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Abstract

Mutations inLRRKZ2have been established as a common genetic cat=glahson’s

disease (PD). Variation in gene expression of PARBE has previously been
demonstrated in PD pathogenesis, although it had@en described in detail for
LRRK2 expression in the human brain. This studythier elucidates the role of
LRRK2 in development of PD by describing an invgsation into the role of LRRK2

genetics and expression in the human brain.

The G2019S mutation is a commaRRK2 mutation that exhibits a clinical and
pathological phenotype indistinguishable from iditpc PD. Thus, the study of
G2019S mutation is a recurrent theme. The frequefdg2019S was estimated in
unaffected subjects that lived or shared a cultbheaitage to the predicted founding

populations of the mutation, and was found notd@®mmon in these populations.

Morphological analysis revealed a ubiquitous exgioes for LRRK2 mRNA and
protein in the human braiim-situ hybridisation data suggests that LRRK2 mRNA is
present as a low copy number mRNA in the humannbrAi semi-quantitative
analysis of LRRK2 immunohistochemistry revealedeastve regional variation in
the LRRK2 protein levels, although the weakest imareactivity was consistently
identified in the nigrostriatal dopamine region. WNifference was observed in the
morphological localisation of LRRK2 mRNA and pratein unaffected, IPD or
G2019S positive PD subjects.

Dysregulation of LRRK2 mRNA expression and the @feof cis- acting genetic

variation on these levels were demonstrated. A spoEad decrease of LRRK2
MRNA was observed in IPD and G2019S positive PDesth in comparison to
unaffected controls. Furthermore, non-coding genetiariation was also

demonstrated to have an effect on the LRRK2 trgpsmnal activity in PD subjects.

Collectively, these findings suggest that LRRK2 bhasmportant physiological role,
and a dysregulation in its levels could affect &ary mechanisms that contribute to
PD pathogenesis. This data also supports the pldgsiif a shared mechanism
contributing to the identical phenotype of IPD &®2019S linked PD.
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1 Introduction

1.1 Parkinson’s Disease

Parkinson’s Disease (PD) is an insidious and arpesive disease that affects
approximately 1% of the population over the agé&®fyears. It has a broad clinical
spectrum which is usually defined by a combinatbany of the following six motor

features: rest tremor, bradykinesia, rigidity, la$gostural reflexes, flexed posture,
and freezing of gait (Lees et al. 2009). At leagb tof these cardinal symptoms
should be present before a clinical diagnosis of @D be made. The symptoms
usually present themselves asymmetrically, anddepa (L-DOPA) replacement
therapy offers relief to the initial clinical syngohs of resting tremor, bradykinesia

and rigidity, but this does not halt the progressibthe disease.

Age is the biggest risk factor for the disease, muagbrity of PD cases are idiopathic
(IPD) with less than 10% reporting a family histdtyees et al. 2009). Despite the
rarity of monogenic inheritance in PD, mendeliameage collectively known as the
PARK loci have been shown to be associated withli@nmheritance. Some PARK
loci have also been implicated in the idiopathiarfe of the disease, suggesting that
shared mechanistic pathways might contribute toili@mand idiopathic disease

pathogenesis.

1.2 Clinical phenotype

The clinical diagnosis published by James Parkineob817 entitled ‘An essay on
the shaking palsy’, set the precedent for furtimestigation into this debilitating
disease. He identified the progressive nature efdisease along with the cardinal
symptoms of akinesia (impaired muscle movemen®ting tremor, bradykinesia
(slow movement) and postural instability, and nefdrto the disease as Shaking

Palsy or Paralysis Agitans (Lees 2007).

The clinical signs were expanded upon by Charcdt881 who observed tha¥ bu

easily recognise how difficult it is for them to tlings even though rigidity or
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tremor is not the limiting factor. Instead evenuasory exam demonstrates that their
problem relates more to slowness in execution ofement rather than to real
weakness.” (translation of Charcot, 1881 (GoetzZ220DMBased on his extensive and
detailed observations of the tremor associated thighdisease, he added rigidity to
the characteristic features of the Paralysis Agitadowever, as Charcot did not
consistently observe rest tremor, he argued thatly®s Agitans was an inaccurate
description, and suggested that the disease bgea@fto as ‘Parkinson’s Disease’
(PD).

The cardinal features based on the motor sympt@deacribed by Parkinson and
Charcot still remain essential for the clinical ghasis of PD. However, it has long
been acknowledged that there are various non-metonptoms that include
autonomic and neuropsychiatric symptoms. Some efdisturbance of autonomic
functions precede the motor symptoms and can ieclsteep disturbances,
constipation, sexual dysfunction, and hyposmia &mpent of smell) (Bohnen et al.
2007; Lim et al. 2009). The neuropsychiatric symmappear later in the course of
disease and include depression and anxiety, fotole cognitive decline (Emre
2003; Lim et al. 2009). The complexity presentedthg broad spectrum of PD
symptoms has made it necessary to include the raornsymptoms in clinical
diagnosis of the disease. As a result, the unRiakinson’s diseases rating scale was
revised by the UK movement disorder society to ipocate these symptoms as well
as the cardinal motor symptoms (Litvan et al. 200B)s combination of motor and
non-motor symptoms has resulted in PD being desgr@s a highly complex disease,
and poses a tough challenge to the scientists isydyD pathogenesis and the

relevant therapeutics.
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1.3 Pathological phenotype

1.3.1 Nigral cell loss

The pathology of PD is frequently characterisedHgypallor of specific subnuclei of
the substantia nigra pars compacta. The dopamméiRergic) neurons of the
substantia nigra (SN) contain cytoplasmic neuromeja pigment which gives these
nuclei a macroscopical black appearance (Forno )19Q6loss of this pigment
correlates with severe degeneration (approximatd02o) of the DAergic neurons in
SN of PD subjects (see Figure 1.1).

The neuronal cell loss in SN is not uniform in PDhe ventrolateral tier of neurons
in the pars compacta (A9) are the most vulnerabl®@, degenerating earlier and
more severely than the dorsal medial regions (Fear& Lees 1991). Differing
amounts of neuromelanin in DAergic neurons of teatiolateral versus the dorsal
medial regions have been suggested to be a caulse sélective vulnerability of the
nigral neurons (Gibb & Lees 1991). This is interegin terms of PD pathogenesis as
the ventrolateral tier of the nigra projects to tdersal putamen which is
predominantly involved in motor co-ordination, athe relatively spared areas of the
medial and ventral tegmental areas (VTA) projedht caudate which is involved in

cognition (Fearnley & Lees 1991).

The DAergic neurons of the ventral tier contain maller amount of
neuromelanin than those in the dorsal medial aneaiswhether neuromelanin is
protective or toxic remains undecided (Zecca et 24l03). Furthermore, the
DAergic neurons within the red nucleus, are rekdiv protected from
degeneration despite having similar levels of newglanin to the neurons in the
ventrolateral nigra (Gibb 1992). These observatialosig with weak expression
of neurotrophic factors, such as brain derived agaphic factor (BDNF) in SN
has led to the suggestions that weakened troptppasti plays a central role in
the regional vulnerability of dopamine neurons (Htl& et al. 2000). Higher cell

density of midbrain DAergic neurons have also beaggested to add to their
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vulnerability (Gibb 1992). Cells with disproportiately large axons in
comparison to the somata, or with long thin-calibgons that are un- or poorly
myelinated have also been suggested to be suskefiPD degeneration (Braak
et al. 2004). In contrast, local circuit neurondd grojection cells with short
axons (e.g., the small pyramidal cells of neocattiayers Il and IV and the

granule cells of dentate fascia) remain relativelsistant (Braak et al. 2004).

