long terminal
repeats (LTRs) is wild-type: the 5’ LTR is truncated and relies on a rous sarcoma virus
promoter to drive transcription, while the 3’ LTR is deleted in the U3 region (Zufferey et al.
1998). For production of lentiviral particles the following plasmids were prepared by
PurelLink HiPure Plasmid Maxiprep kit (section 2.2.2 iii) with transfection quantities shown
per 15 cm dish: 10 pug shRNA/EBFP2 lentiviral vector; 10 ug pMDLg/pRRE (a gift from Didier
Trono, Addgene plasmid #12251); 2 ug pRSV-Rev (a gift from Didier Trono, Addgene plasmid
#12253); 3.4 ug pMD2.g (a gift from Didier Trono, Addgene plasmid #12259) encoding

vesicular stomatitis virus glycoprotein (VSV-G) for lentiviral pseudotyping.

HEK293T cells (8x10° cells seeded per 15 cm dish the previous day with 20 ml medium;
typically 12 dishes per lentiviral preparation) were transfected by calcium phosphate
transfection: the above DNA was incubated with 125 mM CaCl,, 25 mM HEPES,
140 mM NaCl, 0.75 mM Na,HPO, for 30 min before adding 2.4 ml transfection mix per dish.
On day two, culture medium was replaced (16 ml per dish), containing 10 mM sodium

butyrate; eight hours later the medium was replaced (16 ml per dish) and kept to form the
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first harvest (stored 4°C). A second harvest of medium was performed at the end of day

three and pooled with the first harvest.

(ii) Concentration of lentiviral particles

To concentrate viral particles, harvested medium was centrifuged to remove debris
(1,000 RCF, 5 min), 0.45 um filtered, then centrifuged overnight to pellet viral particles
(JLA-10.500 rotor, 6,000 RCF, 4°C). On day four the pellet was re-suspended in ice-cold PBS,
ultra-centrifuged (SW32.1Ti rotor, 20,000 RPM, 90 min, 4°C) and finally re-suspended in a
volume of TSSM buffer (20 mM Tris base, 100 mM NaCl, 10 g/l sucrose, 10 g/l b-mannitol)
representing a 2000X reduction in original volume; brief centrifugation (1000 RCF, 5 min,

4°C) removed persistent debris before aliquoting for -80°C storage.

(iii) Titration of lentiviral particles

Viral titres were determined by transduction of HEK293T cells with serial dilutions, followed
by flow cytometry determination of the percentage of EBFP2-positive cells 72 hours
post-transduction. On day one, HEK293T cells were seeded 1x10° cells per well in 12-well
format. On day two, a representative well was trypsinised (200 ul trypsin-EDTA; 800 pl
DMEM Complete to neutralise) and counted by Scepter in 1 ml volume to determine the
starting number of cells per well. Serial dilutions were prepared representing 5x10” (positive
control aiming for 100% transduction), 1x10°, 1x10* and 1x10° dilutions (500 pl/well) with at
least duplicate wells per condition. After 3-4 hours, 500 pul DMEM Complete was added to
each well. On day four, 72 hours post-transduction, cells were washed with PBS, trypsinised
as above, centrifuged (2880 RCF, 3 min), washed with PBS, centrifuged, resuspended in

100 pl PBS then fixed by addition of 400 ul 4% (w/v) paraformaldehyde in PBS for 10-15 min.
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PFA was diluted by the addition of 900 ul PBS, centrifuged, resuspended in PBS, centrifuged
and finally resuspended in 1% BSA (w/v) in PBS. Cell suspensions were analysed using a CyAn
ADP Analyzer (Beckman Coulter) after setting the gating strategy for the FL6 channel
parameters with the ~100% transduction condition (5x107 dilution factor) and untransduced
cells. Allowing 10,000 cells to pass through the initial gate set up to remove debris, the
proportion of cells showing as positive for EBFP2 per condition was used to calculate viral

titres (transducing units/ml). The estimate for viral titre per condition was calculated as:

% EBFP2" cells x original cell count x 100
transduction volume x dilution factor

then averaged for all estimates where EBFP2 percentage was between 5% and 60%.

(iv) Lentiviral transduction of cell culture

BE(2)M17 cells (3.75x10%) were seeded in 24-well plates in OptiMEM Complete on day one.
On day two, culture medium was replaced with 250 pl OptiMEM Complete containing
lentiviral particles to an MOI of 10 or 20, based on the seeding density of day one. Medium
was topped up to 500 pl after four hours. Cells were harvested 72-hours post-transduction

(MOI 10) or 96-hours post-transduction (MOI 20).

iPSC-derived dopamine neuronal cultures were transduced on DIV20 shortly after re-plating,
by addition of a small volume of lentiviral particles directly into the culture medium at
MOI 2.5 or 5. The remainder of the protocol inclusive of treatment with Mitomycin C was as

normal, and cells were harvested on DIV36.
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5.2.6 Mitochondrial axonal transport imaging

Cultures of iPSC-derived dopaminergic neuronal cultures were re-plated onto Geltrex-coated
coverslips on DIV20 and transduced with shRNA-bearing lentiviral particles. Cultures were
maintained until four weeks post re-plating or five months post re-plating before imaging.
Cultures were incubated with MitoTracker Deep Red (Invitrogen) for 30 min then washed
with Hanks Balanced Salt Solution with calcium and magnesium (Invitrogen). Cultures were
imaged on a Nikon Eclipse TE-2000-U fluorescent microscope with heated chamber at 37°C
and delivery of 5% CO,/Air for up to one hour with a 60X immersion objective (Nikon Plan
APO VC, 60x/1.40 oil, 0.17, DIC, N2). Time-lapse imaging with Cy5 channel was performed
using Volocity software to generate 150 images at 1 s intervals with 110 ms exposure (Vossel
et al. 2015). Single EBFP2 images were taken on the DAPI channel to identify transduced

neurons for each video.

5.2.7 Image analysis

Kymograph time-space plots were generated from blinded videos in Fiji software (National
Institutes of Health) using the Multiple Kymograph plugin and the tsp050706 macro
according to its protocol (http://www.embl.de/eamnet/html/body_kymograph.html). For
transduced coverslips, only EBFP2-positive axons were chosen for analysis. Within the
multiple kymograph, a segmented line was drawn along the path of each mitochondrion and
velocities were determined using the ‘read velocities from tsp’ macro. Mitochondria were
classed as motile if they moved more than 2 um during the imaging period, corresponding to
the approximate length of a mitochondrion (Vossel et al. 2015). Pauses were determined as
individual parts of the path where a mitochondrion moved 0-1 pixels and/or had a velocity

<0.12 pixels/s (<0.0139 um/s) corresponding to the minimum velocity needed to reach the
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overall threshold of motility in the 150 s imaging window. Motility and pause number data
are presented as the average per neuron. Velocity data are presented as average velocity
(um/s) for the measured period and also the same average velocity calculation but with

pause periods removed.
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5.3 Results

5.3.1 Generation of RNA interference tools to reduce MAPT expression

(i) Short interfering RNAs to target MAPT isoforms

As an initial strategy for investigating the role of tau isoforms, a set of short interfering RNA
(siRNA) molecules was designed to target MAPT transcripts containing exon 3 or exon 10.
Target sequences in MAPT exon 3 (Fig. 5.1A) having suitable GC% were checked by BLAST
search; MAPTx3_1 and MAPTx3_3 were chosen for testing as the BLAST search confirmed
them to have no more than 16 nt contiguous sequence with other loci. However, it was
noted that MAPTx3_3 shared 15 nt contiguous with the 1N isoforms of MAPT. For MAPT
exon 10, which encodes one of the four microtubule-binding domain repeats, the
translations of the four imperfect repeat exons were first aligned to determine the region of
greatest divergence, which was shown to be the spacer sequences (Fig. 5.1B). From the DNA
alignment of the MAPT spacer sequences, three siRNA target sequences were designed
(Fig. 5.1C) then checked by BLAST search; MAPT10_1 and MAPT10_3 were chosen for
testing, and had 15 nt contiguous with one locus and three loci respectively. In addition, the
sequences for the spacers and repeats of the non-neuronal microtubule-associated protein
MAP4 were examined and verified to be sufficiently dissimilar to those of MAPT, sharing
only 50% sequence identity between the MAPT exon 10 spacer and the MAP4 equivalent

(Fig. 5.1D). Sequences of siRNAs selected for testing are shown in Table 5.1.

BE(2)M17 cells were transfected with siRNAs and the effect of knockdown was determined
by gRT-PCR (Fig. 5.2A-C, Table 5.2). Transfection efficiency was estimated at >99% as shown
by a fluorescent siRNA control being present in every cell (Fig. 5.2D). Both siRNAs targeting
MAPT exon 3 (represented throughout as light blue bars) had a large and exclusive effect on

exon 3+ transcripts, knocking them down by 79% and 84% respectively compared to
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A

5’ —-cactccaacagcggaagATGTGACAGCACCCTTAGTGGATGAGGGAGCTCCCGGCAAGCAGGCTGC

MAPTx3_1 GC% too high
CGCGCAGCCCCACACGGAGATCCCAGAAGGAACCACAGctgaagaagcaggcattggagacaccce-37
—_— MAPTx3 2

MAPTx3_3
B spacer -
exon9repeat DLKNJVKSKIGSTENLKHQPGGGK
exonlOrepeat VQIINKKLDLSN-VQSKCGSKDNIKHVPGGGS
exonllrepeat VQIVYKPVDLSK-VTSKCGSLGNIHHKPGGGQ
exonl2repeat VEVKSEKLDFKDRVQSKIGSLDNITHVPGGGN
* * * kk k% * * kK k k%
C
exon9repeat cagacagcccccgtgcccatgccaGACCTGAAGAAT. ..
exonlOrepeat aagGTGCAGATAATTAATAAGAAGCTGGATCTTAGCAAC. .. MAPT10_ 1
MAPT10_2

MAPT10_3
exonllrepeat agtGTGCAAATAGTCTACAAACCAGTTGACCTGAGCAAG. .. -

exonl2repeat cagGTGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGA. ..

* Kk Kk K * k * * kK * ok *

D
MAPT GTGCAGATAATTAATAAGAAGCTGGATCTTAGCAAC...
MAP4 GTCCAGATAGTCTCCAAAAAAGTGAGCTACAGCCAT...

* Kk kkkkkk Kk * Kk kK * * * Kk Kk K

Figure 5.1: Design of short interfering RNA target sequences for MAPT isoforms.

(A) Partial sequence of MAPT mRNA (NM_005910.5 encoding 2N4R) showing exon 3
(uppercase) flanked by the adjacent portions of exons 2 and 4 respectively (lowercase). Four
potential siRNA target sequences commencing with AA are shown underlined, with GC
content (in order): 47.6%, 76.1% (unsuitable), 47.6%, 52.3%.

(B) CLUSTAL 2.1 alignment of the amino acid sequence of microtubule-binding domain
repeats (bold) and spacer sequences encoded by MAPT exon 9-12, as denoted by Chapin &
Bulinski (1992). Asterisks denote amino acids common to all of the sequences.

(C) CLUSTAL 2.1 alignment of the DNA sequence of the variable spacers shown in (B), plus
additional sequence of exon 9 shown in lowercase italics. The three nucleotides of spacer
sequence at the end of each exon are included in lowercase. Asterisks denote nucleotides
common to all of the sequences (not including the portion of exon 9 shown in italics). Three
potential siRNA target sequences commencing with AA are shown underlined, with GC
content (in order): 28.5%, 38.1%, 28.5%.

(D) Alignment of the MAPT exon 10 spacer sequence with the equivalent sequence from
MAP4 (NM002375.4). Asterisks denote nucleotides common to both sequences.
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Table 5.1: siRNA sequences (5’-3’) tested in cell culture.

MAPTx3_1
Target RNA sequence AAGAUGUGACAGCACCCUUAG
Sense sequence (passenger strand) gAUGUGACAGCACCCUUAGuu

Antisense sequence (guide strand) | CUAAGGGUGCUGUCACAUCUU

MAPTx3_3
Target RNA sequence AACCACAGCUGAAGAAGCAGG
Sense sequence (passenger strand) CCACAGCUGAAGAAGCAGGuu

Antisense sequence (guide strand) | CCUGCUUCUUCAGCUGUGGUU

MAPT10_1
Target RNA sequence AAUUAAUAAGAAGCUGGAUCU
Sense sequence (passenger strand) UUAAUAAGAAGCUGGAUCUuu

Antisense sequence (guide strand) | AGAUCCAGCUUCUUAUUAAUU

MAPT10_3
Target RNA sequence AAGGUGCAGAUAAUUAAUAAG
Sense sequence (passenger strand) GGUGCAGAUAAUUAAUAAGuUU

Antisense sequence (guide strand) | CUUAUUAAUUAUCUGCACCUU

Silencer Negative Control No 1 (Ambion, # AM4611) — non-targeting

Silencerl negative control (represented throughout by light grey bars) (Fig. 5.2A) but
showing no effect on the levels of exon 10+ (Fig. 5.2B) or total MAPT transcripts (Fig. 5.2C).
Both siRNAs targeting MAPT exon 10 (represented throughout as dark blue bars) had a clear
effect on exon 10+ transcripts, knocking them down by 83% and 94% respectively compared
to Silencerl negative control (Fig. 5.2B). There was also a 43% and 57% knockdown effect
respectively on exon 3+ transcripts (Fig. 5.2A) and a 38% (not significant with Bonferroni
correction) and 47% knockdown effect respectively on total transcripts (Fig. 5.2C). The effect
on exon 3+ transcripts could be explained by a combination of factors: first by a mirroring of
the partial knockdown effect seen on total transcripts; second by the fact that some exon
10+ transcripts would also be exon 3+. It is unclear why the exon 10-targeting constructs
produced partial knockdown of total transcripts; part of this will be by of the degree of exon
10 inclusion, but this is only estimated to be 7% of all MAPT transcripts in untransfected
BE(2)M17 cells (Fig. 5.2E). Off-target interference is unlikely as the 21 nt siRNA sequences

shared only 10 or 13 nt with the exon 11 and exon 12 spacer sequences (Fig. 5.1C).
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Figure 5.2: MAPT expression by qRT-PCR after siRNA delivery to BE(2)M17 cells and iPSC-
derived dopaminergic neuronal cultures.

(A-C) gRT-PCR data for siRNA transfection of BE(2)M17 cells, measuring the effect of each
siRNA treatment on (A) exon 3+ transcripts, (B) exon 10+ transcripts and (C) total MAPT
transcripts. Mean *SEM, n=3 independent transfections. Asterisks denote significant
statistical difference from Silencer 1 negative control in a one-way ANOVA followed by
Bonferroni’s multiple comparisons test; see Table 5.2 for statistical data.

(D) Images of BE(2)M17 cells transfected with BLOCK-iT Alexa Fluor Red Fluorescent siRNA
(red), with nuclei stained live with NucBlue (blue) and background phase contrast image.
Scale bars 50 um.

(E) Exon % inclusion for untransfected/untransduced BE(2)M17 cells. Mean *SEM, n=9
independent experiments. Exon 3, 4.99% +0.57%; exon 10, 6.70% +0.47%.

(F-H) gRT-PCR data for siRNA transfection of iPSC-derived dopaminergic neuronal cultures,
examining the effect of each attempted siRNA delivery on (F)total MAPT transcripts,
(G) exon 3+ transcripts and (H) exon 10+ transcripts. Mean +SEM from n=3 gPCR wells with
cDNA from n=1 transfection.
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Table 5.2: Statistical data for MAPT expression by gRT-PCR after siRNA delivery to
BE(2)M17 cells (Fig. 5.2).

. Mean Multiple comparison to Silencer 1
siRNA . - R
expression SEM Adjusted Significance
Treatment t df
(AAC;) P Summary
0.194 0.030 | <0.0001 824 | 9 HkAK
. 0.148 0.047 | <0.0001 877 | 9 Hk A
Fig. 5.2A
(E 3+t ipts) Exon 10 (1) 0.518 0.097 | 0.0059 451 | 9 **
Xon S+1ranscripis) ESTIE) 0.389 0.012 | 0.0008 6.00 | 9 | ***
Silencer 1 0.909 0.052 | - - - -
0.846 0.191 | >0.9999 0.40 | 10 | ns
Fig. 5.2B 0.791 0.076 | >0.9999 0.09 | 10 | ns
(Exon 10+ Exon 10 (1) 0.131 0.009 | 0.0201 3.58 | 10 | *
transcripts) Exon 10 (3) 0.048 0.009 | 0.0094 4.04 | 10 | **
Silencer 1 0.774 0.195 | - - - -
0.933 0.079 | >0.9999 0.63 | 10 | ns
Fig. 5.2C 0.975 0.067 | >0.9999 0.25 | 10 | ns
(Total MAPT Exon 10 (1) 0.722 0.028 | 0.1198 253 | 10 | ns
transcripts) Exon 10 (3) 0.533 0.029 | 0.0069 424 | 10 | **
Silencer 1 1.003 0.136 | - - - -

iPSC-derived dopaminergic neuronal cultures (clone 1A) were also transfected with siRNAs
and analysed for knockdown by gRT-PCR. However, no knockdown effect was observed
(Fig. 5.2F-H). Other attempts in the laboratory to deliver nucleic acids to iPSC-derived
neurons by transfection had also been unsuccessful, including siRNAs targeting SNCA
(F. Zambon, personal communication), so the strategy for tau knockdown was changed to

one that could be undertaken using viral particles.

(ii) Short hairpin RNAs to target MAPT isoforms

To enable efficient delivery of RNA interference particularly to neurons, siRNA sequences
were converted to shRNA sequences for incorporation into lentiviral vectors (Table 5.3).
These comprise conversions from the four isoform-specific MAPT siRNA sequences, three
siRNA sequences against total MAPT previously used in the laboratory and a scrambled non-

targeting control generated from MAPTx3_1.
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Table 5.3: shRNA sequences incorporated into lentiviral constructs.

shRNA Name shRNA sequence (5’-sense-loop-antisense-3’)

AAGATGTGACAGCACCCTTAGCGAACTAAGGGTGCTGTCACATCTTTTTT

AACCACAGCTGAAGAAGCAGGCGAACCTGCTTCTTCAGCTGTGGTTTTTT

sh3 — MAPT10_1 AATTAATAAGAAGCTGGATCTCGAAAGATCCAGCTTCTTATTAATTTTTT

sh4 — MAPT10_3 AAGGTGCAGATAATTAATAAGCGAACTTATTAATTATCTGCACCTTTTTT

sh5 —s8508 AACATCCATCATAAACCAGGACGAATCCTGGTTTATGATGGATGTTTTTT
(MAPT exons 11-12)

sh6 —s8509 CCAGGTGGAAGTAAAATCTGACGAATCAGATTTTACTTCCACCTGGTTTTTT
(MAPT exon 12)

sh7 —s8510 GCATGGTCAGTAAAAGCAAAGCGAACTTTGCTTTTACTGACCATGCTTTTTT
(MAPT exon 5)

sh8 — NT AAGAAGGCTCGTCGCACTAATCGAAATTAGTGCGACGAGCCTTCTTTTTT
(non-targeting control;
scrambled MAPTx3_1)

A é
r r EBFP2 WPRE
pU6 shRNA

pEF1a

PCR: Lentivirus plasmid A Lentivirus plasmid B pBAD-EBFP2
(PRRL sin U6-sh cPPT pCMV EGFP WPRE) (CSii-EF-MCS)

X X
pUG EBFP2
t)‘) )‘5

Spel Sall

PRSV!

pAmpR]

Lentivirus plasmid A
(PRRL sin [ -~ ] WPRE)

Figure 5.3: Schematics of lentiviral constructs.

(A) Schematic of the internal sequence of the shRNA-bearing lentiviral constructs, between
the two long terminal repeats (LTRs).

(B) Schematic of the components of the four-fragment Gibson Assembly used to generate
the constructs. The lentiviral backbone (lentivirus plasmid A) contains the standard plasmid
replication machinery plus the lentiviral long terminal repeats (LTRs) that flank the insert
region. W, HIV-1 packaging sequence. Scissors represent digestion with restriction
endonucleases. X represents regions of homology where 3’ single-stranded overhangs
created by 5 exonuclease during Gibson Assembly permit annealing of complementary
sequence before repair by DNA polymerase and DNA ligase (Gibson et al. 2009).
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(iii) Construction of shRNA lentiviral vectors

Lentiviral constructs were designed to express an shRNA from the mouse U6 promoter along
with an enhanced blue fluorescent protein (EBFP2) (Ai et al. 2007) reporter driven by the
human translation elongation factor 1a promoter (pEFla), terminating with the woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE) (Fig.5.3A). Eight shRNA
constructs were made by Gibson Assembly (Gibson et al. 2009) (Fig. 5.3B). PCR fragments
were amplified with high-fidelity polymerase (Fig.5.4A-C) and assembled with digested
backbone (Fig. 5.4D). PCR of the pU6-shRNA fragments showed a doublet band (Fig. 5.4A),
thought to be the result of altered electrophoretic mobility of cruciform structured DNA
where the shRNA sense and antisense sequences are complementary on the same strand.
Colonies with correct digest patterns (Fig. 5.4E) were sequenced along the entire insert
(>3.5 kb) and correct plasmids were used to transform stable E. coli. Newly transformed

colonies maintained correct digest patterns (Fig. 5.4F) and sequences.
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Figure 5.4: Construction of shRNA-bearing lentiviral constructs by four-fragment Gibson
Assembly.

(A) Representative insert PCR of one of the eight different pU6-shRNA fragments before gel
purification. The upper band of the doublet is the correct size, though both are of the
correct sequence (data not shown).

(B) Insert PCR of RRE-cPPT-pEFla before gel purification.

(C) Insert PCR of EBFP2 before gel purification.

(D) Pre-ligation Spel-HF / Sall-HF cloning restriction digest of
pRRL.sin.pU6-sh.cPPT.pCMV.EGFP.WPRE to remove the undesired 2.71 kb portion from pU6
to EGFP. Undigested and single digest lanes are shown to confirm integrity of double digest.
This image was taken after excision of the correct double digest fragment from the gel but a
small portion remains visible.

(E-F) Sfol-Sall-HF analytical restriction digests of constructed lentiviral plasmid minipreps
(E) following Gibson Assembly and (F) following transformation of StbI3 bacteria. Correctly
assembled lentiviral constructs have four digest fragments with cut sites shown. Minipreps
in (F) are numbered as Table 5.3.

(iv) Validation of shRNA lentiviral constructs

The eight newly-generated lentiviral plasmids were tested for their ability to knockdown
their respective targets of MAPT using transfection of BE(2)M17 cells. All eight constructs

expressed EBFP2 by 24 hours post-transfection to identify transfected cells (Fig. 5.5A). As
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Figure 5.5: Transfection of BE(2)M17 cells with shRNA-bearing lentiviral plasmids.

(A) Images of EBFP2 expression 24 hours post-transfection on EVOS FL AUTO using TagBFP
filter cube. Images 1-8, shRNA constructs (sh1-sh8); mock, transfection reagents without
DNA; untrans, untransfected BE(2)M17 cells. Scale bars 50 um.

(B-D) gRT-PCR data measuring the effect of each shRNA on (B) exon 3+ transcripts, (C) exon
10+ transcripts and (D) total MAPT transcripts. Mean +SEM, n=3 independent transfections.
Asterisks denote significant statistical difference from non-targeting shRNA control in a
one-way ANOVA followed by Bonferroni’s multiple comparisons test; see Table 5.4 for
statistical data.

these initial transfections were considered a screen, in the analysis of MAPT qRT-PCR data,
Bonferroni’s multiple comparisons test was employed for the purpose of multiple testing
correction to minimise the possibility of selecting false positives for lentiviral production.
Both of the constructs targeting exon 3 significantly and selectively reduced exon 3+
transcripts (construct shl, 41%; construct sh2, 37% decrease; Fig. 5.5B, Table 5.4) but not
exon 10+ (Fig. 5.5C) or total transcripts (Fig. 5.5D). Construct sh4, targeting exon 10, reduced
exon 10+ transcripts alone (52% decrease), but its partner construct sh3 had no effect in any

assay (Fig. 5.5B-D). Of the three shRNA constructs targeting constitutive MAPT exons (sh5,
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sh6, sh7), only construct shé significantly reduced all three kinds of MAPT transcripts (exon
3+, 51% decrease, Fig. 5.5B; exon 10+, 47% decrease, Fig. 5.5C; total MAPT, 47% decrease,
Fig. 5.5D). None of the other seven constructs significantly affected total MAPT transcripts
beyond a downward trend for constructs sh5 and sh7 (Fig. 5.5D), while construct sh7
reduced exon 3+ transcripts by 38% (Fig.5.5C). From these data, | proceeded with
production of lentiviral particles containing the best plasmid for each condition: construct

sh1 (x3_1), construct sh4 (10_3), construct sh6 (s8509) and construct sh8 (non-targeting).

Table 5.4: Statistical data for MAPT expression by qRT-PCR after transfection of BE(2)M17
cells with shRNA-bearing lentiviral plasmids (Fig. 5.5).

Mean Multiple comparison to non-targeting
shRNA target expression SEM Adjusted Significance
t | df
(AAC;) p Summary
0.758 0.054 | 0.022 |3.47 |16 *
0.807 0.070 | 0.0432 | 3.5 | 16 *
Fig. 5.58 sh3 (10_1) 0.956 0.127 0.31 2.18 | 16 ns
(Exon 3+ sha (10_3) 0.948 0.101 | 0.2828 | 2.23 | 16 ns
) shs (s8508) 0.920 0.090 | 0.1968 | 2.41 | 16 ns
transcripts) sh6 (s8509) 0.631 0.079 | 0.0039 | 430 | 16 *x
sh7 (s8510) 0.799 0.141 | 00389 |3.20 | 16 *
sh8 (NT) 1.290 0.161 - - - -
1.177 0.160 | >0.9999 | 0.03 | 16 ns
1.068 0.037 | >0.9999 | 0.68 | 16 ns
. sh3 (10_1) 1.006 0.156 | >0.9999 | 1.07 | 16 ns
Fig. 5.5C
(Exon 10+ sha (10_3) 0.566 0.089 | 0.0086 | 3.92 | 16 *x
: shs (s8508) 0.939 0.102 | >0.9999 | 1.51 | 16 ns
transcripts) sh6 (s8509) 0.622 0.071 | 0.0184 | 356 | 16 *
sh7 (s8510) 0.731 0.102 | 0081 | 285 |16 ns
sh8 (NT) 1.172 0.105 - - - -
1.168 0.110 | >0.9999 | 0.07 | 16 ns
1.082 0.020 | >0.9999 | 0.64 | 16 ns
Fig. 5.5D sh3 (10_1) 1.194 0.124 | >0.9999 | 0.10 | 16 ns
sha (10_3) 1.113 0.147 | >0.9999 | 0.44 | 16 ns
(Total MAPT sh5 (s8508) 0.877 0067 | 04334 | 201 16 ns
transcripts) sh6 (s8509) 0.624 0.070 | 00138 | 3.69 | 16 *
sh7 (s8510) 0.768 0.092 | 01032 | 273 |16 ns
sh8 (NT) 1.179 0.152 - -] - -
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Lentiviral particles were produced by packaging the above four plasmids in HEK293T cells.
Viral titres achieved following purification and concentration are shown in Table 5.5.
BE(2)M17 cells transduced with these four lentiviral particle preparations showed EBFP2
expression when imaged 72 hours post-transduction, prior to harvesting (Fig. 5.6A). Particles
expressing shRNA targeting exon 3 produced only a small downward trend in exon 3+
transcripts corresponding to a 22% decrease (Fig.5.6B, Table 5.6). Particles expressing
shRNA targeting exon 10 significantly and selectively reduced exon 10+ transcripts by 44%
(Fig. 5.6C) with no detectable effect on exon 3+ or total MAPT transcripts (Fig. 5.6B, D). For
particles expressing shRNA targeting constitutive exons, knockdown was significant for exon
3+ transcripts (39% knockdown; Fig. 5.6B) but was close to the statistical cut-off for exon
10+ transcripts (p=0.0541, 39% knockdown; Fig. 5.6C) and total MAPT transcripts (p=0.0501,
40% knockdown; Fig. 5.6D). No other construct discernably affected total MAPT transcripts
(Fig. 5.6D). While BE(2)M17 cells are useful as a model for short-term culture of dopamine-
producing cells, they are not neurons and may react in different ways to treatment by

lentiviral particles; therefore, further functional validation of all constructs was still required.

Table 5.5: Titres from lentiviral particle production.

Lentiviral particle identity | Measured titres (TU/ml)

sh1 (exon 3) 7.0x10°

sh4 (exon 10) 1.3x10°

sh6 (Total) Batch 1: 4.7x10°
Batch 2: 1.9x10°

sh8 (Non-targeting) Batch 1: 1.5x10°

Batch 2: 2.0x10°
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Figure 5.6: Transduction of BE(2)M17 cells with shRNA-bearing lentiviral particles.

(A) Images of EBFP2 expression 72 hours post-transfection on Nikon Eclipse TE-2000-U using
DAPI filter cube with corresponding phase contrast images beneath. Numbering corresponds
to shRNA constructs sh1-sh8; untrans, untransduced cultures. Scale bars 50 um.

(B-D) gRT-PCR data measuring the effect of each shRNA on (B) exon 3+ transcripts, (C) exon
10+ transcripts and (D) total MAPT transcripts. Mean +SEM, n=3 independent transductions.
Asterisks denote significant statistical difference from non-targeting shRNA control in
Fisher’s Least Significant Difference test and the numerical values represent p-values close
to significance; see Table 5.6 for statistical data.
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Table 5.6: Statistical data for MAPT expression by qRT-PCR after transduction of BE(2)M17
cells with shRNA-bearing lentiviral particles (Fig. 5.6).

Mean Multiple comparison to non-targeting
shRNA target expression SEM
e P : Adjusted p t df | Significance
(AAG;)

Fig. 5.6B 0.793 0.048 0.1571 156 | 8 ns
(Exon 3+ sh4 (ex10) 0.958 0.059 0.6866 042 | 8 ns
. ot shé (Total) 0.618 0.032 0.0239 278 | 8 *
ranscripts) sh8 (NT) 1.018 0.187 ; - ;
Fig. 5.6C 1.071 0.090 0.787 028 | 8 ns
(Exon 10+ sh4 (ex10) 0.571 0.066 0.0338 256 | 8 *
: shé (Total) 0.624 0.069 0.0541 226 | 8 ns
transcripts) sh8 (NT) 1.022 0.212 - - - -
oseo  [EEER oo 0w onm [oslil
S ex . . . . ns
(tT°ta| "_”AtPT shé (Total) 0572 0.069 0.0501 231 | 8 ns
ranscripts) sh8 (NT) 0.956 0.172 ; - ;

Final testing of the lentiviral constructs was undertaken in iPSC-derived dopaminergic
neuronal cultures to verify the suitability of the constructs for use in modelling tau function
in a physiological setting. Cultures were transduced at DIV20 shortly after re-plating, in order
to maximise transduction capacity while the cells formed a monolayer and existed
predominantly as a soma without neurites. Prior to harvesting at DIV36, 16 days post-

transduction, the cultures expressed EBFP2 (Fig. 5.7A).

Similar to transduction of BE(2)M17 cells, transduction of neuronal cultures with the
exon 3-targeting construct showed no effect on exon 3+ transcripts compared to the
non-targeting ‘scrambled’ construct (Fig.5.7B, Table 5.7). Likewise the exon 3-targeting
construct had no effect on exon 10+ transcripts (Fig. 5.7C), but strangely increased total
MAPT transcripts by 36% (Fig. 5.7D). As these results were unsatisfactory in both BE(2)M17
cells and neuronal cultures, experiments with the exon 3-targeting shRNA construct were

not pursued further.
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Figure 5.7: Transduction of iPSC-derived dopaminergic neuronal cultures with shRNA-
bearing lentiviral particles.

(A) Images of EBFP2 expression at DIV36 on EVOS FL AUTO using TagBFP filter cube with
corresponding phase contrast images beneath. Numbering corresponds to shRNA constructs
sh1-sh8; untrans, untransduced cultures. Scale bars 50 um.

(B-D) gRT-PCR data measuring the effect of each shRNA at DIV36 on (B) exon 3+ transcripts,
(C) exon 10+ transcripts and (D) total MAPT transcripts. Mean +SEM, n=3 transductions.
Asterisks denote significant statistical difference from non-targeting shRNA control in
Fisher’s Least Significant Difference test; see Table 5.7 for statistical data.

The remaining two constructs performed well. Knockdown by lentiviral delivery of the
exon 10-targeting construct selectively reduced exon 10+ transcripts by 75% (Fig. 5.7C) and
not exon 3+ (Fig. 5.7B) or total transcripts (Fig. 5.7D), demonstrating that the effect on total
transcripts seen as siRNAs (Fig. 5.2C) was not a consistent problem with this chosen target
sequence. Knockdown by lentiviral delivery of the total MAPT shRNA construct reduced
exon 3+ transcripts by 33% (Fig. 5.7B), exon 10+ transcripts by 72% (Fig. 5.7C) and total
transcripts by 59% (Fig. 5.7D). In summary, the exon 10-targeting and total MAPT targeting

constructs showed excellent knockdown compared with the non-targeting construct and
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were suitable for use in studying axonal transport (remainder of this chapter) and additional

disease-related phenotypes (Chapter 6).

Table 5.7: Statistical data for MAPT expression by qRT-PCR after transduction of iPSC-
derived dopaminergic neuronal cultures with shRNA-bearing lentiviral particles (Fig. 5.7).