Substantia nigra

Parkinson's Disease Normal

Figure 1.1: Degeneration of dopaminergic neurons isubstantia nigra of PD patients.
Loss of pigment is evident in PD when comparec&dubstantia nigra in the normal brain.

This image was obtained frorttp://www.gwc.maricopa.edu/class/bio201/parkn/pdrjpg

1.3.2 Lewy body inclusions

In the early 1900’s, Friederich H. Lewy examined Bfains and described spherical
pathological inclusions in the dorsal motor nucledisthe vagus nerve (DMVN),
nucleus basalis of Meynert, paraventricular nuclaod lateral thalamic nucleus.
Further examination led him to conclude that thislusion body pathology was
predominantly observed, but not limited to the séem and basal ganglia structures.
Lewy described these pathological inclusions asingawa ‘dense core’ with a
‘transparent and lighter-stained cytoplasmic sheathe lesions in the SN were first
identified by Tretiakoff in patients with PD and in those with gpicalitis lethargica,
leading him to coin the term “corps de Lewy” or Lewodies (LB) (Lees 2007).
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Later confirmed in all pigmented neurons of theinstem including locus coeruleus
(LC), the most consistent lesions were observe8Nn securing their position as the
pathological hallmark of PD (Forno 1996). The piphe component of these
inclusions was identified ag-synuclein, (a protein expressed in presynaptivener
terminals) in 1997 (Spillantini et al. 1997).

In PD, these pathological inclusions develop eiterglobular LBs in the neuronal
perikarya, or as spindle- or thread like Lewy nesri(LNs) in cellular processes
(Braak et al. 2003). Classical brainstem or inteaitie LBs are usually presented as
spherical and weakly acidophilic inclusion bodieghwa smooth halo. LBs are
typically located within the deposits of lipofusoom neuromelanin granules of the
cells vulnerable to degeneration. The selectiveepabf nigral cell death is mirrored
by the initial appearance of LBs in ventrolateedions, followed by the presence in
more medial and dorsal regions of the @\bb & Lees 1991). LNs are thought to
ante-date the appearance of LBs, and are onlyleisibing immunohistochemical
methods, whereas LBs can be observed using rotiistelogical staining (e.g.

haemotoxylin and eosin) (Braak et al. 2003).

Unlike brainstem LBs, cortical LBs lack the typicalell defined halo. In PD

pathology, cortical LBs and LNs are predominantiyrfd in areas containing non-
pigmented and less vulnerable neurons that typichdiplay weak immunoreactivity
for a-synuclein. These inclusions can be seen in hipppoa amygdala, neocortex,
and olfactory bulb (Braak et al. 2003). Corticald.Bre distinct from another pale
staining cytoplasmic inclusion which is found iretpigmented neurons of SN and
LC, and is termed the ‘pale body'. It has been sstgy that cortical LBs and pale
bodies are early lesions that precede the claddRs(Braak et al. 2003).

1.3.3 Extra-nigral pathology
As first noted by Lewy, PD pathology is not limitéal the nigrostriatal system but

instead involves various extranigral regions thetiude the mesocortical DAergic

system, noradrenergic, serotonergic, cholinerg@instem nuclei, and the limbic
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system (Jellinger 1999). In cases with severe daiagions can also be observed in
various regions of the neocortex (Braak et al. 2003

1.3.3.1 Sub- cortical pathology

Apart from severe degeneration and lesions in Syanal loss can also occur in
other regions of the brainstem (although not azreewas in SN). These include
noradrenergic nuclei of dorsal motor nucleus of gessopharyngeal and vagal
nerves (dorsal IX/X motor nucleus, respectively)tlté medulla oblongata, and the
locus coeruleus (LC) (Jellinger 1999). The melathiseradrenergic neurons of the
LC project bilaterally to various locations incladi the cerebral cortex, limbic
system and spinal cord. Like the loss of nigral roes in SN, a complete
degeneration of the LC complex can also be se@Disubjects with long duration of
illness. Lesions are frequently observed in theselen in addition to the anterior

olfactory nucleus (Braak et al. 2004).

The other regions affected in midbrain, althoughtoahe same extent as the nigral
neurons (A9 cell group) are the DAergic neuron¥©A (A10 cell group, origin of
DAergic cell bodies) which are involved in the mesdicolimbic dopamine system
and the red nucleus which is involved in motor domation (German et al. 1989).
The dorsal raphé which is the largest serotonengideus in the brainstem also
undergoes degeneration in PD, and a deficit oforeum the mesocorticolimbic and
noradrenergic systems has been suggested to adattib the cognitive symptoms
associated with PD (Jellinger 1999).

1.3.3.2 Limbic and Cortical pathology

PD-related LB inclusions can be frequently and stestly observed in the nucleus
basalis of Meynert (nbM), and this group of cholgie nerve cells in the substantia
innominata have wide projections to the neocortex dimbic areas, such as
hippocampus and amygdala, both of which are knawimaive PD pathology (Braak
et al. 2003). The limbic areas of anterior cingellgyrus and temporal cortex are
more severely affected than the frontal and pdrmetices with the occipital areas

being relatively spared (Braak & Braak 2000). Phthp within limbic structures
(23]



(amygdaloid nucleus, CA2/3 neurons of the hippoafgrmation, limbic thalamic
nuclei with prefrontal projections) has been catedl with dementia and other

cognitive related symptoms in PD (Jellinger 20Qqué et al. 2005).

1.3.4 Neuropathological stages associated with PD progression

Despite the extensive degeneration of DAergic neuiaf the SN in PD, it has been
shown that the pathology in nigral and extranigsgistem does not evolve
simultaneously, but instead follows a coherent saqga of disease related alterations
(Braak et al. 2003). Braak and colleagues invegtythe assumption that the lesions
in PD appear prior to the somato-motor dysfuncticarsdl were able to produce a
detailed topographical map of how the progressioP»lesions can be used to stage
the pathological process. As such, they were abletmonstrate the extent to which
extranigral impairment contributes to the somatdenodysfunctions in PD
pathogenesis (Braak & Braak 2000; Braak et al. 2003

Braak and colleagues detail that in the course@fRajor components of somato-
motor and emotional motor systems suffer a gragualolving deterioration as a
result of LB pathology which develops in 6 diffetatages (Braak et al. 2003; Braak
et al. 2004). They were able to demonstrate theat B pathology in PD begins in the
lower brainstem nuclei and assumes an upward coeveatually extending into the
cerebral cortex (see Figure 1.2). Stages 1 anadv/@lvie and remain virtually confined
to the medulla oblongata, whereas in stage 3 tverl@nd upper brainstem is also
involved. By stage 4, LB lesions can be observedameromedial temporal
mesocortex. At stage 5, the olfactory areas arerefvaffected along with the limbic
areas of the allocortex. By stage 6, the LB patiwlis conspicuous in nearly all of
the neocortex (Braak et al. 2003; Braak et al. 200socortical and neocortical
areas that undergo late myelination have been stefy¢o develop lesions earlier
and at higher densities than those that begin teelimate earlier, thereby
recapitulating the process of cortical myelinationreverse order (Braak & Del
Tredici 2004).
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Stage 6: Neocortex
Stage 5 + lesions in first order
sensory association areas of the
neocortex and premotor areas.

Stage 5 : Neocortex
Stage 4 + lesions in
high order sensory
association areas of
the neocortex and
prefrontal

and Mesocortex
Stage 3 + prosencepahalic lesions.
Lesions are confined to temporal
mesocortex (transentorhinal
region) and allocortex (Ammon’s
hom CA2-plexus).

Stage 3: Midbrain:
Stage 2 + lesions in the SNpc of the midbrain.

S 2: Medulla oblon, and
Pontine tegmentum
Stage 1 + lesions in gigantocellular
reticular nucleus, candal raphae
nuclei, coeruleus complex.