Mean Multiple comparison to non-targeting
shRNA target expression SEM
E xpress! Adjusted p t df | Significance
(AAG;)
Fig. 5.78 0.726 0.054 0.9866 002 | 8 ns
(Exon 3+ sh4 (ex10) 0.672 0.036 0.4184 0.85 | 8 ns
) shé (Total) 0.488 0.048 0.0059 372 | 8 *x
transcripts) sh8 (NT) 0.727 0.043 - - - -
Fig. 5.7¢ 0.913 0.095 0.1016 185 | 8 ns
(Exon 10+ sh4 (ex10) 0.192 0.021 <0.0001 760 | 8 HHk K
. e shé (Total) 0.218 0.036 <0.0001 726 | 8 HHk K
ranscripts) sh8 (NT) 0.772 0.030 ; . ;
* %k
Fig. 5.7D ISTORE  ocic oo | o5 o s m
(Total MAPT sh6 (Total) 0.248 0.045 0.0004 590 | 8 e
transcripts) sh8 (NT) 0.605 0.029 - - - -

5.3.2 Effects of reduced tau expression on axonal transport

With the tools to reduce tau expression in neurons established, iPSC-derived dopaminergic
neuronal cultures were prepared for live imaging of axonal transport with tau knockdown.
Two time points were studied: a short-term maturation of four weeks with knockdown of
total tau, and a longer maturation of five months with knockdown of total tau or 4R tau
encoded by exon 10+ transcripts. Transduction was performed at DIV20 shortly after

re-plating onto imaging coverslips.
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(i) Axonal transport with total tau knockdown during short-term maturation

At four weeks post-transduction, cultures were incubated with MitoTracker Deep Red and
imaged as time-lapse videos (Fig. 5.8A). Transduced neurons continued to express EBFP2
under the EFla promoter after four weeks (Fig.5.8B) allowing axonal transport
measurements to be restricted to this sub-set. Kymograph time-space plots were generated
in order to measure the movement of individual mitochondria (Fig. 5.8C). Knockdown of tau

protein at four weeks was confirmed as 65% (Fig. 5.8D).
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Figure 5.8: Mitochondrial axonal transport in dopaminergic neuronal cultures.

(A) Selected time-lapse fluorescence microscopy images of axonal mitochondria in
dopaminergic neuronal cultures stained with MitoTracker Deep Red. Arrows show motile
mitochondria.

(B) Image of EBFP2 expression during axonal transport live imaging on Nikon Eclipse
TE-2000-U. Scale bar 25 pum.

(C) Kymograph time-space plot of a trace along the linear path of an axon, from which
motility parameters can be determined.

(D) Representative western blots showing knockdown of tau protein (Tau-5 antibody) in
dopaminergic neuronal cultures matured for four weeks, with beta-actin loading control.
Quantification of duplicate blots shown below; mean *SEM. Asterisk denotes significant
statistical difference from non-targeting shRNA control in an unpaired t-test: MAPT
0.338 £0.139, NT 0.969 +0.012, p=0.0457, t=4.517, df=2.
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Figure 5.9: Mitochondrial axonal transport data for iPSC-derived dopaminergic neuronal
cultures around four weeks post-transduction.

Legend for all parts at bottom left of figure.

(A) Box and whisker plots (minimum to maximum; centre line, median; ‘+’, mean) of
percentage motility of mitochondria per neuron. Asterisk represents significant statistical
difference from non-targeting shRNA control in Kruskall-Wallis test with Dunn’s multiple
comparisons post-test [meantSEM, median (IQR)]: total MAPT shRNA 44.28% +3.32%,
41.43% (29.25%), n=50 neurons, adjusted p=0.015; non-targeting shRNA 32.70% +2.32%,
29.97% (21.68%), n=54 neurons; untransduced n=54 neurons.

(B-C) Cumulative frequency (%) graphs of average mitochondrial velocity in dopaminergic
neuronal cultures. (B) Average total velocity of each measured motile mitochondrion;
(C) average velocity of each measured motile mitochondrion after removal of time when
paused. Median velocities (IQR): (B) total MAPT shRNA, 0.358 (0.972) um/s; non-targeting
shRNA, 0.210 (0.708) um/s; untransduced, 0.149 (0.573) um/s; (C)total MAPT shRNA,
0.489 (0.988) um/s; non-targeting shRNA, 0.383 (0.734) um/s; untransduced, 0.251
(0.715) um/s. Both graphs showed a statistically significant difference between median
values in Kruskall-Wallis nonparametric tests: (B)p=0.0033, KW statistic=11.42;
(C) p=0.0200, KW statistic=7.826. However, Dunn’s multiple comparisons post test showed
no statistical difference from non-targeting shRNA control (total MAPT shRNA, adjusted
p=0.3277). Number of motile mitochondria per condition: total MAPT shRNA, 235;
non-targeting shRNA, 195; untransduced, 212.

(D) Box and whisker plots of the number of pauses per mitochondrion (mean per neuron).
No significant statistical difference between medians by Kruskall-Wallis test (p=0.3923, KW
statistic=1.872).

(E-H) Cumulative frequency (%) graphs of average mitochondrial velocity in dopaminergic
neuronal cultures after stratification by directionality. (E) Total velocity measurements for
unidirectional mitochondria; (F)velocity without pause periods for unidirectional
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mitochondria; (G) Total velocity measurements for bidirectional mitochondria; (H) velocity
without pause periods for bidirectional mitochondria. Median velocities (IQR): (E) total
MAPT shRNA, 0.882 (1.187) um/s; non-targeting shRNA, 0.658 (0.908) um/s; untransduced,
0.530 (1.139) um/s; (F) total MAPT shRNA, 0.992 (1.011) um/s; non-targeting shRNA, 0.869
(0.965) um/s; untransduced, 0.671 (1.134) um/s; (G) total MAPT shRNA, 0.096 (0.182) um/s;
non-targeting shRNA, 0.121 (0.130) um/s; untransduced, 0.080 (0.092) um/s; (H) total MAPT
shRNA, 0.173 (0.256) um/s; non-targeting shRNA, 0.195 (0.202) um/s; untransduced,
0.146 (0.141) um/s. Kruskall-Wallis test found a significant statistical difference between
medians for (E) (p=0.0097, KW statistic=9.264) but Dunn’s multiple comparisons post test
showed no statistical difference from non-targeting shRNA control (total MAPT shRNA,
adjusted p=0.2327). Kruskall-Wallis tests for (F-H) found no significant difference between
medians: (F) p=0.0502, KW statistic=5.984; (G) p=0.1458, KW statistic=3.851; (H) p=0.1786,
KW statistic=3.445. Number of mitochondria per condition (unidirectional/bidirectional):
total MAPT shRNA, 133/102; non-targeting shRNA, 102/93; untransduced, 112/100.

Initial analysis identified motile vs. non-motile mitochondria, with motile mitochondria
defined as those that have been displaced by =2 um during the imaging period (Vossel et al.
2010); motility is therefore a measure of how many mitochondria are moving and how many
are stationary. Knockdown showed a significant difference in the mean percentage of
mitochondria per neuron that were motile (44% for knockdown, 33% for non-targeting
control; Fig. 5.9A). However, when tau protein was reduced in these young neurons the
average velocity of motile mitochondria was not significantly different from the non-
targeting shRNA control (Fig. 5.9B). The data were further analysed by identifying the
periods during which each motile mitochondrion had paused. When these pause periods
were removed from the calculations of average velocity, the average motile velocity of
motile mitochondria remained not significantly different with tau knockdown (Fig. 5.9C), nor

was there a difference in the average number of pauses per mitochondrion (Fig. 5.9D).

Mitochondrial velocity was unable to be separated by direction (anterograde/retrograde), as
the positions of the cell bodies were not determined in the relatively dense cultures.
However, further stratification was performed by separating mitochondria that had >90% of

their movement in a single direction (unidirectional) from those that were bidirectional. The
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median velocities of unidirectional mitochondria (Fig. 5.9E-F) were between 4.5-fold and
9.2-fold higher than those of bidirectional mitochondria (Fig. 5.9G-H), but no significant

difference was observed between knockdown and non-targeting conditions.

(ii) Axonal transport with 4R and total tau knockdown during five-month maturation

The later time point of five months maturation permitted the study of 4R tau function in
axonal transport. In chapter 4 | described a progressive increase in MAPT exon 10 inclusion
over a six-month period, resulting in detectable 4R tau protein at later time points
(Figs. 4.6-4.7). The mature cultures used here expressed 4R tau isoforms that were
detectable by Western blot (Fig. 5.10A). Quantification of Western blots showed that
protein knockdown by the total MAPT shRNA persisted at a reduction by 55% of total tau,
while the 4R MAPT shRNA knocked down 4R tau by 81% (Fig. 5.10A). Additionally, EBFP2
expressed under the EFla promoter was also still strong after five months so as to permit

identification of transduced neurons for quantification (Fig. 5.10B).
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Figure 5.10: Knockdown of tau isoforms in iPSC-derived dopaminergic neuronal cultures
five months post-transduction.

(A) Western blots after protein dephosphorylation with lambda phosphatase showing
knockdown of tau protein (Tau-1 antibody) and 4R tau isoforms (4R tau antibody) in iPSC-
derived dopaminergic neuronal cultures five months post-transduction, with beta-actin
loading control. Far left lane, ladder of all six recombinant tau protein isoforms.
Quantification of blots shown.

(B) Image of EBFP2 expression during axonal transport live imaging on Nikon Eclipse
TE-2000-U. Scale bar 25 pum.
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Unlike in the short-term knockdown, older neurons showed no difference in the percentage
motility of mitochondria per neuron whether total or 4R MAPT transcripts were targeted
(Fig. 5.11A). However, in these older neurons where the complement of tau proteins is more
adult-like and knockdown conditions had persisted for longer, knockdown of 4R tau by
targeting exon 10+ transcripts caused a significant increase in median (IQR) mitochondrial
velocity from 0.148 (0.399) um/s to 0.574 (0.935) um/s (adjusted p=0.0007, Fig. 5.11B).
When pause periods were removed from the velocity calculations, both knockdown of total
tau and 4R tau showed a significant increase in median (IQR) mitochondrial velocity
compared to the non-targeting shRNA control, from 0.272 (0.565) um/s for non-targeting to
0.793 (0.937) um/s and 0.519 (0.732) um/s for 4R and total MAPT knockdown respectively
(4R MAPT adjusted p=0.0002; total MAPT adjusted p=0.0191; Fig. 5.11C); however, again
there was no observed difference in the actual number of pauses per motile mitochondrion

(Fig. 5.11D).

When mitochondria were stratified by directionality, as was observed for younger neurons
the median velocities of unidirectional mitochondria (Fig. 5.11E-F) were between 3.7-fold
and 10.4-fold higher than those of bidirectional mitochondria (Fig. 5.11G-H). Knockdown of
4R tau resulted in a significant increase in velocity for mitochondria moving in one direction
only, with or without inclusion of paused periods (Fig. 5.11E: median velocity (IQR), 4R MAPT
0.760 (0.752) um/s, NT 0.344 (0.573) um/s, p=0.0048; Fig. 5.11F: median velocity (IQR),
4R MAPT 0.990 (0.626) um/s, NT 0.641 (0.827) um/s, p=0.0033), but showed no difference
in velocity of bidirectional mitochondria (Fig. 5.11G-H), showing that the overall effect seen
by 4R tau knockdown was carried by unidirectional mitochondria. In contrast, knockdown of
total tau resulted in increased velocity of both unidirectional and bidirectional mitochondria,
but only when pause periods were removed (Fig. 5.11F: median velocity (IQR), total MAPT
0.946 (1.056) um/s; NT, 0.641 (0.827) um/s, p=0.0078; Fig. 5.11H: median velocity (IQR),

total MAPT 0.294 (0.389) pm/s; NT 0.184 (0.154) um/s, p=0.0327).
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Figure 5.11: Mitochondrial axonal transport data for iPSC-derived dopaminergic neuronal
cultures five months post-transduction.

Legend for all parts at bottom left of figure.

(A) Box and whisker plots (minimum to maximum; centre line, median; ‘+’, mean) of
percentage motility of mitochondria per neuron. No significant statistical difference
between medians by Kruskall-Wallis test (p=0.1877, KW statistic=4.791). Number of neurons
per condition: 4R MAPT shRNA, 38; total MAPT shRNA, 45; non-targeting shRNA, 26;
untransduced, 39.

(B-C) Cumulative frequency (%) graphs of average mitochondrial velocity in dopaminergic
neuronal cultures. (B) Average total velocity of each measured motile mitochondrion;
(C) average velocity of each measured motile mitochondrion after removal of time when
paused. Median velocities (IQR): (B) 4R MAPT shRNA, 0.574 (0.935) um/s; total MAPT
shRNA, 0.204 (0.588) um/s; non-targeting shRNA, 0.147 (0.399) um/s; untransduced,
0.116 (0.338) um/s; (C)4R MAPT shRNA, 0.793 (0.937) um/s; total MAPT shRNA,
0.519 (0.732) um/s;  non-targeting  shRNA, 0.272  (0.565) um/s;  untransduced,
0.239 (0.673) um/s. Both graphs showed a statistically significant difference between
median values in Kruskall-Wallis nonparametric tests: (B) p<0.0001, KW statistic=27.28;
(C) p<0.0001, KW statistic=30.75. Asterisks represent significant statistical difference from
non-targeting shRNA control in Dunn’s multiple comparisons post test: (B) 4R MAPT shRNA,
adjusted p=0.0007; (C) 4R MAPT shRNA, adjusted p=0.0002; total MAPT shRNA, adjusted
p=0.0191. Number of motile mitochondria per condition: 4R MAPT shRNA, 99; total MAPT
shRNA, 98; non-targeting shRNA, 68; untransduced, 115.

(D) Box and whisker plots of the number of pauses per mitochondrion (mean per neuron).
No significant statistical difference between medians by Kruskall-Wallis test (p=0.0949,
KW statistic=6.372).
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(E-H) Cumulative frequency (%) graphs of average mitochondrial velocity in dopaminergic
neuronal cultures after stratification by directionality. (E) Total velocity measurements for
unidirectional mitochondria; (F) velocity without pause periods for unidirectional
mitochondria; (G) Total velocity measurements for bidirectional mitochondria; (H) velocity
without pause periods for bidirectional mitochondria. Median velocities (IQR): (E) 4R MAPT
shRNA, 0.760 (0.752) um/s; total MAPT shRNA, 0.723 (1.202) um/s; non-targeting shRNA,
0.344 (0.573) um/s; untransduced, 0.458 (0.718)um/s; (F)4R MAPT shRNA,
0.990 (0.626) um/s; total MAPT shRNA, 0.946 (1.056) um/s; non-targeting shRNA,
0.641 (0.827) um/s;  untransduced, 0.913 (0.660) um/s; (G)4R MAPT shRNA,
0.085 (0.131) um/s; total MAPT shRNA, 0.120 (0.193) um/s; non-targeting shRNA,
0.093 (0.113) um/s;  untransduced, 0.076 (0.106) um/s; (H)4R  MAPT shRNA,
0.214 (0.215) um/s; total MAPT shRNA, 0.294 (0.389) um/s; non-targeting shRNA,
0.184 (0.154) um/s; untransduced, 0.153 (0.145) um/s. Kruskall-Wallis tests found significant
statistical differences between medians for all graphs: (E) p=0.0075, KW statistic=11.97;
(F) p=0.0030, KW statistic=13.96; (G) p=0.0113, KW statistic=11.09; (H) p=0.0022,
KW statistic=14.59. Asterisks represent significant statistical difference from non-targeting
shRNA control in Dunn’s multiple comparisons tests: (E) 4R MAPT shRNA, p=0.0048;
(F) 4R MAPT shRNA, p=0.0033; total MAPT shRNA, p=0.0078; (G) no significance in post test;
(H) total MAPT shRNA, p=0.0327. Number of mitochondria per condition
(unidirectional/bidirectional): 4R MAPT shRNA, 70/29; total MAPT, 52/46; non-targeting
shRNA, 39/29; untransduced, 49/66.
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5.4 Discussion

5.4.1 RNA interference of MAPT

In this study a set of RNA interference tools was designed, constructed and tested for their
capacity to reduce expression of tau and its isoforms before using these tools to interrogate
the role of tau in axonal transport. First, siRNA molecules to target MAPT transcripts
containing either exon 3 or exon 10 were designed and tested in immortalised cell culture,
where they successfully reduced expression of these transcripts by between 79% and 94%
(Fig. 5.2). Despite the success of the siRNA approach in immortalised cell culture, the

requirement for transfection ruled out its utility in iPSC-derived neuronal cultures.

Following conversion of siRNA sequences to shRNA sequences, new constructs were made
to deliver RNA interference by lentiviral transduction to a wider range of cell types and for a
longer period of time, as recipient cells can continuously express the molecules. Testing of
these constructs by transfection and transduction in both BE(2)M17 cells and iPSC-derived
dopaminergic neuronal cultures identified two constructs that could successfully reduce
either exon 10+ transcripts or all MAPT transcripts in addition to a non-targeting control
construct (Figs. 5.5-5.7). However, neither of the constructs designed to target exon 3+
transcripts appeared functional as lentivirally-delivered shRNAs. Differences between siRNA
and shRNA functionality may be due to the loss of the chemical modifications made to siRNA
molecules to help bias the inclusion of the guide strand into the RNA-induced silencing
complex (RISC) or due to the ability of the specific ShARNA sequence to be expressed due to

its secondary structure (Rao et al. 2009).

The purpose of the non-targeting control construct was to account for any effects caused by
delivery of lentiviral constructs, such as toxicity, or by general expression of shRNAs and

EBFP2. While the non-targeting shRNA did not closely match any known RefSeq RNA, it is
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still possible that delivery of the lentiviral construct expressing the non-targeting control
shRNA had an effect on tau levels. For example, as the first viral titre for the non-targeting
control was lower than for the other constructs (Table 5.5), this required a greater volume
for the same MOI, which may have influenced toxicity levels. Oddly, iPSC-derived cultures
transduced with the non-targeting construct showed tau expression levels at 60-70% of the
untransduced cultures (Fig. 5.7); if delivery of the non-targeting construct conferred more
toxicity than the exon 3 targeting construct, this could explain the increased levels of total
and exon 10+ MAPT transcripts in exon 3 knockdown cultures relative to non-targeted
cultures (Fig. 5.7). Further, off-target effects of RNA interference were not examined for any
constructs in this study. Although all constructs were carefully designed to be theoretically
independent of other transcripts according to standard criteria, in practice even some
transcripts sharing only 7 nt have been altered by RNA interference (Lin et al. 2005). Any
further studies using these novel shRNA constructs would benefit from adding duplicate
constructs for each condition, including non-targeting control, to confirm absolutely that

findings are due to knockdown of the correct target and not some other factor.

5.4.2 Tau protein and mitochondrial motility

Knockdown of total tau for four weeks in iPSC-derived cultures increased mitochondrial
motility (Fig. 5.9A); however, no motility phenotype was observed after five months of
knockdown of either 4R or total tau (Fig.5.11A). In agreement with this, reduced
mitochondrial motility has been reported as a phenotype of tau overexpression (Ebneth et
al. 1998; Trinczek et al. 1999; Stamer et al. 2002), principally that of reduced anterograde
transport by kinesin. To the contrary, some studies have shown that tau knockdown (Sapir
et al. 2012) or tau knockout (Rapoport et al. 2002) also impair mitochondrial motility (Sapir

et al. 2012), likely through the destabilisation and increased dynamics of microtubule
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networks (Rapoport et al. 2002); consistent with these, primary cultures from tau knockout
show deficiencies in neurite outgrowth (Dawson et al. 2001). Other studies, however, have
found no effect of tau presence, absence or overexpression on measures of axonal transport
(Morfini et al. 2007; Yuan et al. 2008; Vossel et al. 2010; Yuan et al. 2013), including one
where only the expression of a pseudohyperphosphorylated form of tau reduced

mitochondrial motility in human ESC-derived neurons (Mertens et al. 2013).

Of particular interest is the study published by lovino et al. (2015), who measured
mitochondrial axonal transport in iPSC-derived cortical neurons from patients with MAPT
N279K or P301L mutations compared to control lines. The N279K mutation increases exon
10 inclusion so that more 4R tau is expressed; this resulted in a decrease in mitochondrial
motility shown by more stationary mitochondria and there was a more pronounced
decrease on anterograde motility than on retrograde motility (lovino et al. 2015). The P301L
mutation is encoded in exon 10 but does not alter splicing; rather it affects a conserved
sequence within the microtubule-binding domain repeats (Hutton et al. 1998). The negative
effect of the P301L mutation on mitochondrial motility was more pronounced than for
N279K, and may be due to destabilising effects on microtubules (lovino et al. 2015).
Although this study did not specifically manipulate the levels of tau or its isoforms other
than how the mutation does so, it supports a role for 4R tau isoforms in modulation of

axonal transport.

It is likely that these two particular aspects of tau must be in balance, i.e. that there is
enough present to stabilise microtubules but not so much as to hinder kinesin-dependent
anterograde transport. For example, APP trafficking is disrupted both by tau knockdown (Lei
et al. 2012) and tau overexpression (Stamer et al. 2002). The levels of tau reduction in the
present study must be sufficient to observe unencumbered transport while maintaining

microtubule stability at four weeks. However, at five months motility is reduced in all
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conditions (Fig. 5.11), which may be due to the more mature complement of isoforms.
Finally, despite increased motility at four weeks, no change in the number of pauses was

observed (Fig. 5.9D).

5.4.3 Tau protein and mitochondrial velocity

While knockdown of total tau for four weeks showed no change in average mitochondrial
velocity (Fig. 5.9), after five months average velocity without pause times was increased for
all mitochondria (Fig. 5.11). It should be noted that most studies have calculated velocity
solely as average velocity including pause times, but Trinczek et al. (1999) is an example of
one that set a criterion threshold for pauses (<0.3 um/s step velocity) in order to calculate
the “velocity of active motion”, i.e. average velocity without pauses. Mouse cortical cultures
transfected with overexpression constructs of 3R or 4R tau isoforms showed decreased
average velocity that was principally from a reduction in anterograde velocity (Stoothoff et
al. 2009). However, most previous studies have shown that the presence or expression level
of tau has no effect on the specific velocity of movement, only on the degree of motility of
cargoes. Notably this was examined using in vitro motility assays where only recombinant
proteins are present (Seitz et al. 2002; Dixit et al. 2008), though the use of such a highly

controlled environment limits the application of some findings.

In light of the lack of an in vitro velocity phenotype there are three interrelated hypotheses

to explain the results observed in the present study that | will now discuss.
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(i) Specificity of cell type

The first hypothesis is that this is a cell type-specific phenotype requiring the specific subset
of neurons generated by differentiation to dopaminergic neuronal cultures. Certainly
findings from non-neuronal cells, e.g. CHO cells (Trinczek et al. 1999), have a limited
application to phenotypes in neuronal axons. The differences seen could also be specific to
human neurons. The studies of Vossel et al. (2010; 2015) made use of mouse hippocampal
neurons either from the range of tau knockout mice (Tau+/+, Tau+/', Tau'/') or using a similar
lentiviral-delivered shRNA knockdown approach to the one described here, but saw no
effect on velocity of mitochondria or TrkA receptor unless coupled with delivery of AB or
amyloid precursor protein (APP). Interestingly, adult mice express only the three 4R isoforms
of tau (McMillan et al. 2008; Gumucio et al. 2013), so may have evolved mechanisms to
evade any intrinsic negative effects that 4R tau confers, particularly as the presence of
murine 4R tau counteracts the formation of pathology otherwise seen with expression of

the six isoforms of human tau in htau mice (Andorfer et al. 2003).

(ii) Specificity of developmental stage

The second hypothesis is that this is a developmental stage-specific phenotype, requiring
mature neurons in order to observe a difference in velocity. This is in light of the observation
that knockdown of total tau for five months rather than for four weeks results in a
statistically significant increase in mitochondrial velocity (Fig. 5.11 compared to Fig. 5.9),
despite the degree of knockdown being equivalent (Fig. 5.10A compared to Fig.5.8D).
gRT-PCR time course data in Chapter 4 showed that cultures matured for four weeks had
0.4% inclusion of MAPT exon 3 and 2.8% inclusion of MAPT exon 10, compared to 4.4% and

13.9% respectively at 20 weeks (Fig 4.6), equivalent to the later axonal transport time point.
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It is not surprising that the transport phenotype was not revealed after four weeks when

little but ON3R tau was present in non-knockdown conditions.

(iii) Secondary effect via an intermediate effector

The third hypothesis is that altered transport velocity is a secondary effect of tau
knockdown, whereby a decrease in tau alters an intermediate effector, which in turn affects
transport, rather than tau affecting the transport directly. Such a role for tau would not be
observed in an in vitro model containing only tau and other specified MAPs, motor proteins
and microtubules (Seitz et al. 2002; Dixit et al. 2008). This hypothesis can encompass the
others because rather than the maturity of the neurons per se, the length of knockdown
could allow sufficient time for other processes to have a visible effect, such as the gradual
accumulation or decline of effectors. As an illustration, complete tau knockout reduces the
neuronal trafficking of APP, which has a role in neuronal iron export, to the plasma
membrane, leading to cellular iron accumulation that is only visible behaviourally after 12
months (Lei et al. 2012); partial knockdown would be expected to have a slower

accumulation of iron.

One candidate for an intermediate between tau and mitochondrial velocity is the
organisation of actin filaments. Even in axons, mitochondrial movement has an actin-
mediated component, which is generally slower (<0.3 um/s) (Morris and Hollenbeck 1995),
and disturbance of the actin network using cytochalasin increases mitochondrial velocity
(Morris and Hollenbeck 1995). Tau induces co-localisation of actin with microtubules
(Griffith and Pollard 1978, 1982; Elie et al. 2015), so reduced levels of tau could, over time,
diminish the mutual proximity of these networks within axons and increase mitochondrial

velocity.
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It has been proposed that the amount of tau is co-regulated with the amount of tubulin, and
that where microtubules are organised as bundles in axons the resulting higher density of
microtubules may inhibit the movement of mitochondria (Shahpasand et al. 2012). Indeed,
in vitro experiments examining kinesin-1 motility found that microtubules that were

adequately spaced fostered improved motor movement (Conway et al. 2014).

Additionally, the amount of the individual motor proteins can influence velocity of
movement, as shown with kinesin-1 concentration-dependent movement of APP vesicles or
peroxisomes in Drosophila, whereby more active bound molecules result in a higher velocity
than has been observed in vitro with single molecules (Kural et al. 2005; Reis et al. 2012).
Another set of candidates comprises the adaptor proteins, such as Mirol (MacAskill et al.
2009) and syntabulin (Cai et al. 2005), both of which are necessary for mitochondrial
anterograde transport using kinesin and retrograde transport using dynein at least in
Drosophila (Russo et al. 2009), but neither of which have a known link with tau expression,
although over-stabilisation of Mirol is implicated in sporadic and genetic PD through mutant

PINK1, parkin and LRRK2 (Hsieh et al. 2016).

A final potential candidate is glycogen synthase kinase 3 beta (GSK3p). In addition to being a
kinase that phosphorylates tau, GSK3p is required alongside tau for impairment of axonal
transport induced by amyloid-beta toxicity (Vossel et al. 2015) or by delivery of either tau
filaments or just the monomeric N-terminus of tau (LaPointe et al. 2009). One proposed
mechanism was that tau brings protein phosphatase 1 to microtubules (Liao et al. 1998)
where it can be activated, in turn activating GSK3p (LaPointe et al. 2009); active GSK3f in the
vicinity of microtubules could subsequently phosphorylate kinesin to induce detachment
from cargo (LaPointe et al. 2009). Reduction in tau levels would therefore be proposed to
reduce the likelihood of such activations, although detachment of kinesin would more likely

manifest in changes in motility and not in actual velocity.
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5.4.4 Stratification of transport directionality

The stratification of mitochondrial transport into unidirectional vs. bidirectional (Fig. 5.9,
Fig. 5.11) generated two pools that are reminiscent of the kinesin and dynein-dynactin
kymographs respectively shown in Dixit et al (2008); however, no definitive distinction
between motors can be made without knowledge of axonal orientation. Kinesin produces
movement solely in the anterograde direction, whereas cytoplasmic dynein, while
predominantly a retrograde motor, is capable of reversing and so functions bidirectionally
(Dixit et al. 2008). Further, some cargoes bind both kinesin and dynein simultaneously
(Pilling et al. 2006; Schuster et al. 2011a; Schuster et al. 2011b), possibly as a result of the
dependence of dynein on kinesin for its function (Pilling et al. 2006), so that some
bidirectional mitochondria may be representative of a switch in which motor is active. In the
present study it is particularly interesting that knockdown of 4R tau for five months
increases velocity of unidirectional mitochondria (most likely to be kinesin bound) but not of
bidirectional mitochondria, suggesting that 4R tau may predominantly inhibit anterograde

transport in these neurons.

5.4.5 Conclusion

In conclusion, the increase in mitochondrial velocity conferred in mature iPSC-derived
dopaminergic neuronal cultures on knockdown of 4R tau or total tau is an acute mimic of
the overall lower expression of 4R tau or total tau from the H2 allele compared to the H1
allele. In the complementary situation, increased levels of tau expression from the H1 allele
compared to the H2 allele would be expected to decrease mitochondrial velocity. Thus
individuals with the PD risk haplotype H1 may be expected to have some relative

perturbation in axonal transport compared to those with the protective haplotype H2. The
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use of mature neuronal cultures has been critical for determining these phenotypes, which
could not have been achieved using primary rodent cultures. Further studies of axonal
transport in mature iPSC-derived neurons utilising the intronic variant discovered in
chapter 4 would be particularly useful in comparing the effects of the relative levels of 4R

tau between lines with and without the ACTT variant.

Axonal transport is one of several intracellular trafficking pathways that may be perturbed
early in the pathogenesis of PD, as part of a unified hypothesis underlying neuronal
dysfunction in PD (Hunn et al. 2015). Indeed, SNpc dopaminergic neurons of both early and
late-stage PD brains showed reduced immunostaining for axonal transport motors,
particularly conventional kinesin (Chu et al. 2012). The correct maintenance of this delivery
pathway to enable needed organelles, vesicles and other cargoes to reach the distal tips of
the axonal arbour is essential, in addition to the necessary return of damaged organelles and
proteins by retrograde transport for their subsequent degradation. It is not specifically
known whether faster or slower mitochondrial velocity is beneficial for the cell, especially as
mitochondria need to be located at particular points along the length of the axon, such as
synaptic boutons. However, it is assumed that with the massive axonal arbour of SNpc
dopaminergic neurons (Pissadaki and Bolam 2013) it would be beneficial to improve
transport from the soma to the synapses throughout the arbour so that the demands of
synapses for energy and calcium buffering can be met (Sheng 2014). Thus impaired axonal
transport could contribute to synaptic dysfunction of SNpc dopaminergic neurons, reducing
dopamine levels in the striatum before triggering their eventual death (Janezic et al. 2013)

with the accompanying motor manifestations of PD.
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Chapter 6: Knockdown of MAPT in GBA N370S iPSC-derived

dopaminergic neuronal cultures

6.1 Introduction

One of the genes most highly associated with Parkinson’s disease is GBA, encoding
glucosylceramidase beta, more commonly known as B-glucocerebrosidase. Severely reduced
enzymatic activity of B-glucocerebrosidase by loss-of-function mutations in GBA results in
Gaucher’s disease (Brady et al. 1966), a lysosomal storage disorder that has effects on the
mononuclear phagocytic system, including enlargements of the spleen and liver, and skeletal
problems via bone marrow (Sidransky and Ginns 1993). Some Gaucher’s patients
additionally experience neurological effects, so that the disease can be divided into non-
neuronopathic (type 1) and neuronopathic forms, with the latter being divided into acute
(type 2) and chronic (type 3) presentations (Sidransky and Ginns 1993). Common mutations
in GBA that cause Gaucher’s disease include N370S in exon 9, that is found more in type 1
patients (Tsuji et al. 1988) and L444P in exon 10 that is found more in neuronopathic-type
patients (Tsuji et al. 1987); however, there is still significant heterogeneity of genotype-
phenotype combinations so that mutations are not restricted to a particular disease
presentation (Sidransky et al. 1994; Charrow et al. 2000; Koprivica et al. 2000). Both alleles
of GBA need to be affected to cause Gaucher’s disease so that mutations are found in either
homozygous or double heterozygous states, and in some individuals a portion of one allele

has undergone recombination with the GBA pseudogene (Koprivica et al. 2000).

An association was made between Gaucher’s disease and PD on observing that parkinsonism
was sometimes manifested in patients with Gaucher’s (Tayebi et al. 2003). Further, an

increased prevalence of parkinsonism amongst relatives of patients with Gaucher’s (Goker-
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Table 6.1: Top loci associated with Parkinson’s disease listed on PDGene in October 2013.

# Gene Polymorphism Ethnicity | OR (95% Cl) P-value

1 MAPT/STH MAPT_H1H2 Caucasian | 0.78 (0.75-0.80) | 3.54E-52
2 SNCA rs356220 All 1.30(1.25-1.34) | 3.06E-49
3 GBA GBA_N370S All 3.37(2.67-4.29) | 1.11E-24
4 LRRK2 rs34778348 Asian 2.23(1.89-2.63) | 2.97E-21
5 PM20D1 rs11240572 All 0.74 (0.69-0.80) | 1.01E-14
6 GAK rs1564282 All 1.29(1.20-1.38) | 6.54E-13
7 MCCC1 rs11711441 All 0.84 (0.80-0.89) | 8.72E-12
8 STK39 rs2102808 All 1.28 (1.19-1.38) | 1.54E-11
9 BST1 rs4698412 All 0.87 (0.83-0.91) | 2.28E-10
10 | GPNMB rs156429 All 0.89 (0.86-0.93) | 2.69E-10
11 | SETD1A rs4889603 All 1.14 (1.09-1.19) | 4.68E-10
12 | GWA_8p22 rs591323 All 0.89 (0.86-0.93) | 2.59E-09
13 | SYT11/RAB25 chr1:154105678 | All 1.67 (1.41-1.98) | 5.70E-09
14 | FAMA4T7E rs6812193 All 0.89 (0.85-0.93) | 1.07E-07
15 | HLA-DRB5 chr6:32588205 All 0.75 (0.68-0.84) | 2.90E-07
16 | CCDC62/HIP1R rs12817488 All 1.17 (1.09-1.25) | 2.99E-06
17 | ACMSD/TMEM163 | rs6710823 All 1.40(1.2-1.63) 1.61E-05
18 | MED13 rs8081812 All 1.13(1.07-1.2) 6.09E-05

Alpan et al. 2004), i.e. those that are in the carrier state for a Gaucher’s mutation, suggested
a possible association of single heterozygous mutations in GBA with PD. This hypothesis was
validated by identification of GBA mutations in 12 members of a cohort of 57 autopsied PD
cases, being a higher frequency than expected from the general population (Lwin et al.
2004), and ultimately confirmed by a large multi-centre analysis of 5691 PD patients vs 4898
controls where the frequency of GBA mutations was greater in PD patients than controls in
virtually every population, so that GBA mutations conferred an odds ratio of 5.43 (Sidransky
et al. 2009). Before the release of the meta-GWAS (Nalls et al. 2014), the GBA N370S
mutation was ranked the third highest for association with PD on PDGene and showed the
highest odds ratio amongst the top genes (Table 6.1); as the mutation is not one of the SNPs
examined by GWAS the association is no longer included on PDGene.org, which is now solely
an output for the meta-GWAS data from Nalls et al. (2014). However, despite the strong
association between PD and the carrier state for GBA mutations, the disease-causing
penetrance of heterozygous mutations is still low (Sidransky and Lopez 2012) so that

heterozygous GBA mutations are best considered as risk variants rather than specific

211



disease-causing mutations. Nevertheless, in the multi-centre study, heterozygous GBA
mutations were detected in 7% of PD cases from non-Ashkenazi Jewish ethnicities where the

whole GBA locus was sequenced (Sidransky et al. 2009).