Stage 1: Medulla oblongata
Lesions are observed in dorsal
IX/X motor micleus, and/or
intermediate reticular zone.

Figure 1.2: Braak staging related to PD pathologyThe six stages of PD progression are illustraf&e. thick white arrows identify the

anatomical progression of LB pathology with medoldongata being the first to be affected follovidpontine tegmentum, midbrain and finally
the neocortex. This image was adapted and modified (Braak et al. 2003).
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The Braak PD staging system has also been investiga other disorders that are
associated with LBs, and although the system fibstnecases, there are exceptions.
For example, the staging system does not have amtevto LBs that occur in
Alzheimer’s disease, where many of these inclusemesconfined to the amygdala
(Uchikado et al. 2006). LBs have also been dematestrin brains of asymptomatic
subjects, thought to represent the early diseagestand is known as incidental LB
disease (Parkkinen et al. 2003). As a result, #maeahtia with Lewy bodies (DLB)
Consortium proposed a new scheme for the pathokggessment of LBs and LNs,
taking into account both Lewy-related and Alzheittygre pathology (McKeith et al.
2005). Under this scheme, the lesion density islegasemi-quantitatively, but the
pattern of regional involvement is deemed more irigoa than total LB count, and
can be divided into predominantly brainstem (IX-ammal nerve nucleus, LC and
SN), transitional (nbM, amygdala, transentorhinaipgulate gyrus) or diffuse
neocortical pathology (temporal, frontal and pafietortices). A probability of the

clinical DLB syndrome can be assigned based oraggsssment.

1 {mild) 2 [modarale) 3 {savers) 4 [very severe)

Figure 1.3: Staging ofa-synuclein pathology according to the dementia withLewy
bodies (DLB) consortium. This image presents the gding criteria of LB pathology in
cerebral cortex of DLB cases as defined by the RbBsortium. The LB pathology is scored
as stages 1 to 4: Stage 1 = sparse LBs and LNge Qta >1 LB per high power field and
sparse LNs; Stage 3= LBs and scattered LNs in low power field; Stagedumerous LBs
and LNs. This image was obtained from (McKeithle2805)
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1.3.5 PD pathology and autonomic symptoms

The involvement of non-motor autonomic symptoms lb@sn suggested to predate
the PD-associated motor symptoms by many yearenBite LB pathology in PD
subjects has been reported in the regions cewtrtflet autonomic functions, such as
lower brainstem autonomic nuclei, hypothalamusnaipicord and enteric plexus
(Braak et al. 2006). The DMVN is involved in oesagkal motility, and the
pathology of this nucleus has been suggested tbttegastrointestinal dysfunctions,
such as drooling, dysphagia (swallowing difficudlieand gastroesophageal reflux
(Wolters & Braak 2006). Most PD patients also haweimpaired sense of smell
which has been attributed to severe degeneratiasifattory bulbs in PD patients
(Del Tredici et al. 2002). Neuronal cell loss ofatenergic neurons of the dorsal
raphe nuclei, and cholinergic neurons of the pedwpontine tegmental nucleus are
thought to be involved in the sleep disturbanceo@ated with the PD phenotype
(Jellinger 1999). Constipation and sexual dysfumctare the other autonomic
symptoms that often precede the motor symptomsnf tRereby supporting the
notion that the PD pathology might begin in theiglegral nervous system, and not

the central nervous system (Micieli et al. 2003).

1.3.6 Glial cell loss

Glial cells have been suggested to have varyingegsgof involvement in PD

pathology, and can be involved either by reactmgt by directly being affected by
the existing pathology (Croisier & Graeber 2006)icMdglia and astrocytes are
sensitive to changes in cellular environment, aad loe activated upon reaction to
toxins and pathological conditions, resulting in ammune response and
inflammation. However, the role of inflammation (meprotective or toxic), and the
little reactive astrocytosis observed in PD bramnakes their role in the disease

pathogenesis debatable (reviewed in (Teismann &IZ&004).

Although a-synuclein immunoreactivity in PD is mostly limited the neuronal
populations, instances of glia (oligodendroglia asttocytes) immunoreactive far

synuclein in midbrain, basal ganglia, cerebralexarterebellum and spinal cord have
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been described (Arai et al. 1999; Wakabayashi.e2@0; Hishikawa et al. 2001).
Fibrillary glial inclusions composed ofsynuclein, however, remain characteristic of
multiple system atrophy (MSA). Therefore, the siigaince of glial pathology in PD

is still unknown and requires further elucidation.

1.4 Basal ganglia circuitry

The progressive degeneration of the SN is assalciaite the DAergic denervation of
the striatum. This positive correlation between alome deficiency in the striatum
and nigral cell loss in PD patients led Hornykievio describe PD as a ‘striatal
dopamine deficiency syndrome’ (Hornykiewicz 2008he loss of SN DAergic
neurons that project towards the striatum resolts dopamine deficiency causing the
earliest PD symptom in posterior putamen. As suubst symptomatic therapies are

aimed at replacing dopamine.

There is no diagnostic laboratory test for PD, #mel diagnosis relies on clinical
features. Neuroimaging techniques such as poswmrssion tomography (PET)
using fluorodopa {fF]-DOPA) are used to measure levodopa uptake iopamhine

nerve terminals. In PD subjects a decline in sttidbpamine uptake of up to 5% per
year can be observed (Fearnley & Lees 1991). Ldsslapamine causes a
downstream dysfunction in the circuit anatomy otdlaganglia, resulting in the

motor fluctuations observed in PD.

The basal ganglia encompasses the striatum (putametrcaudate), globus pallidus
which contains external and internal segments (&ReGPI, respectively), SN pars
compacta and pars reticulata (SNpc and SNpr, résgphg, and the subthalamic
nucleus (STN) (see Figure 1.4a). Information frdhparts of the cerebral cortex is
received by the basal ganglia which projects baough frontal cortex via partially
closed loops. The striatum and the STN are therham entry points for receiving

input for the basal ganglia.

The intrinsic circuitry of the basal ganglia is delsed as having two projection

systems: a ‘direct’ pathway extending between tsimaand GPi/SNpr, and an
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‘indirect’ pathway with excitatory projections befen striatum to GPe to STN.
These pathways differ in their functionality as ttweticostriatal afferents primarily
act to facilitate or excite the ‘direct’ pathwawthnhibit the ‘indirect pathway'. In
the direct pathway, cortical activity excites th@nibitory GABAergic neurons in
striatum, leading to inhibition of GPi and SNpr, iah in turn removes their tonic
inhibition from the thalamus. In contrast, cortieativity that excites glutamatergic
neurons in the striatum in the indirect pathwayfgrens an overall inhibition of the
thalamus. It does this by using inhibitory GABAe&rgirojections between striatum-

GPe-STN, and excitatory (glutamatergic) between &P SNpr (see Figure 1.4b).

Dopamine from the SN stimulates dopamine recep#ord, modulates glutamatergic
(excitatory) effects on corticostriatal inputs byeding a dual effect on the striatal
neurons: exciting D1 receptors in the direct pathaad inhibiting D2 receptors in
the indirect pathway. Dopamine depletion in PD s this fine corticostriatal
balance leading to decreased activity in the dicegcuit and an increased activity in
the indirect circuit. The tonic inhibition on thiealamus needs to be removed for the
purpose of voluntary movement. During PD, a lackdopamine results in D1
receptors (in the direct pathway) not being ablesxert their excitatory effect on
striatum resulting in a removal of subsequent itloib from GPi/STN. This means
the tonic inhibition on the thalamus cannot be reedoand the afferent signals are
sent to the cortex for movement to continue. Inititérect pathway, a depletion of
dopamine results in the D2 receptors not being #&blexert an inhibition on the
striatum which means the subsequent inhibition len &Pe and STN is removed,
resulting in excitatory signals from STN increasitite inhibitory output from
GPi/SNpr. Replacing dopamine in the form of itsqgursor levodopa (L-DOPA)
addresses this imbalance and allows for basal gatmyfunction normally. Although
this is by no means a definitive cure, L-DOPA inmtmnation with a dopa-
decarboxylase inhibitor is an effective therapytthaproves the quality and

functional capacity of PD subjects (Lees et al.900
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Figure 1.4: Basal ganglia components and circuitry(A) Anatomical components that form the basal gjangrcuitry. The image was obtained
from http://www.dana.org/uploadedimages/Images/Spotligihges/BW_JanFeb07 basal ganglia_spot(BpA simplified schematic of direct
and indirect pathways of basal ganglia. Arrows lieeg show excitatory effect and in red show anbitibn. Dopamine serves to activate the

direct pathway over the indirect pathway, and timgsease the signal to the thalamus by removingrthibition from GPi/SNpr, whereas in the
indirect pathway, the STN increases the tonic itloito on thalamus via GPi/SNpr.
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1.5 Disease Aetiology

1.5.1 Environmental factors

Up until the late 20 century, PD was thought to mainly result from eorimental
insults, and there is some clinical and epidemicklgevidence that supports the
notion of PD occurring as a result of a neuronfdation, for example, neuro-virulent
strains of influenza A virus (Takahashi & Yamad&®93p The enteric system has
been shown to be affected in the earlier stagePfpathogenesis, leading the
authors to speculate that a viral pathogen coudktirthe CNS via the postganglionic
enteric neurons (Braak et al. 2003). A variety ¢fiec mechanisms, including
inhibition of complex | of the mitochondrial resgiory chain, displacement of
dopamine from vesicular stores, and formation dbafiondrial or cytosolic reactive
oxygen species (ROS) have also been proposed asdhes for harmful agents to
exert their neurotoxic effects (Richardson et &02). Cellular and animal models
have been created to mimic parkinsonian symptonfowimg exposure to

neurotoxins, thereby emphasising the role of emvitental toxins in PD aetiology.

6-hydroxydopamine (6- OHDA) was one of the firsturegoxins to be isolated
(Schober 2004). It was found to selectively degateecatecholaminergic neurons, as
a result of decreased mitochondrial complex | fiomceind increased production of
reactive oxygen species (ROS) (Betarbet et al. R082other neurotoxin found to
mimic parkinsonian symptoms in animal models is thmethyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). It was discovered in 29&hen a group of young heroin
addicts were diagnosed with parkinsonian symptoftes ejecting a synthetic drug,
a major contaminate of which was the neurotoxin IMRLangston et al. 1983).
MPTP has since been successfully used to devellypaceand animal models of PD.
In the brain, MPTP crosses the blood brain baaret is metabolised by monoamine
oxidase B into 1-methyl-4-phenylpyridinium (MPP+# potent mitochondrial
complex | inhibitor. MPP+ displays a selective i for DAergic neurons in SN,
thereby replicating PD symptoms (Richardson e2@D5). MPTP is now widely used

to disrupt the nigrostriatal dopamine pathway im4#haman primate models. Another
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mitochondrial complex | inhibitor that successfuligimics PD symptoms and
neuropathology in rodent animal models is the pel&irotenone (Betarbet et al.
2002). Rotenone is administered systemically, ardichibit mitochondrial complex
I uniformly, as opposed to 6-OHDA and MPTP, bothwdfich display a selectivity
for catecholaminergic neurons. Despite the widegpraitochondrial complex |
inhibition by rotenone, it results in degeneratmnigral-striatal DAergic neurons
(Betarbet et al. 2002). The specific degeneratioth@se neurons by a wide range of
neurotoxins that display complex I inhibition, atidis inhibit the respiratory chain

suggests an important role for mitochondrial dysfiom in PD pathogenesis.

Exposure to agricultural products has also beegesigd to increase sensitivity of
DAergic neurons to toxins later in life (Richardsenal. 2006). Paraquat or 1,1'’-
dimethyl-4, 4’-bipyridinium is a herbicide that structurally similar to MPP+ and
crosses the blood brain barrier to cause degeaeratiDAergic neurons, and cause
locomotor dysfunction in mice (Brooks et al. 1999nlike MPTP or rotenone,
paraquat does not require dopamine transporterdoes it inhibit mitochondrial
complex |. Paraquat exerts its effects by oxididimg cytosolic form of thioredoxin
and activating Jun N-terminal kinase (IJNK), follalvéy caspase-3 activation,
whereas MPTP and rotenone oxidize the mitochondiviah of thioredoxin and do
not activate JNK-mitogen-activated protein kinasd aaspase-3 (Ramachandiran et
al. 2007). When administered together with mangarethylenebisdithiocarbamate
(maneb), a fungicide that enhances the neurotdfects of MPTP on locomotion in
mice, a greater toxicity towards the nigral dopasrsgstem was observed, than when
either of them were administered individually t@ ttodent model (Thiruchelvam et
al. 2000).

Apart from the ATP depletion, complex | inhibiti@an increase cellular levels of
mitochondrial reactive oxygen species (ROS) (Adaizi-Z005). Increase in ROS
production and subsequent respiratory inhibitieading to oxidative stress has been
suggested as a possible mechanism for nigral eathd Kushnareva et al. 2002). The
relevance of PD models (cellular and animal) teaapitulate PD symptoms resultant

from mitochondrial dysfunction was further empheadi®y the identification of point
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mutations in mitochondrial transfer RNA (tRNA) gen&n the SN of PD cases
(neuropathologically confirmed) (Kosel et al. 19@&asbon-Frodl et al. 1999). The
knowledge obtained from these PD models is instniatein understanding the
impact of oxidative stress and complex | inhibitmmmitochondrial dysfunction, and

is fast becoming a major contribution to the exataon of PD pathogenesis.

1.5.2 Genetics of PD

Identification of PD causing toxins and the low cordance rate in monozygotic and
dizygotic twin studies perpetuated the idea that W& not caused by genetic
elements. However, PET studies utilising F-DOPAakpthave shown reduced levels
of striatal dopamine in unaffected twins and reksiof PD patients when compared
to controls, suggesting a familial component to BBtiology (Brooks 1991).
Moreover, in the last two decades several gend®dirto familial PD have been
reported. Linkage mapping using positional clonim¢arge kindreds or autozygosity
mapping in small families have been used to idgmdminant and recessive genes
for PD, respectively. These mendelian genes hallectoely come to be known as
the PARK loci.

Many genes associated with PD have also been figehtby candidate gene
association studies and are continuously being tegdaat PD Gene

(http://www.pdgene.ong Majority of these genes were investigated eithex to their

functional relevance in a mechanistic pathway,oottlieir role in other diseases that
displayed parkinsonian symptoms. Investigation® irgcessive disorders such as
Gaucher’s disease, or diseases with LBs but comgexotypes such as Neimann-
Pick Type C (NPC), infantile neuroaxonal dystroghyAD) and neurodegeneration
with brain iron accumulation (NBIA) have providedany new candidates for PD
research (Hardy et al. 2009).
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Locus Chromosome Gene Mode of inheritance and phetype

PARK1 4021-923 SNCA AD, Mid-late with DLB features
PARK2 6025.2-27 PRKN AR, EO, slow progression, no LBs
PARK3 2p13 Unknown AD, Classic PD with LBs

PARK4 4921 SNCA AD, EO with DLB features

(triplication)

PARKS5 4914 UCH-L1 Unclear transmission, Classic PD
PARK6 1p35-p36 PINK1 AR, EO, slow progression with LBs
PARK?7 1p36 DJ1 AR, EO, slow progression
PARKS8 12p11.2-q13.1 LRRK2 AD, Classic PD with heterogenous pathology
PARK9 1p36 ATP13A2 AR, Atypical -Kufor-Rakeb syndrome
PARK10 1p32 Unknown Unclear transmission, Classic PD
PARK11 2036-937 GIGYF2 AD, Classic PD
PARK12 Xg21-g25 Unknown Classic PD
PARK13 2p12 HTRA2/OMI Classic PD
PARK14 22g13.1 PLAG26 AR, parkinsonism-dystonia phenotype, NBIA-type2,
with LBs
PARK15 22912-q13 FBXO7 AR, parkinsonian pallidal syndrome
- 17921.1 MAPT Frontotemporal dementia with parkinsonism linked to

chromosome- 17.