It is particularly interesting that carriers of heterozygous mutations in GBA should be at risk
of developing PD, a disease that is significantly different from Gaucher’s disease, and also
that the N370S mutation should be a large part of the association when this is a mutation
that is more generally seen in non-neuronopathic Gaucher’s patients. Further, while
Gaucher’s disease is caused by the loss of enzymatic activity through loss-of-function
mutations, the role of GBA mutations in the pathogenesis of PD is not clear; GBA mutations
have been proposed to play either a loss-of-function role, e.g. by reducing lysosomal
function with subsequent accumulation of alpha-synuclein, or a gain-of-function role, e.g. by
accumulation of the mutant protein, blocking pathways for protein synthesis and

degradation (Sidransky and Lopez 2012).

A number of PD patients within the Oxford Parkinson’s Disease Cohort have been identified
carrying heterozygous N370S and L444P mutations, and iPSC clones have been made from
several individuals. A study performed predominantly by Dr H.R. Fernandes in this
laboratory compared iPSC-derived dopaminergic neuronal cultures made from individuals in
the cohort bearing GBA N370S with those from healthy controls (Fernandes et al. 2016).
Principal findings from this study relating to the GBA N370S/wt genotype were: (1) impaired
autophagy shown by increased levels of the autophagosomal marker LC3B-Il, lysosomal
markers LAMP1 and LAMP2A, and the autophagic chaperone protein p62/Sequestosome-1;
(2) activation of endoplasmic reticulum (ER) stress through misfolding of mutant
B-glucocerebrosidase enzyme, evidenced by upregulation of chaperones BiP and calreticulin,
and effectors calnexin, IRE1a and PDI; (3) increased extracellular release of a-synuclein into

the surrounding medium; (4) increased LC3+ puncta and larger lysosomal area within TH+
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neurons (Fernandes et al. 2016). In summary, these findings were interpreted in the context
that the GBA N370S mutation resulted in both gain and loss of function phenotypes,
wherein blockage of mutant protein confers ER stress and reduced enzymatic activity results
in autophagic deficits with the result that more a-synuclein is released from the cell instead

of being degraded (Fernandes et al. 2016).

Some clinical presentations of PD in GBA mutation carriers overlap with features associated
with MAPT. GBA mutation carriers are more likely to experience cognitive decline/dementia
within PD (Brockmann et al. 2011; Seté-Salvia et al. 2012), which is additionally associated
with the H1/H1 genotype (Williams-Gray et al. 2009); this suggests disease-modifying roles
for both loci outside of the dopaminergic system. Multiple studies have also found
associations of the MAPT H1 allele and GBA mutations with younger age of onset (Nichols et
al. 2009; Sidransky et al. 2009; Benitez et al. 2016; Davis et al. 2016). Finally, dysregulated
iron metabolism has been reported in Gaucher’s patients (Stein et al. 2010), while brains
and primary neurons of tau knockout mice showed increased iron accumulation as well as

degeneration of SNpc dopaminergic neurons (Lei et al. 2012).

Despite the above, no clear association has been made between GBA and MAPT; however,
as another protein associated with the same disease, tau may play an associative role in PD
phenotypes already displayed in other models and may modify the penetrance of GBA
mutations with respect to PD. In particular, tau is involved in axonal transport and trafficking
within neurons and intracellular transport is critical for many neuronal processes including in
bringing sub-cellular compartments together for autophagy and in secretion of vesicles.
Notably, axonal transport and autophagy are interlinked: transport is required to bring
autophagosomes and late endosomes back to the soma for degradation (Cai et al. 2010;
Maday et al. 2012), while inhibition of lysosomal function has a negative effect on their

axonal transport (Lee et al. 2011). With this in mind, some of the phenotypes displayed by
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carriers of GBA mutations described above (Fernandes et al. 2016) involve processes that
depend on axonal transport. | therefore reasoned that perturbing tau function in GBA N370S
cells that already show PD-related phenotypes could enhance or suppress those phenotypes

and thus reveal disease-related pathways in which tau plays a modulatory role.

6.1.1 Aims of the Chapter

* To describe the further use of the total MAPT shRNA construct generated in
chapter 5 to perform short-term knockdown of MAPT in iPSC-derived dopaminergic
neuronal cultures with and without heterozygous N370S mutation of GBA. This is to
investigate a modulatory effect of tau on biochemical phenotypes seen in previous

PD models (Fernandes et al. 2016).
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6.2 Methods

6.2.1 Genotyping of GBA N370S mutation

Genotyping assays for the GBA ¢.1226A>G (p.N370S) mutation were performed as
previously described (Aharon-Peretz et al. 2004) using a forward primer that introduces a
Xhol restriction site by one nucleotide mismatch (see Appendix Table E with mismatch
shown in red). AmpliTag Gold PCR (section 2.5.1) was performed with an annealing
temperature of 56°C, followed by Xhol analytical restriction digest and separation on a

3% (w/v) low-melt agarose gel.

6.2.2 Glucocerebrosidase enzyme activity assay

The enzyme activity of glucocerebrosidase was determined by cleavage of
4-methylumbelliferyl B-D-glucopyranoside (4-MUGIc) as previously described (Fernandes et
al. 2016) with minor modifications. Briefly, protein extraction and BCA assay were
performed as described in section 2.8.1, with the exception that instead of RIPA buffer, lysis
was performed in 50 ul GCase lysis buffer (citrate phosphate buffer [22.2 mM citric acid,
55.6 mM dibasic sodium phosphate, pH 5.4] with 0.25% (v/v) Triton-X100, 0.25% (w/v)
taurocholic acid and cOmplete Mini protease inhibitor cocktail [Roche]). Lysates were not
frozen between protein extraction and the activity assay. For the activity assay, 0.5 ug
protein in 10 ul GCase lysis buffer was added to quadruplicate wells of a 96-well flat-
bottomed transparent plate. The irreversible glycosidase inhibitor conduritol B epoxide
(CBE) was used to determine the background degradation of substrate without enzyme
activity; 25 mM CBE (Enzo Life Sciences) in water was diluted 5X to 5 mM with GCase lysis
buffer then 10 ul 5mM CBE was added to one well per sample and the remaining three wells

received the equivalent 10 pl water/GCase lysis buffer. After incubation (37°C, 30 min) to
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allow inhibition, 100 pl 5 mM 4-MUGIc in GCase lysis buffer was added to each well and the
plate was incubated (37°C, 2 hours) for enzyme activity. Reactions were stopped by addition
of 150 pl 50 mM glycine, 38.6 mM sodium hydroxide, pH 10.4. Fluorescence was read on a
Synergy HT plate reader (BioTek) using excitation filter 360/40, emission filter 440/40, and
multiple gain settings to get fluorescence values to around 30,000 units. Fluorescence from
CBE-treated wells was subtracted from the remaining three wells to determine specific

enzyme activity.

6.2.3 Western blotting

All protein samples were prepared for the B-glucocerebrosidase enzyme activity assay then
frozen at -80°C until use for Western blotting. Subsequent dilutions were made with GCase
lysis buffer prior to addition of Laemmli buffer, then Western blotting was performed as

described in section 2.8.1 jii.
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6.3 Results

6.3.1 Selection of human iPSC clones bearing GBA N370S mutation

The Oxford Parkinson’s Disease Cohort includes individuals that have been identified bearing
the N370S or L444P mutations in GBA. The MAPT genotype of these individuals was
identified by distinguishing the H1 and H2 alleles using the 238 bp indel in intron 9, revealing
that all of the N370S individuals were homozygous for the H1 allele. Matching sets of iPSC
clones were chosen for each group: four H1/H1 clones with GBA N370S mutation designated
GBA1, GBA2, GBA3 and GBA4, and four H1/H1 clones with wild type GBA designated Conl,
Con2, Con3 and Con4 (Appendix Table F). Both groups consisted of one individual with a
single clone reprogrammed by retroviruses, one individual with a pair of clones
reprogrammed by retroviruses and one individual with a single clone reprogrammed by non-
integrating Sendai virus. The GBA N370S (c.1226A>G) heterozygous mutation was confirmed
in each of the eight clones by genotyping PCR with Xhol digestion, with the c.1226A>G
mutation completing the restriction site only in the GBA1-4 clones (Fig. 6.1A). Confirmation
of the H1/H1 genotype for all eight clones is shown (Fig. 6.1B) compared to the

heterozygous H1/H2 clones detailed in chapter 4.
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Figure 6.1: Genotyping of clones from controls and GBA N370S PD patients used in this
study.

(A) Agarose gel electrophoresis of the genotyping PCR to distinguish the GBA c.1226A>G
mutant allele (corresponding to N370S mutation of the protein) from the wild type allele.
The presence of the mutation was revealed by Xhol digestion (lanes marked +) that cleaves
mutant alleles only.

(B) Agarose gel electrophoresis of the genotyping PCR to distinguish the H1 and H2 alleles of
MAPT by the 238 bp indel in intron 9. Lanes 2-9, the eight iPSC clones with H1/H2 genotype
used in chapter 4 (see Fig. 4.1) included here to show the position of the two bands; lanes
11-18, the eight iPSC clones from part A showing that all were homozygous H1 genotype.

6.3.2 Characterisation of iPSC-derived dopaminergic neuronal cultures bearing GBA

N370S mutation following knockdown of tau protein

The eight iPSC clones were differentiated into midbrain-type dopaminergic neuronal
cultures, identified by cells co-expressing TH/Tujl in addition to the transcription factor
FOXAZ2 (Fig. 6.2). Although there were some differences between individual clones in terms
of efficiency of differentiation (Fig. 6.3A), overall the percentages of TH+, Tuj+ and TH+/Tuj+

cells were not significantly different between control and GBA N370S groups (Fig. 6.3B).
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Figure 6.2: Immunocytochemistry of iPSC-derived dopaminergic neuronal cultures with
GBA N370S mutation.

Fluorescence images of immunocytochemistry performed on cultures fixed at DIV36. All
eight lines generated TH+/Tuj+ dopaminergic neurons and most nuclei were positive for the
embryonic floor-plate marker FOXA2 confirming correct patterning to a ventral midbrain
identity. Scale bars, 50 um.
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Figure 6.3: Cell counts of immunocytochemistry of iPSC-derived dopaminergic neuronal
cultures with GBA N370S mutation.

(A-B) Percentage of cells expressing tyrosine hydroxylase (TH, red) or neuron-specific B3-
tubulin (Tuj1, green) as a percentage of total cells counterstained by DAPI. Percentage of
Tujl+ cells co-expressing TH is shown in yellow. Counts shown (A) per clone and (B) per
genotype. No significant difference between genotypes for any of the three counts using
t-tests. Mean *SEM percentages for Conl-4: TH/DAPI, 29.9% +3.9%; Tujl/DAPI,
57.4% +3.5%; TH/Tujl, 51.7% 4.0%. Mean *SEM percentages for GBA1-4: TH/DAPI,
25.2% 16.1%; Tuj1/DAPI, 49.8% +5.9%; TH/Tuj1, 48.8% 16.2%.

Three differentiations were performed, each incorporating delivery on DIV20 of lentiviral
particles encoding shRNA targeting total MAPT or a non-targeting (NT) shRNA control. Cells
were harvested at DIV36 for analysis. Transduction with lentiviral particles at MOI 5 resulted
in clear expression of the reporter protein EBFP2 in most cells (Fig. 6.4). Delivery of lentiviral
particles had a visible effect on these cultures whether the particles encoded MAPT shRNA

or NT shRNA, as evidenced by overall reduced density of neurites (Fig. 6.4).

All cell lysates were first processed for glucocerebrosidase enzyme activity assay. The assay
confirmed the effect of the GBA N370S genotype on glucocerebrosidase enzyme activity,
being at 68% of the level of control clones (one-way ANOVA effect of genotype, p=0.0017;
Fig. 6.5). In contrast, no difference was observed with treatment (one-way ANOVA effect of
treatment, p=0.3744), and within a treatment the proportional difference in enzyme activity
between genotypes is similar between the three treatments (GBA N370S vs. control:

untransduced, 67.5%; MAPT shRNA, 70.7%; NT shRNA, 66.2%).
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Figure 6.4: Transduction of iPSC-derived dopaminergic neuronal cultures with shRNA-
bearing lentiviral particles.

Images of EBFP2 expression with corresponding phase contrast images, taken 16 days after
transduction (DIV36) prior to harvesting. Images taken with EVOS FL AUTO using TagBFP
filter cube. All transduced cultures expressed EBFP2 in most cells following delivery of
lentiviral particles at MOI 5. The density of cells and neurites was noticeably reduced in all
cultures treated with lentiviral particles compared to their untransduced controls showing
that lentiviral treatment alone had an effect on these cultures. Scale bars, 50 um.
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Figure 6.5: Glucocerebrosidase activity assay in iPSC-derived dopaminergic neuronal
cultures transduced with lentiviral constructs expressing shRNA.

Combined enzyme activity assay results for clones Conl-4 and GBA1-4, expressed as
percentage of untransduced Con1-3 in order to average across differentiations. Mean +SEM,
each bar n=4 clones, three independent differentiations except clones Con4 and GBA2 (two
differentiations only). Asterisks represent statistically significant difference in two-way
ANOVA: genotype, p=0.0017, F=13.60; treatment, p=0.3744, F=1.04; genotype x treatment,
p=0.9285, F=0.074. Mean zSEM: control untransduced, 101.7% +3.1%; GBA N370S
untransduced, 68.7% +6.0% (67.5% of control untransduced); control MAPT shRNA,
114.8% +14.6%; GBA N370S MAPT shRNA, 81.2% +9.9% (70.7% of control MAPT shRNA);
control NT shRNA, 122.3% +£19.1%; GBA N370S NT shRNA, 80.9% +11.8% (66.2% of control
NT shRNA); overall mean of all controls, 112.9% +7.7%; overall mean of GBA N370S,
76.9% +5.3% (68.1% of control).

Cell lysates were analysed for the levels of eight proteins by Western blotting (Figs. 6.6-6.7,
Table 6.2): tau to determine shRNA-mediated knockdown, glucocerebrosidase, a-synuclein,
the ER stress marker BiP, and autophagy markers LAMP1, LAMP2A, p62, and the lipidated
form of LC3B (LC3B-II, either individually or as a ratio with the non-lipidated form LC3B-I).
First, these data revealed that most proteins showed a high degree of inter-clone variability
even in untransduced cultures. This is displayed by the spread of data points, each
representing a single clone, particularly for the levels of tau (Fig. 6.7A), a-synuclein
(Fig. 6.7C), LAMP1 (Fig. 6.7E), LAMP2A (Fig. 6.7F), p62 (Fig. 6.7G) and LC3B-Il (Fig. 6.7H).
Second, these data failed to show a difference between genotypes for any protein except
GBA (Fig. 6.7B), which, other than tau and a-synuclein, is the only protein that was not
expected to be different between genotypes (Fernandes et al. 2016). GBA levels in GBA

N370S cultures were lower than in controls (two-way ANOVA, p=0.0005), and seen in each
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treatment group (GBA N370S vs. control: untransduced, 71.2%; MAPT shRNA, 78.7%;
NT shRNA, 83.1%). The GBA protein level data complicate the interpretation of the reduced
glucocerebrosidase enzyme activity data (Fig. 6.5) as the reduced activity could be mostly
explained by a reduction in GBA protein levels instead of a direct effect of the N370S
mutation. Third, there was a statistically significant effect of treatment only on the levels of
tau protein (two-way ANOVA, p=0.0023), although the high variability between clones
prevented individual groups from reaching significance in the Bonferroni multiple

comparisons test when all pairwise comparisons were made for the six groups.
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Figure 6.6: Western blot analysis in iPSC-derived dopaminergic neuronal cultures with
MAPT knockdown and GBA N370S mutation.

Chemiluminescence images of representative Western blots against eight proteins of
interest. U, untransduced; KD, MAPT shRNA; NT, non-targeting shRNA. Quantification of
blots from three differentiations is presented in Fig. 6.7.
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Figure 6.7: Quantification of Western blot analysis in iPSC-derived dopaminergic neuronal
cultures with MAPT knockdown and GBA N370S mutation.

(A-1) Graphs of quantification of Western blots for (A) tau, (B) GBA, (C) a-synuclein, (D) BiP,
(E) LAMP1, (F) LAMP2A, (G)p62, (H)LC3B-Il and (I) LC3B-ll as a ratio with LC3B-I. All
quantification was performed with B-actin as a loading control. Lines represent mean of n=4
clones per genotype, with each clonal value shown as a dot being the mean from three
independent differentiations except clones Con4 and GBA2 (two differentiations only). Data
are normalised to the mean of untransduced Conl1/Con2/Con3 from each blot to enable

comparisons of blots/differentiations. Statistical data for these graphs are provided in
Table 6.2.
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Table 6.2: Two-way ANOVA statistics for quantification of Western blot analysis.

Protein ANOVA p value | pvalue F
Source of Variation summary

Tau Genotype 0.8326 ns 0.046
Treatment 0.0023 *k 8.667
Genotype x Treatment | 0.8500 ns 0.164
GBA Genotype 0.0005 *kk 17.66
Treatment 0.1282 ns 2.307
Genotype x Treatment | 0.7482 ns 0.295
a-Syn Genotype 0.4598 ns 0.571
Treatment 0.1561 ns 2.063
Genotype x Treatment | 0.8510 ns 0.163
BiP Genotype 0.0817 ns 3.402
Treatment 0.5105 ns 0.698
Genotype x Treatment | 0.9972 ns 0.003
LAMP1 Genotype 0.7322 ns 0.121
Treatment 0.0600 ns 3.303
Genotype x Treatment | 0.9389 ns 0.063
LAMP2A Genotype 0.3246 ns 1.026
Treatment 0.4885 ns 0.746
Genotype x Treatment | 0.9477 ns 0.054
p62 Genotype 0.4921 ns 0.492
Treatment 0.2486 ns 0.249
Genotype x Treatment | 0.7597 ns 0.760
LC3B-II Genotype 0.8818 ns 0.023
Treatment 0.4551 ns 0.823
Genotype x Treatment | 0.7961 ns 0.231
LC3B-1I/LC3B-I | Genotype 0.8871 ns 0.021
Treatment 0.2667 ns 1.424
Genotype x Treatment | 0.6557 ns 0.432

To overcome the problem of clonal variability and to increase statistical power, the specific
effects of shRNA treatment on each clone were determined as the fold change between
MAPT shRNA and NT shRNA treatments and maintained in the two genotype groups
(Fig. 6.8) with statistical analysis by one-sample t-test from a value of 1 (Table 6.3). Only two
proteins were significantly and specifically altered by MAPT knockdown. Compared to NT
shRNA, MAPT shRNA knocked down tau protein by 58% in controls and by 69% in GBA
N370S cultures (Fig. 6.8A, Table 6.3). Further, p62 levels were significantly lower with MAPT
shRNA treatment by 15% in GBA N370S cultures (Fig. 6.8G, Table 6.3). However, after
Bonferroni correction, reducing the significance threshold to o=0.000277, only tau

knockdown in GBA N370S cultures remained significant.
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Figure 6.8: Determination of the effect of MAPT knockdown on Western blot data from
iPSC-derived dopaminergic neuronal cultures with GBA N370S mutation.

Graphs showing the relative quantification of protein levels from Western blots in conditions
of shRNA-mediated MAPT knockdown vs delivery of non-targeting shRNA.

(A-1) Western blot data for (A) tau, (B) GBA, (C) a-synuclein, (D) BiP, (E) LAMP1, (F) LAMP2A,
(G) p62, (H) LC3B-Il and (I) LC3B-Il as a ratio with LC3B-I. All quantification was performed
with B-actin as a loading control. Mean £SEM, n=4 clones per genotype; clonal means derive
from three independent differentiations except clones Con4 and GBA2 (two differentiations
only). Statistical data for these graphs are provided in Table 6.3.
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Table 6.3: One-sample t-test statistics for quantification of Western blot analysis.

Protein Genotype | Mean | p value t df
Tau Control 0.423 | 0.0019 | 1047 | 3
GBA N370S | 0.306 | 0.0002 | 20.92 | 3

GBA Control 0.982 | 0.6846 | 0.448 | 3
GBA N370S | 0.975 | 0.2886 | 1.286 | 3

a-Syn Control 1.091 | 0.1016 | 2.336 | 3
GBA N370S | 0.979 | 0.6616 | 0.484 | 3

BiP Control 1.035 | 0.8739 | 0.173 | 3
GBAN370S | 1.026 | 0.7664 | 0.325 | 3

LAMP1 Control 1.167 | 0.3145 | 1.205 | 3
GBAN370S | 1.132 | 0.1637 | 1.836 | 3

LAMP2A Control 1.106 | 0.2864 | 1.294 | 3
GBA N370S | 0.994 | 0.9481 | 0.071 | 3

p62 Control 0.863 | 0.1179 | 2.175 | 3
GBA N370S | 0.851 | 0.0046 | 7.658 | 3

LC3B-II Control 1.073 | 0.3199 | 1.189 | 3
GBAN370S | 1.437 | 0.2684 | 1.355 | 3
LC3B-II/LC3B-1 | Control 0.891 | 0.2733 | 1.338 | 3
GBA N370S | 0.988 | 0.7946 | 0.284 | 3

As genotype was not a significant factor in the analysis of variance for any protein except
GBA (Table 6.2), the effect of MAPT knockdown was examined in the eight clones regardless
of genotype (Fig. 6.8, Table 6.4). With the power of eight clones, tau knockdown was highly
significant (p<0.0001) with a mean reduction by 63.5% across the clones (Fig. 6.8, Table 6.4).
The reduction of p62 protein with tau knockdown was also statistically significant (p=0.0023;
Bonferroni adjusted p=0.0207), averaging 14.3% reduction compared to NT shRNA (Fig. 6.8,

Table 6.4). No other proteins showed any significant difference due to tau knockdown.
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Figure 6.9: Determination of the effect of MAPT knockdown on Western blot data from
iPSC-derived dopaminergic neuronal cultures regardless of genotype.

Combined graph of quantification of Western blots as per Figure 6.7 with the data for each
protein combined regardless of genotype. Mean +SEM, n=8 clones; clonal means derive
from three independent differentiations except clones Con4 and GBA2 (two differentiations
only). Statistical data for this graph are provided in Table 6.4.

Table 6.4: One-sample t-test statistics for quantification of Western blot analysis without
segregation by genotype.

Protein Mean | pvalue t df
Tau 0.365 | <0.0001 | 17.12 | 7
GBA 0.979 0.3310 1.044 | 7

a-Syn 1.035 0.3376 1.029 | 7
BiP 1.031 0.7713 0.302 | 7

LAMP1 1.149 0.0780 2.063 | 7

LAMP2A 1.050 0.4161 0.864 | 7
p62 0.857 0.0023 4.679 | 7

LC3B-II 1.255 0.1704 1528 | 7

LC3B-II/LC3B-I | 0.939 0.2325 1.307 | 7
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6.4 Discussion

6.4.1 GBA N370S phenotypes

The phenotypes previously seen in GBA N370S heterozygous cultures (Fernandes et al. 2016)
were not detected in the present study. Notably, the degree of variability in the protein

expression data made it too difficult to observe smaller differences due to genotype.

There were three key differences between the published and present studies. First, the
differentiation protocols used were not the same; in particular the present study used
mitomycin C to remove proliferating cells and so generated a higher percentage of Tujl+
neurons in the final cultures, those from the published study being on average <40% Tujl+
(Fernandes et al. 2016) compared to the present study average of 50% Tujl+. Second, some
of the clones used in this study were different to those used in the published study, although
it is not expected that this is the reason. Ideally a larger set of clones would have been
tested first to identify those that differentiated equally well, but | chose to balance several
factors including MAPT genotype, restricting the controls to H1 homozygotes to match the
four GBA N370S clones. Third, the published study performed at least five differentiations
per phenotype with several Western blots per differentiation set. If there had there been
enough protein yield in the present study to run several blots per differentiation, this would

have helped to reduce spread in the data from this semi-quantitative technique.

The activity of B-glucocerebrosidase enzyme was reduced in GBA N370S cultures as
expected; however, the reduction was only to 68% of the level of controls instead of the
reported 50%, and the level of B-glucocerebrosidase protein was a confounding issue
wherein GBA N370S cultures showed a difference according to genotype (Fig. 6.7B,

Table 6.2). Again this could be due to differences in the differentiation protocol, as another
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study also using the Kriks protocol found that both enzyme activity and protein levels were

reduced in patient lines (Woodard et al. 2014).

Some additional phenotypes have been observed in iPSC-derived dopaminergic neurons by
other groups using the Kriks or Seibler differentiation protocols (Kriks et al. 2011; Seibler et
al. 2011). Of note, lines with GBA N370S/wild-type or N370S/c.84dupG showed an increase
in intracellular a-synuclein (Mazzulli et al. 2011; Woodard et al. 2014), and a-synuclein
reduced B-glucocerebrosidase enzyme activity in the lysosome, whether with a-synuclein
overexpression, the GBA N370S/c.84dupG Gaucher’s disease line or idiopathic PD lines

(Mazzulli et al. 2016).

6.4.2 Effects of tau knockdown

All subsequent analysis was performed by directly comparing MAPT shRNA and NT shRNA
control to determine the effect of tau knockdown on protein levels of interest both with and
without segregation by genotype. This reduced noise in the data and enabled clearer
observation of phenotypes, notably the evident knockdown of tau itself. The ideal
experiment would have used more than one shRNA to target MAPT to validate the effect of
knockdown, although this is not always observed in practice. The data regarding p62
presented here ought to be confirmed with further knockdown experiments using multiple

shRNA constructs and a pre-determined statistical design informed by the current data.

6.4.3 Tau, p62 and macroautophagy

p62, or sequestosome-1, is a protein adaptor that chaperones ubiquitinated proteins for

degradation by macroautophagy (Lamark et al. 2009) or the proteasome (Seibenhener et al.
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2004). Macroautophagy is the predominant route of autophagy wherein material to be
degraded associates with a membrane bilayer called a phagophore that encloses the
material in a double membrane bound autophagosome, later fusing with a lysosome to
deliver the degradation machinery (Xie and Klionsky 2007). p62 remains bound to its targets
and therefore is itself degraded by macroautophagy (Lamark et al. 2009) and a block in

macroautophagy increases p62 levels (Bjgrkgy et al. 2005).

Starvation on a timescale of a few hours leads to reduced levels of p62, which eventually
return to normal levels on extended starvation (Sahani et al. 2014). Sahani and colleagues
identified three factors controlling the levels of p62 during starvation: macroautophagy that
reduces p62, starvation-induced increase in p62 mMRNA, and the availability of the necessary
amino acids to synthesise p62, themselves liberated by macroautophagy (Sahani et al.
2014). If reduced tau levels facilitated macroautophagy, this facilitation may reduce the
levels of p62 without inducing increased transcription of p62. As the levels of LAMP1,
LAMP2A and LC3B-Il were not significantly different with tau knockdown, the other
components of the autophagic process may be able to regulate their levels more
consistently. The other route for altering p62 levels would be through reduced transcription;

however, it is unclear how tau knockdown would affect this.

How could reduced tau facilitate macroautophagy? In chapter 5 | showed how reduction of
total MAPT transcripts in short-term culture resulted in increased motility of axonal
transport cargo. Providing that the level of reduction of tau protein were not deleterious to
microtubule stability, cargo would be less hindered in its movement along microtubules.
Most evidence, including my own long-term culture knockdown data in chapter 5, suggests
that tau impacts primarily on kinesin-mediated anterograde transport (Dixit et al. 2008).
However, in neurons, autophagosomes containing damaged proteins/organelles form in the

cell periphery and are transported to the soma by dynein-mediated retrograde transport,
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fusing with lysosomes early in the process (Maday et al. 2012). Lysosomes are themselves
regulated in their location in a manner that alters the rate of autophagosome-lysosome
fusion (Korolchuk et al. 2011); in non-neuronal cells fusion is increased when lysosomes are
close to the nucleus (Korolchuk et al. 2011), whereas fusion in neurons takes place within
axons far from the soma (Maday et al. 2012). Additionally, the macroautophagy machinery
proteins, particularly Atg9 that is key to the initial formation of autophagosomes (Legakis et
al. 2007), require anterograde transport along axons and could be a link between improved

transport and facilitated macroautophagy.

Alternatively, dynein-mediated retrograde transport itself could be altered in conditions of
tau knockdown, especially as total tau knockdown affected the velocity of both
unidirectional and bidirectional mitochondria in the mature cultures in chapter 5. Tau
inhibited dynein-mediated retrograde transport in cell-free studies, although to a lesser
degree than for kinesin-mediated anterograde transport (Dixit et al. 2008). Tau also interacts
directly with the dynactin complex that functions alongside dynein, although tau was shown
to favourably increase interaction of the dynactin complex with microtubules rather than
play an inhibitory role (Magnani et al. 2007). Alternatively, kinesin remains attached to
autophagosomes during dynein-mediated retrograde transport (Maday et al. 2012) and is
necessary for motility of dynein, at least in Drosophila (Martin et al. 1999; Pilling et al. 2006).
Even if kinesin is not the active motor during the autophagic process, it is possible that
improved anterograde transport of kinesin to the distal end of axons could increase the
concentration of kinesin to increase initiation of macroautophagy. Additional work would be

needed to provide further insight.
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Chapter 7: General Discussion

The two broad aims of this thesis were: (1) to investigate the haplotype-specific expression
of MAPT in iPSC-derived dopaminergic neuronal cultures as an underlying determinant for
risk for PD; (2) to investigate the consequent effect of the level of expression of tau and its

isoforms on neuronal function in iPSC-derived dopaminergic neuronal cultures.

7.1 Investigation of MAPT expression in iPSC-derived dopaminergic

neuronal cultures

In Chapter 4 | determined the degree of haplotype-specific control of the expression of
MAPT in iPSC-derived dopaminergic neuronal cultures and post-mortem human midbrain
containing substantia nigra. The use of cultures that had been matured for six months
enabled clear detection of all six major isoforms of tau protein expressed in the adult CNS
and gave confidence that the isoform detection in qRT-PCR assays would be robust and not
affected by stochastic differences that could be the case when expression levels are low.
Expression assays that did not specify haplotype were used to show the increasing inclusion
of adult exons 3 and 10 over the six months’ maturation so that by six months the inclusion
of exon 3 in iPSC-derived cultures was comparable to that of post-mortem midbrain and the
inclusion of exon 10 in iPSC-derived cultures was approximately half that detected in post-
mortem midbrain. Through the use of allele-specific gqRT-PCR assays developed by myself
and Dr M-C.Lai | showed that expression of transcripts encoding 2N tau, 4R tau and total tau
were under haplotype-specific control, though differing between iPSC-derived dopaminergic
neuronal cultures and post-mortem human midbrain. The strongest effect seen was for

exon 3+ transcripts encoding 2N tau, wherein the H2 allele expressed two-fold more than
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the H1 allele in all sample sets, corroborating previous findings in other brain regions
(Caffrey et al. 2008; Trabzuni et al. 2012). Post-mortem human midbrain only showed
haplotype-specific control of exon 10+ transcripts encoding 4R tau and not of total MAPT
transcripts reflecting promoter strength and/or transcript stability, which data matched
those of the globus pallidus and frontal cortex as previously determined in our laboratory
(Caffrey et al. 2006); the H1 allele expressed 1.2-fold more exon 10+ transcripts than the H2
allele. However, iPSC-derived dopaminergic neuronal cultures showed no haplotype-specific
control of exon 10+ transcripts, but rather a haplotype-specific control of total transcripts,
being 1.2-fold more from the H1 allele than the H2 allele. Generally the supporting evidence
for haplotype-specific control of total MAPT expression has come from cell culture models
and promoter-luciferase constructs (Kwok et al. 2004; Caffrey et al. 2006; Myers et al.
2007a) given that the studies of post-mortem human brain have been vulnerable to
problems with polymorphisms within microarray probes (Trabzuni et al. 2012; Ramasamy et
al. 2013). The haplotype-specific control of total MAPT and exon 10+ transcripts could
therefore be one aspect in which the chromatin environment, other epigenetic markings, or
complement of transcription factors makes a difference between cultured cells and true

aged human brain.

Despite the differences in haplotype-specific control of MAPT seen between iPSC-derived
dopaminergic neuronal cultures and post-mortem human midbrain, the iPSC-derived
cultures were well placed to reveal differences in MAPT expression as a result of specific
variation, namely a newly discovered deletion (ACTT) in intron 10. The variant increased
overall inclusion of exon 10 by over 40%, which allele-specific analysis revealed was due to a
two-fold increase in expression of exon 10+ transcripts from the ACTT allele. The variant
confirmed the importance of that region of intron 10 in regulating exon 10 inclusion (Kar et
al. 2006). When stem cells are not available with a particular variant, both ESCs and iPSCs

are amenable to genome editing to generate isogenic lines that include or remove specific
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variants to examine their effect in a cell type of interest following differentiation; this has
been reported recently with editing of SNCA variation in ESCs followed by differentiation to
cortical cultures where allele-specific QRT-PCR revealed the effect of variation on allelic
expression (Soldner et al. 2016). However, another technique has been used in our
laboratory to examine the effect of haplotype-specific variation on expression and splicing.
PAC constructs carrying either the H1 or H2 haplotype of the entire MAPT locus have been
used for transfection of neuroblastoma cell lines and their expression determined by
construct-specific qRT-PCR. As described in his DPhil thesis and a forthcoming publication,
Dr M-C. Lai detected the haplotype-specific control of exon 3+ transcripts and perturbed this
by exchanging the identities of H1/H2 SNPs in the proximity of exon 3 within the two PACs in
order to identify which SNPs were functionally active in controlling exon 3 inclusion. Further

studies examining expression of total and exon 10+ transcripts are awaited.