- 1921 GBA Parkinsonism with LBs
- 5023.1-923.3 Synphilin-1 Classic PD
- 2022-923 NR4A2/Nurrl Classic PD

Table 1.1: Autosomal dominant and recessive gendsKed to PD. This table describes the
familial PARK loci (1-15), and genes shown to bsarsated to PD in non-familial forms.
AD: autosomal dominant, AR: autosomal recessive, &@ly onset, LB: Lewy body. Classic
PD refers to the late- onset clinical IPD phenotypkess otherwise stated.
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1.5.2.1 PARK loci and familial PD

1.5.2.1.1 PARK 1/4 (SNCA)

A genome wide linkage analysis mapped an Italianilfa(Contrusi kindred) with
autosomal dominant form of PD, to a locus on chremnee 4921 (PARK1) in 1996
(Polymeropoulos et al. 1996). This locus contai®®CA which became the first
gene to be implicated in familial PD (FPD). TB&CAgene spans 117 kb and
contains 6 exons that encode for a 140 amino aatkip known asu-synuclein.
Three missense mutations, A53T, A30P and G46L wdgatified in the original
Italian (Contrusi kindred), German and Spanish k& respectively
(Polymeropoulos et al. 1997; Kriger et al. 1998r&i@z et al. 2004). The protein
encoded by this locusi{synuclein) was also demonstrated as a principalpoment
of the LBs (Spillantini et al. 1997; Spillantini @t 1998).

Various studies have reported multiplications @ wild-typeSNCAlocus in families
with parkinsonism. Initially, designated the PARK#us, duplications of thENCA
gene have been reported in two French (ChartielifHat al. 2004; Ibafez et al.
2004a), an Italian, a Swedish (Fuchs et al. 208, two Japanese (Nishioka et al.
2006) families.SNCAtriplications have also been identified in Ameng&ingleton
et al. 2003) and Swedish-American kindreds (Faetel. 2004). However, screening
of large cohorts of patients has suggested thatenge mutations and multiplications
of the wild-typeSNCAare a rare cause of parkinsoni@tope et al. 2004; Johnson et
al. 2004; Lockhart et al. 2004).

The clinical phenotype resulting from a duplicatminthe wild-type gene has a mid-
late onset with a slow progression that is clidycaimilar to IPD (Chartier-Harlin et
al. 2004; Ibafez et al. 2004a; Nishioka et al. 2006 contrast SNCAtriplications
result in an earlier age of onset with a fastergmssion, and a more severe
presentation of the phenotype that includes demeatitonomic dysfunction, and a
reduced lifespan (although this varies in differesmées) (Singleton et al. 2003; Farrer
et al. 2004; Fuchs et al. 2007). This pathologim gd function demonstrates the
importance of a critical dosage of tB&CAlocus, and how alterations in the gene
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copy number can impact on the severity of the cdihphenotype. The role of SNCA
mRNA upregulation was further supported by the fiifieation of NACP-Repl
polymorphism in the promoter region of t8&ICAgene. Consistently, identified as a
risk factor in various populations, am-vitro increase in transcription is associated
with the risk allele of NACP-Repl (Chiba-Falek & $&bbaum 2001; Maraganore et
al. 2006). Therefore, the importance of gene dos#fgets ofSNCAcan be observed

in both the familial and idiopathic forms of PD.

The physiological role ofi-synuclein remains unclear but it has been impditan
synaptic plasticity, vesicle recycling, chaperonechanisms, storage and regulation
of neurotransmitters (Schiesling et al. 2008).mentioned previously, wild-type-
synuclein has been identified as the principal comept of LBs and LNs, and as
such plays a crucial role in PD. Phosphorylatiorwdél-type a-synuclein results in
increased oligomerisation and eventual accumulaithe major insoluble fibrillar
component of the LBs (Goldberg & Lansbury 2000).dMerexpression model using
Drosophila melanogasteshowed an adult-loss of DAergic neuromssynuclein
positive intraneuronal inclusions and a loss obtootor activity (Feany & Bender
2000). Whether aggregation of wild-type-synuclein or toxic oligomeric
intermediates cause cell death is debatable, bat pitocesses leading to the

fibrillisation of the protein seems to form a stgdink to the pathology.

1.5.2.1.2 PARK2 (PRKN)

A locus mapping to chromosome 6g25.2-27, design&A&K2 was linked to
autosomal recessive forms of juvenile parkinson{&R-JP), with a typical age of
onset of 40 years of age (Matsumine et al. 199%h Tausative gene was later
identified as parkinKRKN), and shown to contain 12 exons that span 1.53aMb
encode a 465 amino acid (52 kDa) protein (Kitadal.€1998).

Homozygous deletions of exons 1 and 5 were idedtifn Japanese families with
AR-JP (Kitada et al. 1998), and deletion of exong &nd 7 were also confirmed in a
two individuals from a Greek pedigree with earlysenhparkinsonism (Leroy et al.

1998a). Since then a multitude of mutationsPRKN including deletions, exon
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multiplications, point and frameshift mutations baveen identified as a cause for
early onset parkinsonism (<50 years of age) (reeteim (Schiesling et al. 2008)).
PRKNmutation carriers display typical signs of IPDIwé slower progression of the
disease, a more symmetric onset, and dystonigpassible initial sign (Lohmann et
al. 2003). To date over 100 mutations in early b cases (< 45 years of age)
have been identified iIRRKN accounting for about 50% of familial and 20% & P
cases with no family history (Abbas et al. 1999¢ckinig et al. 2000). Heterozygous
mutations inPRKN have been shown to be present at a similar frecyuen PD
patients and controls (Lincoln et al. 2003; Kayke2007). However, functional brain
imaging studies have shown alterations of nigratti DAergic projections in
asymptomatic heterozygouBRKN mutation carriers, leading to suggestions that
heterozygosity might constitute a risk factor byisiag haploinsufficiency of the
PRKNgene in PD (Hilker et al. 2001).

Parkin is an ubiquitin E3 ligase that is resporesitdr the addition of ubiquitin to
specific substrates which are then targeted forattsgion by the proteasome in the
ubiquitin protease system (UP$RKN mutations lead to a loss of ligase function
which affects the ubiquitination and degradatiorthaf protein, thereby strengthening
the hypothesis that protein degradation and aggosganight play a central role in
PD pathogenesis (Shimura et al. 2000). Post-moateatysis ofPRKN brains report

a typical neuron loss in SN, but LBs are rarelyesbsd in the brains odPRKN
mutation carriers (Farrer et al. 2001), howevenrkipahas been shown to be a
component of LBs in PD and DLB brains (Schlossmaehal. 2002).

1.5.2.1.3 PARK3

The third PARK locus was mapped to chromosome 2p13998, and indicates
association with autosomal dominant PD with a lateset and a pathological
phenotype that includes LBs (Gasser et al. 199&nyMgenes in this region have
been excluded as potential candidates, althouginmmophisms in the sepiapterin
reductase gene in the PARK3 region have been sigghes modulate the onset or
risk of PD (Sharma et al. 2006).
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1.5.2.14 PARKS5 (UCH-L1)

The locus for PARKS was mapped onto chromosome A4pid the gene linked to
FPD was identified as the multifunctional ubiquit@iterminal hydrolase 1UCH-
L1), and a single missense mutation (193M) was reyploit affected siblings from a
German kindred, presenting typical PD symptoms dieet al. 1998b)UCH-L1
produces a neuron-specific enzyme that is parthef WUPS pathway. Biochemical
studies reveal a dual role for UCH-L1 protein; asbajuitin hydrolase and also as an
E3 ligaselIn-vitro studies have demonstrated how UCH-L1 uses thesepposing
enzymatic activities to exert its influence omsynuclein degradation (Liu et al.
2002).

UCH-L1 has also been shown to be present in LB®Dfbrains (Lowe et al. 1990).
Only a single neuropathology report has been ptedesn 193M mutation carriers,
describing LBs in the affected regions, and alsmalestrating co-localisation of
UCH-L1 with a-synuclein in cortical LBs (reviewed in (Schiesliagal. 2008). This
mutation has not been found in other PD familieerdby leading some to challenge
the credibility ofUCH-L1 gene as a PARK locus.

1.5.2.1.5 PARKS6 (PINKI)

The PARKG6 locus was mapped to chromosome 1p354p36large Sicilian family
known as the ‘Marsala kindred’ with autosomal reoces PD, clinically characterised
by an early age of onset (32-48 years), and exhgit typical parkinsonism
phenotype (Valente et al. 2001). Identified as BT&EN-induced putative kinase 1
(PINKY), the gene spans 18 kb, and the 8 exons encofl¢& ambino acid protein (63
kDa) (Valente et al. 2004). Mutations FINK1 account for 1-7% of early onset PD
cases (depending on the ethnicity), and are thexefegarded as the second most

common cause of early-onset PD (Tan et al. 2006).

PINK1 variants result in a loss-of function, and inclyzt@nt mutations as well as

insertions and deletions that lead to frameshiid anbsequent truncation of the

protein. Typically associated with a recessive gmaission, a homozygous mutation

(W437X) in thePINK1 gene has also been shown to be associated wibscsmél
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dominant parkinsonism (Criscuolo et al. 2006). IHetggousPINK1 mutations have

been shown to be more frequent in IPD patients emetpwith controls, and have
been suggested to act as a risk for developing iBDhaploinsufficiency or even a
dominant-negative effect (Abou-Sleiman et al. 2008yain imaging studies
performed on asymptomatic heterozygous carriePiK1 mutations identified

reduced striatal F-DOPA uptake in PET studies, ilend support to

haploinsufficiency contributing to pathogenic irdhces in PD (Khan et al. 2002).

PINK1 is a protein kinase that has been shown @ lzaneuroprotective effect by
phosphorylating specific mitochondrial proteins ¢hatating their function), and loss
of PINK1 function can be rescued by parkin (Clakdt al. 2006; Park et al. 2006;
Yang et al. 2006; Exner et al. 2007). Post-mortealysis of PINK1 carriers present
typical features of IPD with neuronal loss and bBlusions in affected areas, and the
protein has been shown to be immunoreactive iropgetion of LBs in PD and DLB
(Gandhi et al. 2006; Murakami et al. 2007). Theelmtygous nature of the
mutations, however, makes it difficult to determiwhether mutant or wild-type

PINK1, or both forms accumulate in the neuronallisions.

1.5.2.1.6 PARKY (D]-1)
The PARKY locus was mapped to chromosome 1p36 iDutch family who

presented with an autosomal recessive form of Pdh ®uijn et al. 2001). The
candidate for this locus was identified as the geoe,DJ-1, which spans 24 kb and
contains 8 exons that produce a 189 amino acidk(24) protein (Bonifati et al.
2003a). Patients with mutations J-1 show typical PD symptoms, plus dystonic

features and/or psychiatric signs (van Duijn eR801).

The first mutations identified were a large homamyg chromosomal deletion of 14
kb in the Dutch kindred, and a homozygous pointatom in an Italian family
(Bonifati et al. 2003b). Although additional mutats inDJ-1 have been identified,
they remain a rare cause of early-onset PD (<1®&)idwed in (Schiesling et al.
2008)). A decreased F-DOPA uptake in patients \WitmozygousDJ-1 deletions

was reported, but asymptomatic individuals withenezygous mutations showed no
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alterations in F-DOPA PET imaging (Dekker et al.02p Even thoughDJ-1
mutation carriers show an early-onset phenotypepeoable toPINK1 and PRKN
mediated PD, an unremarkable F-DOPA metabolismsymatomatic heterozygous
DJ-1 carriers is in stark contrast to the other twaesstve genes.

DJ-1 controls gene transcription and stability dRWA regulation (Bonifati et al.
2003), and is thought to have neuroprotective &ffbg acting as an oxidative stress
sensor within celléTaira et al. 2004). Histopathological studiestiatpto the brains
of DJ-1 mutation carriers have not been reported, bua# been shown to have a
mainly astrocytic expression in the brain with teghevels in subcortical areas that
are affected in PD (Bonifati et al. 2003; Bandopaghet al. 2004). DJ-1 is not a
component of LBs and LNs, but it has been idertifreglial-positive inclusions and
tangles associated with tauopathies such as PRiiéé&ase, progressive supranuclear
palsy (PSP), corticobasal degeneration (CBD) arghdimer’s disease (Rizzu et al.
2004).

1.5.2.1.7 PARKS (LRRK2?)

The PARKS locus was originally identified in 2002a large Japanese family known
as the Sagamihara kindred, after the area in wthigliamily resides (Funayama et al.
2002). The affected members in the family presemath autosomal dominant
parkinsonism that responded to levodopa. A genoide-liinkage analysis revealed a
novel locus for FPD on chromosome 12p11.2-q13.%thEu analysis identified a
disease associated haplotype shared by the affeodinaffected members of the
family, suggesting a low disease penetrance. Liakagthe PARKS8 locus was also
identified in European families (German Canadiad Biebraskan) (Zimprich et al.
2004a), thereby further highlighting its importanae a monogenic cause of PD
across different populationRARKS8 linked parkinsonism displays a wide spectrum
of clinical and pathological phenotypes. The Sagama kindred showed no
dementia and pure nigral degeneration with no LBigagy whereas the European
families reported by Zimprich and colleagues weliaically heterogenous and
presented with signs of dementia, PSP, or motoremedegeneration (Funayama et
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al. 2002; Zimprich et al. 2004a; Wszolek et al. 200’hese European subjects were
found to have tau angtsynuclein pathology (Wszolek et al. 2004)

The gene responsible for PARKS8 linked PD was idiexatias Leucine rich repeat
kinase 2 (RRK2 by two independent groups in 2004 (Paisan-Ruiale?2004;
Zimprich et al. 2004b)LRRK2spans 144 kb and contains 51 exons that encode a
>250 kDa protein. Paisan-Ruiz and colleagues (2af&htified missense mutations,
Y1654C and R1396G ihRRK2gene in British and Spanish families, respectively
Since a number of families identified by them wefea Basque origin, they named
the gene product dardarin from the Basque vaandiara meaning tremor. Zimprich
and colleagues also identified a total of four sesse (Y1699C; R1441C; 11122V
and 12020T) and one putative splice site (L1114MLation in the families that they
initially identified the PARKS linkage in. Over Sfariants have since been identified
in LRRK2 many of which are regarded as pathogenic (seligSimg et al. 2008;
Lesage & Brice 2009) for review). However, the G28Imutation identified in exon
41 of LRRK2,has come to be regarded as the most common geaete of PD in
Europeans, North African Berbers and Ashkenazi skeywbpulations (Ozelius et al.
2006; Lesage et al. 2006; Healy et al. 2008).