Additionally in Chapter 4, | aimed to assess MAPT expression in purified dopaminergic
neurons following a protocol of intracellular staining and FACS; however, the expression
analysis from these samples was not successful and was likely due to the damaged state of
the RNA following aldehyde fixation, although such was sufficient previously for unbiased
analysis with RNA-seq (Sandor and Robertson et al. 2016, under review). An alternative
approach would have been to use a live fluorescent reporter of dopaminergic neurons, such
as the one that | attempted to generate in Chapter 3. The reporter was constructed using
the entire genomic locus of human TH, with the coding portion of exon 1 replaced by a
fluorescent protein and antibacterial resistance cassette. Expression of the TH-driven
fluorescent protein was improved by separating the fluorescent protein and resistance
marker with a 3’UTR and polyadenylation signal. Testing of the construct as HSV-1 amplicons
delivered to iPSC-derived dopaminergic neuronal cultures found that only a small subset of
cells expressed the fluorescent protein from the TH promoter, but that these were TH+ by

immunocytochemistry. Poor titres of amplicons of this size made further testing and
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downstream use impracticable. However, once a reliable means of identifying dopaminergic
neurons in live culture is available, sorting of these cells to study a pure population of
dopaminergic neurons would be possible. The closest that this has been shown in human
neurons is with the protocol by Woodard and colleagues, who claimed enrichment first for
midbrain dopaminergic neuronal progenitors using FACS for NCAM+/CD133+ and later for
midbrain dopaminergic neurons using FACS for NCAM+/CD24+/CD15-/CD184-, resulting in
approximately 80% TH+/Tujl+ neurons (Woodard et al. 2014). However, these are not
actual dopaminergic neuronal markers as a higher percentage purity would be expected if
so; notably CD133 is also highly expressed in human ESCs so may not be reliable (Yuan et al.
2011) and the combination of CD24+/CD15*°"/CD184- with CD44- formed a strategy for
obtaining a 98% pure neuronal population containing some TH+ neurons in another study
(Yuan et al. 2011). Nevertheless, a significant enrichment of TH+/Tujl+ neurons to a final
obtained purity of ~80% would be informative about the true nature of dopaminergic

neurons without the need for viral transduction or genetic modification.

In summary, | have shown that the protective H2 haplotype expresses two-fold more exon
3+ transcripts in all samples and that the risk-bearing H1 haplotype can express 1.2-fold
more exon 10+ transcripts or total MAPT transcripts in a sample-dependent manner. These
data strongly support the hypothesis that the association between MAPT haplotype and risk
for PD is underlined by haplotype-specific control of MAPT isoforms, wherein | purport that
increased 2N tau offers protection against PD and increased 4R tau brings further

susceptibility to PD.
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7.2 Investigation of the role of tau and its isoforms in iPSC-derived

dopaminergic neuronal cultures

To understand more about the effect of the cellular levels of tau isoforms in dopaminergic
neuronal cultures, in Chapter 5 | generated a panel of RNA interference constructs to target
individual tau isoforms or total tau. siRNA constructs were effective at knocking down
individual isoforms but could not be delivered to iPSC-derived neuronal cultures. Following
conversion to shRNA sequences and incorporation into lentiviral particles, successful
constructs were identified that knocked down 4R tau or total tau, in addition to a
non-targeting/scrambled control construct. In Chapter 5 these constructs were used to
knock down tau isoforms with analysis of axonal transport of mitochondria after maturation
for four weeks or five months. Cultures matured for four weeks with knockdown of total tau
protein by ~60% showed no significant difference in mitochondrial velocity or amount of
pausing, but did show a small increase in the number of mitochondria that were motile. In
contrast, cultures matured for five months with knockdown of total tau protein or just the
4R tau isoforms showed no difference in mitochondrial motility between treatments.
Instead, 4R tau knockdown increased transport velocity, which, when stratified,
corresponded to increased velocity of unidirectional transport that is most likely to be
mediated by kinesin. Knockdown of total tau at this mature time point increased transport
velocity of all mitochondria regardless of directionality but only when the pause times were
removed from the average velocity calculations, thus corresponding to an increase in
absolute velocity. Therefore total tau and 4R tau have distinct though inter-related effects

on axonal transport.

In Chapter 6 the shRNA lentiviral tools were used to investigate potential roles of tau in
existing PD-related phenotypes in iPSC-derived dopaminergic neuronal cultures bearing the

GBA N370S mutation, specifically in the areas of macroautophagy and ER stress. The
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baseline phenotypes previously reported by our laboratory (Fernandes et al. 2016) were not
observed in the current study, with the exception of reduced B-glucocerebrosidase enzyme
activity in GBA N370S cultures. Notwithstanding, analysis of the specific effect of knockdown
of total tau showed that no protein was significantly affected except the macroautophagy

adaptor protein p62, which was mildly reduced in conditions of tau knockdown.

Integrating the findings from Chapters 5 and 6, it is proposed that improved parameters of
axonal transport may lead to facilitation of the process of macroautophagy by increasing the
availability of autophagic components. In concert with this proposal, increased expression of
total or 4R tau from the H1 haplotype could be expected to mildly hinder both axonal
transport and macroautophagy, increasing susceptibility of neurons to dysfunction and the

disease processes of PD.

Autophagy is a central theme in PD, particularly as disease-related autophagy phenotypes
have been reported in iPSC-derived neuronal models bearing mutations in LRRK2 (Sanchez-
Danés et al. 2012b; Orenstein et al. 2013; Su and Qi 2013), PINK1 (Seibler et al. 2011), PARK2
(Imaizumi et al. 2012), GBA (Fernandes et al. 2016; Mazzulli et al. 2016), those with
increased expression of a-synuclein (Mazzulli et al. 2016), and models of idiopathic PD
(Sanchez-Danés et al. 2012b; Mazzulli et al. 2016). Classical Lewy bodies from post-mortem
PD brains are comprised of many proteins in addition to the principal component a-
synuclein, but notably include some proteins related to autophagy and Ilysosomal
degradation, such as LC3, p62, GABARAP proteins and B-glucocerebrosidase (Wakabayashi
et al. 2013). As PD is an a-synucleinopathy, autophagy is particularly relevant with relation
to a-synuclein, which has been shown to reduce clearance of proteins from lysosomes
(Mazzulli et al. 2016), although a-synuclein enters lysosomes via LAMP2A using the HSC70
chaperone in the process of chaperone-mediated autophagy (Cuervo et al. 2004) rather than

by macroautophagy. A small reduction in the efficiency of axonal transport and autophagy in
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neurons, amplified over a long period of time and on top of the decline already present in
the ageing process, could increase the susceptibility of neurons to accumulation of a-
synuclein. As overexpression of A30P a-synuclein reduced levels of kinesin and dynein in rats
(Chu et al. 2012), the cellular accumulation of a-synuclein may produce a multi-faceted

vicious cycle reducing the efficiency of protein clearance mechanisms.

7.3 Therapeutic reduction of 4R tau

One natural conclusion from the above data is that a treatment that reduces 4R tau
expression could be advantageous — a pursuit that is particularly relevant for MAPT
mutations that cause FTDP-17 by altering exon 10 inclusion. This was first shown in 2001
when antisense oligonucleotides targeting the 3’ and 5’ splice sites of exon 10 reduced exon
inclusion and 4R tau protein levels, which was shown to affect microtubule stability in a
non-neuronal cell line (Kalbfuss et al. 2001); reduced exon 10 inclusion was confirmed in
later trials with bipartite antisense molecules that target either side of the proposed stem
loop at the 5’ splice site (Peacey et al. 2012). Delivery of a plasmid that expressed RNA
containing a complementary sequence for binding to MAPT intron 9, a 3’ splice site and
MAPT exons 11-13 has been used to induce trans-splicing, wherein the spliceosome
catalyses splicing from the 5’ splice site of pre-mRNA transcripts to the 3’ splice site of the
therapeutic pre-RNA trans-splicing molecule, resulting in fewer transcripts that include exon
10 (Rodriguez-Martin et al. 2009). In that particular study, the exon exclusion treatment had
only a small effect on wild-type transcripts (Rodriguez-Martin et al. 2009), although this
could make it suitable for modulating the subtle increase in expression from the H1
haplotype. However, critically this method would require delivery of the DNA sequence,
which, even if achieved by viral means, is not a desirable therapy for modulation of a

susceptibility factor; oligonucleotide therapies may eventually be able to use exosomes as a
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means of delivering to the brain (Alvarez-Erviti et al. 2011). Finally, screening for small
molecule therapeutics identified 5-iodotubercidin as a compound inducing skipping of
isolated MAPT exon 10 but which produced significant effects on splicing of other genes
(Stoilov et al. 2008) and LDN-13978 (mitoxantrone) as a compound that stabilised the
proposed stem loop at the 5’ splice site predicted to decrease exon 10 inclusion (Donahue et
al. 2007; Zheng et al. 2009; Lisowiec et al. 2015). Molecules have also been designed in silico

to affect only FTDP-17 mutant-specific transcripts (Luo and Disney 2014).

In tauopathies with strong 4R tau-mediated pathology the exon-skipping approaches above
may have merit. An alternative approach would be to reduce the levels of splicing factors
known to control MAPT exon 10 inclusion; however, as these splicing factors will control
many other genes, it is possible that this would produce undesired effects (Wood et al.
2007). For PD where MAPT haplotype is associated only with a small odds ratio of disease
susceptibility, realistically it is unlikely that a safe cheap treatment to reduce 4R tau
expression will be found that is advisable for prophylactic use to reduce PD risk. Instead it
would be more advantageous to invest in treatments that improve neuronal health, reduce
the effects of ageing or that target pathways, such as autophagy, that are commonly
perturbed in PD. Further, as altered inclusion and exclusion of exon 10 are both routes to
FTDP-17, it appears that a balance of isoforms is key, which would be difficult in practice to

measure and achieve with treatment.
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7.4 Future directions

Finally I will outline some suggested future directions for this area of study.

First, efforts should continue to identify and isolate human dopaminergic neurons in live
culture. As suggested in Chapter 3, a more amenable design for a fluorescent reporter could
be using the PITX3 promoter within a lentiviral construct. Additionally the use of the cold
harvest protocol of Goudriaan et al. (2014) would enable the isolation of only the
iPSC-derived neurons from within neuron:astrocyte co-cultures. Expression analysis in pure
iPSC-derived dopaminergic neurons with and without astrocytes could be used not only to
confirm the role of MAPT haplotypes on expression and the effect of astrocytes on MAPT
transcript maturation, but also these samples could be analysed by RNA-seq to detect

changes elsewhere in the transcriptome.

Second, functional H1/H2 SNP variants controlling expression of total MAPT and exon 10+
transcripts could be identified by exchanging SNP identities on the two backgrounds. This
could be achieved either using H1 and H2 MAPT BAC constructs with transfection of
neuroblastoma cell lines followed by standard gRT-PCR or by the more complex but
physiological technique of genome editing followed by allele-specific gRT-PCR (Soldner et al.

2016).

Third, the shRNA tools for knocking down tau and its isoforms should be expanded so that
there are two validated shRNA constructs per target (2N tau, 4R tau, total tau, non-targeting
construct) and then used to continue work investigating the roles of these isoforms. In
particular, little has been done to investigate the role of 2N tau. The use of mature
iPSC-derived dopaminergic neuronal cultures allows these isoforms to be investigated in a

highly relevant neuronal setting.
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Finally, further investigation into the role of tau in axonal transport and autophagy should be
undertaken, notably with multiple shRNA constructs. For example, in mature cultures, is the
p62 phenotype more enhanced by 4R tau knockdown with its likely major effect on kinesin-
mediated transport, or by total tau knockdown with its less pronounced effect on axonal
transport? Can a similar effect be achieved by bypassing tau knockdown, such as with
compounds that stabilise/destabilise microtubules or by increasing/decreasing expression of
motor proteins? Additionally it would be important to perform assays of autophagy flux
with/without tau knockdown, using bafilomycin Al to block fusion of autophagosomes and
lysosomes during macroautophagy and measuring the effect on LC3B-Il (Mizushima and
Yoshimori 2007). Expression analysis of motor proteins, their adaptors and other potential
secondary mediators in axonal transport should also be performed with/without tau
knockdown to determine the mechanism of how tau knockdown affects axonal transport in
human iPSC-derived dopaminergic neuronal cultures. These further studies will provide
valuable insight into how alterations in the balance of tau isoforms impacts on human

neuronal function and could play a role in the disease aetiology of PD and tauopathies.
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Appendix

Appendix Table A: Plasmids used in the construction of the TH-PAC reporter constructs.

Plasmid Name

Use

Source

RP11-542)6 BAC

Human TH gene locus;
Amplification of full ChI® (CAT)
sequence

Children’s Hospital Oakland Research
Institute

TH-PAC subcloned from
RP11-542J6 BAC

Human TH gene locus

S.P. Shorkey

PGEM-T (Chl)/PolyAx3

Cassette backbone

S.P. Shorkey (note that the chif
sequence lacked the promoter)

mCherry bacterial expression
plasmid

Amplification of mCherry
sequence

Gift of Roger Tsien laboratory,
University of California San Diego

pRed/ET (pSC101-BAD-gbhaA)

Bacterial induction of
homologous recombination

Gene Bridges

pEHHG Retrofitting R. Wade-Martins
Amplification of EGFP sequence
pH-FRT-Hy Retrofitting J. Alegre-Abarrategui, Wade-Martins

laboratory

pDsRed2-C1 p62

Amplification of 3" UTR-PolyA
sequence

Addgene (note that this is no longer
available)

fHSVApacA27 0++ Expression of HSV-1 genes for E.A. Chiocca laboratory, Harvard
HSV-1 amplicon production University
pEBHICP27 Expression of HSV-1 ICP27 gene E.A. Chiocca laboratory, Harvard

for amplicon production

University

Appendix Table B: Cloning primers used in the construction of TH-PAC reporter constructs.

Cloning Primers

Primer Name

Primer Sequence (5> 3’)

CAT_F ACTGAT CGCGAATAAATACCTGTGACG

CAT_R (Spel site) TAGATTACTAGTCATCGAATTTCTGCCATTCA

mCherry_F ACTGAT TCAATGGTGAGCAAGGGCGAGGA

mCherry_R2 TAGATT TTACTTGTACAGCTCGTCCATGC

mCherry_longfF  (homology arm GGGCTTTGACGTCAGCTCAGCTTATAAGAGGCTGCTGGGCCAGGGCTGTGG
- AGACGGAGCCCGGACCTCCACACTGAGCCATGGTGAGCAAGGGCGAGGA

mCherry_longR  (homology arm CTGCCAGCCAGGCTGGGGAGTAGCAGAGGCAGCTGGCACCAGCCCTGGGC
- TCCGGTCCACTGCGGCCGCCGGGCACCTACTATGAGAGAATAGGAACTTC

3’UTR-PolyA_F ACTGAT GATCATAATCAGCCATACCA

3’UTR-PolyA_R (Swal site) | TAGATT ATTTAAATCGCGTTAAGATACATTGATG

mCherry and EGFP share the same sequence at either end so mCherry primers were used for
EGFP cloning as well.
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Appendix Table C: Sequencing and analytical primers used to verify the construction of TH-
PAC reporter constructs.

Primer Name

Primer Sequence (5> 3’)

mCherry_seqlF GATCGGTGCGGGCCTCTTCG
mCherry_seqlR CCCTCGGCGCGTTCGTACTG
mCherry_seq2F AAGGACGGCGGCCACTACGA
mCherry_seq2R AGCACCTTGTCGCCTTGCGT
PolyA_seq3F GCGTGTTACGGTGAAAACCT
PolyA_seq3R GACCATGATTACGCCAAGCTA
mCherry_seq4F TAAAACGACGGCCAGTGAAT
mCherry_seq4R GTGGGAGGTGATGTCCAACT
EGFP_seqlF CGATCGGTGCGGGCCTCTTC
EGFP_seqlR CGTCGCCGATGGGGGTGTTC
EGFP_seq2F CAACTACAACAGCCACAACG
EGFP_seq2R GGGCGAAGAAGTTGTCCATA
TH_mCherry_F CTCCCTGTGTGCTCTCTTGA
TH_mCherry_R CCGTCCTCGAAGTTCATCAC
TH_ChlPolyA_F TGTCGGCAGAATGCTTAATG
TH_ChlPolyA_R CCAACAGGGACTCAAACACC
TH_EGFP_F TTAGATTCCACGGACGAGCC
TH_EGFP_R GGTATGGCTGATTATGATCCCG
CAT_seqMidR GCCGGATAAAACTTGTGCTT
CAT_seqEndF TCGCCTTCTTGACGAGTTCT
PolyA_seqEndF GCGGAAGTTCCTATTCTCTC
TH_ex2_F CATTTCCAGGTACCTTCTCAGG
TH_ex3_F GACCAGCTGTGGGTGGAG
TH_ex4_F TTCCTGCTTTTGCTCCCTAA
TH_ex5_F TCACCAAGATCTCTTCCTCCAT
TH_ex6_F CAGCACAGCCTCCTGACC
TH_ex7_F CCTCCTGCCCTTCTCACTC
TH_ex8_F ACTGGGGTGGGGCATTAG
TH_ex9_F CGCTTCCTGAAGGGTGTG
TH_ex10_F CCCTTCTCCCTCCTACGC
TH_ex11_F AGGGAAGTGTCCCAGAGACC
TH_ex12_F CTGTCTCTGGGCTGATGCT
TH_ex13_F GGGTGACTCTACCCAAGGAA
TH_ex14_F AGCCACTGTGAAGGTGGAAA
TH_ex2_R AGGGTTGTGGAACATGAAGG
TH_ex3_R CGGGGAGAAGAGCAGGTTTA
TH_ex4_R GCACGTCCTCTGACACCTG
TH_ex5_R GGCTAAGGGTAGGGGATGTG
TH_ex6_R CCTGTACTGGAAGGCGATCT
TH_ex7_R CCTCACACGCCAGGATTC
TH_ex8_R CCTTCAGGAAGCGGGAGAC
TH_ex9_R CGCGTAGGAGGGAGAAGG
TH_ex10_R AGCAGGCAGCACACTTCAC
TH_ex11_R ACCGTGGACAGCTTCTCAAT
TH_ex12_R GTCCAGGCCTCAGTTTCCTC
TH_ex13_R CTAGCCCACCTGAGCTTGTC
TH_ex14_R AAGGGTGTCCAGCTCATCC
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Appendix Table D:

Primers used for end-point RT-PCR.