An interesting feature of theRRK2 mutations is the pleiomorphic pathology they
display. TheLRRK2linked pathology can include not only classic algtegeneration
with or without LB pathology, but also pathologiassociated with Alzheimer’'s
disease, multiple system atrophy (MSA), or PSP (Adzet al. 2004; Miklossy et al.
2006; Ross et al. 2006). Both G2019S and 12020Tatiumts occur in adjacent
codons in the conserved activation loop of the deéneatalytic domain, and cause a
dominant gain-of function effect which increases photein’s kinase activity vitro
(West et al. 2005; Gloeckner et al. 2006; Greggial.2006). However, they display
different pathological phenotypes. The 12020T miatain the original Sagamihara
kindred presents pure nigral degeneration witheslynuclein positive inclusions
(Funayama et al. 2005), whereas G2019S mutatioibiexitlassical IPD pathology
which includes selective degeneration of SN andne@rons accompanied with

synuclein positive LBs in the brainstem and limbartex (Ross et al. 2006). Ross
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and colleagues (2006) also reported that G2019%tmontcarriers can occasionally
contain NFTs in addition to extensive LB patholagythe amygdala. However, an
isolated case with G2019S linked PD has been reppdd have nigral degeneration
with no pathological inclusions (Gaig et al. 200The mutations R1441C and
Y1699C also display neuronal loss and gliosis in 8hd R1441C carriers present
classica -synuclein pathology with LBs localised eithertjas the brainstem or a
more widespread LB and LN pathology pattern (Zimipriet al. 2004b). Tau
immunoreactive neuronal and glial lesions remimscef PSP pathology was
observed in Y1699C mutation carriers who displagigas of dementia. TH&371V
mutation, on the other hand, shows ubiquitin asl &ela-synuclein positive LB
pathology (Giordana et al. 2007). A case of thegbadR14413 RRK2mutation has
been shown to have mild neuronal loss withegynuclein, tau, LRRK2, or ubiquitin
cytoplasmic inclusions (Marti-Masso et al. 2009RRK2 is a large and a complex
multidomain protein that functions as a kinasesaa$ a mediator in synaptic
endocytosis, plays a role in the maintenance oframal viability and possibly
functions as a scaffolding protein for cell sigmadl pathways, thereby suggesting that
LRRK2 might be an important physiological proteiithwa central role to play in a
variety of neurodegenerative diseases (Greggio &San 2009).

1.5.2.1.8 PARK9 (ATP13A2)

Initially described in a Jordanian family, Kufordd syndrome (KRS) is a rare form
of recessively inherited, juvenile onset parkinsamiwith additional symptoms
including pyramidal degeneration, upward gaze paggsticity and dementia (al-Din
et al. 1994). The PARKO locus linked to KRS was p&pto chromosome 1p36
(Hampshire et al. 2001). Identification of compourederozygous deletion and splice
site mutation in affected members of a large Chilizanily resulted in the candidate
gene being identified as ATPase Type 13AXR13A2 which spans 29 kb and
encodes 29 exons (Ramirez et al. 2006). The saseaneh group also identified a 22
bp homozygous duplication in the original Jordarfeamily to whom the locus was
originally linked to. It has been suggested that dlggregation of the mutant protein

in the endoplasmic reticulum causes proteasombisosomal dysfunction (Ramirez
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et al. 2006). Other variants in the gene, bothrbejgous and homozygous have
been reported to be associated with early-onséirgamism in Brazil and Italy (Di
Fonzo et al. 2007)A knockdown of theATP13A2 ortholog in Caenorhabditis
elegansenhancesi-synuclein misfolding, and the yeast orthologAfP13A2has
also been shown to protect cells from manganesgityxthereby revealing an
interaction between PD genetics and environmeigklfactors (Gitler et al. 2009).
So far nothing has been reported on the histopaglychssociated with mutations in

this gene.

1.5.2.1.9 PARKI0

A genomic screen investigating the influence of afjenset on PD found significant
linkage to chromosome 1 (Li et al. 2002). DesigdaBRARK10, this locus was
mapped to chromosome 1p32 in an Icelandic IPD @i with late-onset using
genome wide linkage analysis (Hicks et al. 2002idus genes have been suggested
as possible candidates with the strongest assmtiaging observed in theDCP2

gene (Maraganore et al. 2005). However, this aagoniremains to be confirmed.

1.5.2.1.10 PARKI11

The autosomal dominant model of disease transmisseociated with the PARK11
locus was confirmed in a large number of familiegpping to chromosome 2g36-937
(Pankratz et al. 2003; Maraganore et al. 2005).etdefygous mutations have
suggested that Grb10-Interacting GYF ProteirsBYF2 gene might be a possible
candidate for the PARK11 locus (Lautier et al. 20a8owever, the presence of
GIGYF2mutation (N457T) in neurologically normal contradsd a lack of genotypic

and haplotypic association (Sutherland et al. 2P@83ggests that this gene is not

strongly related to the development of PD.

1.5.2.1.11 PARKI12
This FPD locus was mapped to chromosome Xq21-qabkiatz et al. 2002; Hicks
et al. 2002), but a candidate gene(s) has noteeat entified.

[43]



1.5.2.1.12 PARKI13 (HTRA2/OMI)
The candidate gene for the PARK13 locus is locatgdin the PARKS linkage

locus, and was mapped to 2pl2-2pl3 (Gray et alO;2@@&ccio et al. 2000).
Mutational screening oHTRA2/OMIin German patients with PD identified novel
heterozygous mutations in this 3.8 kb gene (Stratsd. 2005). The novel variants
identified in the German case-control cohort bya&és and colleagues (2005)
interfere with the serine protease activity of tiretein, and were shown to induce
mitochondrial dysfunctiotn-vitro. The protein has been detected in LBs (Strauss et
al. 2005), and has been shown to be phosphorylatddINK1 (Plun-Favreau et al.
2007). This led the authors to hypothesise thabehitndrial dysfunction plays an

important role in neurodegeneration observed maetibn of PD patients.

1.5.2.1.13 PARK14 (PLA2G6)

Mutations in phospholipase APIA2GH on chromosome 22g13.1 are associated
with INAD and NBIA-type 2 in unrelated consanguinsofamilies (Morgan et al.
2006; Khateeb et al. 2006; Gregory et al. 2008hk&age analysis in adult-onset
levodopa-responsive dystonia-parkinsonism with pydal signs and cognitive/
psychiatric features (but no iron in basal gangti@ntiied PLA2G6as the candidate
(Paisan-Ruiz et al. 2009). The mutation R632WiLA2G6was shown to segregate
with disease in a consanguineous Iranian dystoaikipsonism pedigree (Sina et al.
2009). This gene is now referred to as PARK14 (Matdal. 2009).