Primer Name

Primer Sequence (5> 3’)

endoTH_RT_F GCAGGCAGAGGCCATCAT
endoTH_RT_R CTTCTCCTCAAAGGCCACAG
GAPDH_F GTGGACCTGACCTGCCGTCTCG
GAPDH_R GGAGGAGTGGGTGTCGCTGT
MAPT_ex9-10 F2 GTCCCTTCCAACCCCACC
MAPT_ex9-10 R2 ACTTGGACTGGACGTTGCTA
MAPT_ex0 F CTTCTCCTCCTCCGCTGTC
MAPT_ex1/4 R (ON) CTGCTTCTTCAGCTTTCAGG
MAPT_ex2/4 R (1N) ATGCCTGCTTCTTCAGCTTC

MAPT_ex3 R (2N)

GAGCTCCCTCATCCACTAAGG

Appendix Table E: Primers used for MAPT haplotype analysis and GBA genotyping.

Primer Name Primer Sequence (5°-3’) Primer Purpose

tau_indel_F GGAAGACGTTCTCACTGATCTG Genotyping H1/H2 (238 bp), Baker et al. (1999)
tau_indel_R AAGAGTCTGGCTTCAGTCTCTC

MAPT_Int9seqF TGTGAAGTGAGGACCTGCAA Sequencing upstream of MAPT exon 10
MAPT_Int9seqR AAAAGGATGAGTGACACGCC

MAPTEx10seqF CTCTGCCAAGTCCGAAAGTG Sequencing MAPT exon 10 and environs
MAPTEx10seqR GGTCCGTCATCTGCCCTATT

MAPT_int9_H1F GAAATGCAGTCGTGGGAGAC Generation of H1 sub-clone (with MAPTEx10seqR)
MAPT_int9_H2F TGGTTTTCTATTTCACAGCCCC Generation of H2 sub-clone (with MAPTEx10seqR)
M13_F GTAAAACGACGGCCAGT Sequencing of sub-clones in pGEM-T Easy

M13 R CAGGAAACAGCTATGAC

GBA_N370S_F GCCTTTGTCCTTACCCTCG Genotyping GBA N370S mutation (Aharon-Peretz et
GBA_N370S_R GACAAAGTTACGCACCCAA al. 2004)
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Appendix Table F: iPSC clones used in this study.

H1/H2 Controls

Thesis ID OPDC (StemBANCC) Age at Gender Clones used Other information
codes biopsy
Individual 1 NHDF 44 F NHDF-1 Normal human dermal
NHDF-2 fibroblasts (Lonza)
Hartfield et al. (2014)
Individual 2 AHO16 80 M AHO016-3
AHO016-6
AHO016-10
Individual 3 OX1 (SFC841) 36 M 0OX1-19 van Wilgenburg et al. (2013)
SFC841-03-01 Fernandes et al. (2016)
SFC841-03-02
H1/H1 Controls vs H1/H1 GBA N370S
Thesis ID OPDC (StemBANCC) Age at Gender Clones used Other information
codes biopsy
Conl JRO53 68 M JRO53-1
Con2 JRO53 68 M JRO53-6
Con3 AHO017 (SFC840) 67 F SFC840-03-06
Con4 0X2 43 M 0X2-28
GBA1l MKO071 81 F MKO071-3 N370S/wt
Fernandes et al. (2016)
GBA2 MK088 46 M MKO088-7 N370S/wt
GBA3 MK088 46 M MKO088-1 N370S/wt
Fernandes et al. (2016)
GBA4 RHO58 (SFC834) 72 M SFC834-03-01 N370S/wt

Fernandes et al. (2016)
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Appendix Table G: Single nucleotide polymorphisms genotyped in the three H1/H2 control
individuals used in this study.

. . , , AmpliTaq PCR Individual
Primer Name Primer Sequence 5' --> 3 Length | Temp SNP 1 2 3
rs11575895 | A/G | A/G | A/G
MAPT_gen_ExOF | GAGGAACGAGCCGGGAGA 3620r | GC
MAPT_gen_EXOR | GACGGCGAGGCAGATTTC 361bp | 600 | 962056779 1 C/A | C/A | C/A
rs144722105 | ¢/a | ¢/a | c/a
tau_exon1_F TGAGATCTGCCTGCCATGAA 273bp | Goe | "SL/650901 | A/G [A/G ['A/G
tau_exonl_R CATGGCTGTCCACTAACCTT (rs6370529) | G/G | G/G | G/G
tau_exon7_F GACTCTTGGTGGCAGTAACT yaibp | eoe | TSL052551 | G/A | G/A | G/A
tau_exon7_R ACCTCTGAGAGCTTCAGCTT (rs63750612) | G/G | G/G | G/G
tau_exon9_F CTGCTGTAGCTGCGCTTCCA sa0bp | goe | 1052553 | A/G [ A/G [ A/G
tau_exon9_R CTCCATGCACAGTCCCACGA rs1765121 | T/ | T/C | T/C
MAPT_gen_Ex13F | ATCGACATGGTAGACTCGCC y3abp | 600 r9468 | T/C | T/C | T/C
MAPT_gen_Ex13R | AAGCCGAGTGACAAAAGCAG
MAPT_gen_Ex13F2 | TGGTTGGTTGCAGGAGGTAC yazbp | Goe | "SL7574080 | A/C[A/C [ AJC
MAPT_gen_Ex13R2 | AGGGCTCTCTCCATGTCAAC rs16940799 | T/c | T/ | T/C
MAPT_gen_Ex13F3 | AGATCACTCGCTTCACCCTC 21709 | 600 rs7521 | G/A | G/A | G/A
MAPT_gen_Ex13R3 | TCCTGCTCAACATGGCAAAC (rs114213384) | A/A | A/A | A/A
tau_STH_F CCCTGTAAACTCTGACCACAC |, I 71" 1562063857 | A/G | A/G | A/G
tau_STH_R ACAGGGAAGCTACTTCCCATG (rs73317018) | G/G | G/G | G/G
SNCA gen EX6F | CIGGTTCCITAAGTGGCTGTG | o 7| | rs356165 | C/T [ C/T [ C/T
SNCA_gen_Ex6R | TGTCAGAAAGGTACAGCATTCAC
SNCA_gen_EX6F2 | GCAGTGACCTAGAACAATTTGAG |, | oo, | rs3857053 | G/G | G/G | G/G
SNCA_gen_Ex6R2 | AGGTGAATGTCTCGGGAGTG rs1045722 | A/A | A/A | A/A
hLRRK2_x42s GGTTTCGTGCACCTGAAG sasbp | coo | 33995883 | A/A | A/A [ A/A
hLRRK2_x42a CCAAATGTGGAGTTCTAACAGC
rs66737902 | T/T | T/T | c/C*
LRRK2_gen_ExS1F | ACAATCTTGCTTGACCGTTTG S Ersigggiﬁ; /é;//i /272 /272
rs
LRRK2_gen_EXSIR | GCAACAGCAACAAAGAGAATTC (sasseran) | e | |
CRHR1_gen_Ex7F | GTGACAGCCGCCTACAAC 206bp | G | re1694066s | T/C [ T/C [T/C
CRHR1_gen_EX7R | AGTCTGGAGGAGAGGGCAG 60°
CRHR1_gen_EX9F | ACAATTGAGGCATGGCAGTG 299bp | G | reL604067a |C/T [CT [T
CRHR1_gen_EX9R | GATTGCCCCTCCCCACTG 602 | (rs79608615) | G/G | c/c | G/G
KANSLI_gen_Ex11F | CCCAAGGACCCAGATGCTTG yasbp | goe | "SL757460 | T/C [T/C[TC
KANSL1_gen_Ex11R | TTCTGAGCTTCTACCTGGGC
KANSL1 gen_ExI3F | CTAGAATGGGGTGGGACTGG | .\ | GC | rs36076725 | C/T [C/T [ C/T
KANSL1_gen_Ex13R | CAAACTCCCTGTCCACCCTC 602 | (rs35833914) | /T | /T | /T
KANSLI_gen_Ex15F | GGAGTGTGAGGACCAGCTG y78bp | Goe | "S3957953%6 | T/c [T/C [TC
KANSL1_gen_Ex15R | ACTGTGAAAATTTCCGGCATATG

*C allele vs T allele carries odds ratio of 1.10 (95% confidence interval: 1.05, 1.15) for risk of
Parkinson’s disease in PDGene meta-analysis (Nalls et al. 2014). GC, addition of GC buffer.
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Appendix Table H: TagMan Gene Expression Assays from Applied Biosystems.

Gene/Assay Description Assay ID

MAPT exon3+ transcripts (exon3-4) Hs00902315_m1 FAM/MGB/NFQ
MAPT exon 10+ transcripts (exon9-10) Hs00902312_m1 FAM/MGB/NFQ
MAPT all transcripts (exon12-13) Hs00902194_m1 FAM/MGB/NFQ
GAPDH Hs02758991_g1 VIC/MGB/NFQ
HPRT1 Hs02800695_m1 VIC/MGB/NFQ
ACTB Hs01060665_g1 VIC/MGB/NFQ

Appendix Table J: Primers and probes for allele-specific TagMan qRT-PCR expression
assays.

Primer/Probe Name Primer/Probe Sequence (5’-3’) Primer/Probe Purpose

MAPT exon O F CCTCGCCTCTGTCGACTATC MAPT all transcripts allele-specific
MAPT exon 1 R TACGTCCCAGCGTGATCTTC (exon 0-1)

MAPT exon O F CCTCGCCTCTGTCGACTATC MAPT exon 3+ transcripts allele-
MAPT exon 3 R GTCACATCTTCCGCTGTTGG specific (exon 0-3)

MAPT intron O F CCCCAACACTCCTCAGAACT MAPT allele-specific exon 1
MAPT exon 1R TACGTCCCAGCGTGATCTTC genomic

MAPT exon 9 F AAGAGCCGCCTGCAGACA MAPT exon 10+ transcripts allele-
MAPT exon 10 R GGACGTTGCTAAGATCCAGCTT specific (exon 9-10)

MAPT exon 9 F AAGAGCCGCCTGCAGACA MAPT allele-specific exon 9
MAPT intron 9 R ACCTCCATGCACAGTCCCA genomic

SNP1 H1 Probe (FAM/MGB/NFQ) CTGGTTCAAAGTTC Assay developed by M-C Lai.
SNP1 H2 Probe (VIC/MGB/NFQ) TGGTTCAAAGCTCAC

SNP9 H1 Probe (FAM/MGB/NFQ) AGACCTGAAGAATGTCAA First pair.

SNP9 H2 Probe (VIC/MGB/NFQ) AGACCTGAAGAACGTCAA

SNP9ii H1 Probe (FAM/MGB/NFQ) TTGGACTTGACATTCT Second pair. Sequences from
SNP9ii H2 Probe (VIC/MGB/NFQ) CTTGGACTTGACGTTCT Myers et al. (2007a)

Appendix Table K: Primers for SYBR Green qRT-PCR.

Primer Name Primer Sequence (5°-3’) Primer Purpose and Amplicon size
GAPDH_F2 GGTCTCCTCTGACTTCAACA Housekeeping gene (116 bp)
GAPDH_R2 AGCCAAATTCGTTGTCATAC

HPRT_F GCCAGACTTTGTTGGATTTG Housekeeping gene (141 bp)
HPRT_R CTCTCATCTTAGGCTTTGTATTTTG

SDHA_F1 TGGGAACAAGAGGGCATCTG Housekeeping gene (86 bp)
SDHA_R1 CCACCACTGCATCAAATTCATG

RBM4_F GCCGCCATTTTAGCGTTTTG RBM4 splicing factor (175 bp)
RBM4_R CACATTCCAGCACCTTCCCA

PTBP1_F TTGGGTCGGTTCCTGCTATT PTBP1 splicing factor (115 bp)
PTBP1_R CGTCAGATCCCCGCTTTGT
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Appendix Table L: Primers for construction of lentiviral shRNA plasmids by Gibson

Assembly.

Bold signifies unique shRNA sequence; underline signifies overlapping sequences for Gibson

Assembly.

Primer Name

Primer Sequence (5°-3’)

Primer Position

LenGib_1F TTCGCCCTTACGCTCTAGAAC Before Spel and pU6
LenGib_x3.1R TGTCCCTCCTCGAGAAAAAAGATGTGACAGCACCCTTAGTTCGCTAAGGG To add MAPTx3_1
TGCTGTCACATCTTCGCAAACAAGGCTTTTCTCCAAG shRNA sequence
LenGib_x3.3R TGTCCCTCCTCGAGAAAAAACCACAGCTGAAGAAGCAGGTTCGCCTGCTTC | To add MAPTX3_3
TTCAGCTGTGGTTCGCAAACAAGGCTTTTCTCCAAG shRNA sequence
LenGib_x10.1R | TGTCCCTCCTCGAGAAAAAATTAATAAGAAGCTGGATCTTTCGAGATCCAG | To add MAPT10_1
CTTCTTATTAATTCGCAAACAAGGCTTTTCTCCAAG shRNA sequence
LenGib_x10.3R | TGTCCCTCCTCGAGAAAAAAGGTGCAGATAATTAATAAGTTCGCTTATTAA | To add MAPT10_3
TTATCTGCACCTTCGCAAACAAGGCTTTTCTCCAAG shRNA sequence
LenGib_TO8R TGTCCCTCCTCGAGAAAAAACATCCATCATAAACCAGGATTCGTCCTGGTT | To add s8508 shRNA
TATGATGGATGTTCGCAAACAAGGCTTTTCTCCAAG sequence
LenGib_TO9R TGTCCCTCCTCGAGAAAAAACCAGGTGGAAGTAAAATCTGATTCGTCAGA | To add s8509 shRNA
TTTTACTTCCACCTGGCGCAAACAAGGCTTTTCTCCAAG sequence
LenGib_T10R TGTCCCTCCTCGAGAAAAAAGCATGGTCAGTAAAAGCAAAGTTCGCTTTG To add s8510 shRNA
CTTTTACTGACCATGCGCAAACAAGGCTTTTCTCCAAG sequence
LenGib_ScrR TGTCCCTCCTCGAGAAAAAAGAAGGCTCGTCGCACTAATTTCGATTAGTGC | To add Scrambled
GACGAGCCTTCTTCGCAAACAAGGCTTTTCTCCAAG MAPTx3_1 shRNA
sequence
LenGib_2F TTTTTTCTCGAGGAGGGACAATTGGAGAAGTG Before RRE
LenGib_2R CTGCAGAATTCTCGAGACCG After pEFla
LenGib_3F CGGTCTCGAGAATTCTGCAGGCCACCATGGTGAGCAAGGGCGAGG Start of EBFP2
LenGib_3R TGTAATCCAGAGGTTGATTGTCGACTTACTTGTACAGCTCGTCCATG End of EBFP2

Appendix Table M: Sequencing primers used to verify the construction of lentiviral shRNA

plasmids.

Primer Name Primer Sequence (5> 3’)
shseq_1F AAAGTAAGACCACCGCACAG
shseq_1R GCTCCTATTCCCACTGCTCT
shseq_2F CGAGGAGGGACAATTGGAGA
shseq_2R CCAATTCCACAAACTTGCCC
shseq_3F TGAAGAATCGCAAAACCAGCA
shseq_3R GTTCAATTGCCGACCCCTC
shseq_4F CGGGTTTATTACAGGGACAGC
shseq_4R GTCGCAGCAGGTCATCAAAA
shseq_5F GCCTGTCTCGCTGCTTTC
shseq_5R CATCGCATAAAACCCCTCCC
shseq_6F GTCCAGGCACCTCGATTAGT
shseq_6R TTGAAGAAGATGGTGCGCTC
shseq_7F CACATGAAGCAGCACGACTT
shseq_7R AAGCAGCGTATCCACATAGC
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