1.5.2.1.14 PARKI15 (FBXO7)

A genome wide linkage analysis on a large Iraniedigree affected with autosomal
recessive, early-onset parkinsonian-pyramidal symer (PPS) showed linkage to
chromosome 22 which was designated the PARK15 loBubsequent candidate
gene screening revealed a disease-associated hgouszyariation (R378G) in F-
Box only protein 7 EBXO7), thought to have a role in the UPS degradatidhvpay
(Shojaee et al. 2008). MutationskBXO7 have also been found in Italian and Dutch
families, all of which display a complex PPS phgpet similar toATP13A2and
PLA2G6families (Hardy et al. 2009).
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Figure 1.5: A schematic view of the pathology assiated with the familial PARK loci. The major molecular mechanisms involved in PD ghav
been determined from-vitro andin-vivo studies of the proteins encoded by mutant genpbdated in PD. Histopathological findings assosiat
with mutations in PARK genes are indicateBRRK2mutations exhibit the most heterogenous patholbigyiropathological findings have not yet
been reported fobJ-1 andHtra2/Omi mutations and®RKN mutation carriers are usually negative for LB p&ibg. a-synuclein pathology has

been reported for rare cases WRINK1 mutations. AD= autosomal dominant, AR= autosomegssive.
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1.5.2.2 Common genetic variation in PD

Genetic variation acting as a susceptibility fadimmms the basis of the common
disease —common variant (CD-CV) hypothesis. Siheeidentification of the first
mendelian PD gene, many studies have focused obatie tenets of the CD-CV
hypothesis in order to identify common genetic aat$ within the population (>1%)
that may lead to an increased risk rather tharctyreause PD. The completion of
the ‘International Haplotype Map (HapMap) projecéind current technological
advances have allowed researchers to test genaration at a much larger scale
than was previously afforded by traditional cantkdgene association studies. The
high-throughput ability of genome wide associafiGWA) studies is now frequently
used to assess the contributions of common vanartke mechanistic foundations of
the disease. Data from GWA studies can be usedmigtto identify novel risk loci
that might be potential interactors of the estdglts PARK loci, but also to discover

novel pathways in the disease pathogenesis.

The first GWA PD study was used to screen ~2008MBs in a cohort of discordant
sib-pairs (Maraganore et al. 2005). To assessnfheence of 3,035 SNPs identified
in these sib-pairs, the group replicated the stodyn unrelated patient-control series
along with hypothesis-based SNPs previously seleictePD loci. Combined results
from both the cohorts, nominated a small numbe8MPs in various genes as being
significantly associated with PD. The second PD G¥#iddy produced around 220
million genotypes in a case-control cohort of 0%&0 individuals (Fung et al.
2006a). This information was publicly released witte premise that future
researchers could mine these data to identify gematiability that poses a mild or
moderate risk of PD. The initial GWA studies repdrimany susceptible loci for PD,
but the marker densities, sample sizes, and populaubstructures could have
contributed to the data not being replicable. Thier @ancreasing precision of the
microarray technology with higher SNP density andesior data mining techniques
have resulted in better consistency across GWAiedudReplication for a SNP
identified by Maraganore and colleagues inPhactr2gene was recently reported in
a GWA study comprising IPD samples in populatiomsf US, Canada and Ireland
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but not in Norway (Wider et al. 2009). This emphkasihow important it is to have
an accurate and a standardised interpretation ofAGfidies, as an inaccurate
analysis could not only produce false positivesdisib result in true positives being
missed in the vast amount of data generated by thlagforms.

Prior to the arrival of GWA studies, case-contresaciations focused on specific
candidate genes. Conflicting results and a lactepfication are frequently reported
as an observation of these studies. Nevertheléss,approach has been highly
influential in establishing the basis of identifgicommon genetic variation that
could alter the risk of PD in PARK and other |o¢ariants in the promoter &NCA
have consistently been shown to be associatedimdtbased expression and risk of
PD, especially the dinucleotide repeat polymorphist’dACP-Repl allele
(Maraganore et al. 2006). Associations have beported in the 3’block around
exons 5 and 6 of theNCAgene (Mueller et al. 2005). Multiple SNPsSNCAwere
identified as risk factors in a case-control colimin Japan (Mizuta et al. 2006). The
high level of linkage disequilibrium (LD) in tHeNCAgene has been suggested to be
one of the causes for multiple risk factors ideadifin this locus. Regardless of this,
the consistent association 8NCA variants with PD risk suggests that there are
functional variant(s) that act as risk modifiersor Fexample, a meta-analysis
confirmed that the allele size of NACP-Repl is acsptibility factor that acts by
altering SNCAmMRNA expression levels (Maraganore et al. 20061 a 3' SNP
(rs356219) is reportedly associated WENCAMRNA levels in SN and cerebellum
(Fuchs et al. 2008). Recent GWA studies have ctamlg shown that common
variants inSNCAare associated with both the familial and idiogafbrms of PD
(Pankratz et al. 2009; Sutherland et al. 2009b).

Case-control association studies for the mis-seosgnorphism Serl8Tyr (Lincoln
et al. 1999) in thaJCH-L1 gene showed a reduced risk for IPD with this vdria
(Maraganore et al. 1999). The 50% frequency ofvhrgant in Japanese and Chinese
(Satoh & Kuroda 2001; Toda et al. 2003), and a raetdysis of published studies
further suggested a positive association for agotote risk in IPD. This association

has been refuted by other studies, although a treGMWA study reported an
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association with a different SNP (rs10517002) W€CH-L1 and IPD subjects
(Sutherland et al. 2009b).

Certain genetic variants IbRRK2 gene have provided the strongest evidence that
common genetic variation within the general popatateads to an increased risk of
PD. Both G2019S and G2385R mutations have beemasséen a number of PD
patients, although the association remains etlynd@pendent. On the basis of data
from 24 different populations, the Internationd&®RK2 Consortium concluded that
G2019S related PD was a common cause of PD (famaiididiopathic) in European
and certain Middle-Eastern populations (up to 4QP®aly et al. 2008). In contrast,
the G2385R variant is more prevalent in the fart&aspopulations, and has been
associated with an increased risk for developingifPBeveral independent Chinese
(Singapore/Taiwan), Japanese and Korean populafi@rset al. 2007a). The variant
G2385R is not found in Europeans (Berg et al. 2@i5-onzo et al. 2006), and is
also not common in Indians or Malays (Tan et al072). This highlights the
importance of sample group choice in associatiodiss. The variant R1682P has
also been identified as a risk factor in certainn€ge populationgTan et al. 2008;
Ross et al. 2008), and an intronic SNP has also ®wn to be reportedly
associated in a Singaporean IPD cohort (Skippel.2005). Apart from a strong
association for G2019S mutatidtRRK2association studies have not always yielded
positive results for European IPD cases (Biskual.€2005; Paisan-Ruiz et al. 2005),
but an association has been reported for the SRP28264 and PD in a Greek
population (Paisan-Ruiz et al. 2006). A tSNP catesl to rs2723264 was recently
shown to have a modest association with PD samples Australian cohort. The
same group also identified modest associationsvtodather SNPs (rs10784486 and
rs10878405) and IPD (Sutherland et al. 2009b). Heweno associations ftRRK2
were observed in a GWA study for familial PD samsgleankratz et al. 2009).

It has been suggested that young onset-PD casd# im&ye a stronger genetic
component (Tanner et al. 1999). Despite this, therenly limited information on
association between common variants in recessivRKPfoci and PD, although

pathogenic mutations have been identified. A polgghsm in the promoter of
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PRKNgene (-28 T/G) has been shown to be a risk fdotaiPD affecting the age of
onset (West et al. 2002; Sutherland et al. 2004}, ¢imilar findings were not
observed for other SNPs in tRRKN promoter (Mata et al. 2002; Ross et al. 2007).
In familial PD samples, Maraganore and colleagwaahstrated common variation
in DJ-1 as being associated with PD risk in related femdlat not as a risk factor for
overall PD (Maraganore et al. 2004). However, GWWAdes have not identified any
strong associations for common genetic variatiorth@ recessive gene®RKN
PINK1 andDJ-1) and PD.

The susceptibility risk for PD is not limited toetliamilial PARK loci and includes
various other genes, some of which are associatigh av parkinsonism plus
phenotype. Like the NACP-Rep1l allele 9NCA a consistent association is reported
for the common microtubule associated protein tdd&RT) H1 haplotype for an
increased risk for familial and idiopathic PD (Sté@p et al. 2004; Healy et al. 2004;
Zhang et al. 2005; Tobin et al. 2008). Mutation$/iAPT were originally identified
in rare families with autosomal dominant frontotemgd dementia linked to
chromosome 17 with parkinsonism (FTDP-17), anddge of PD toMAPT was
initially reported in 2001 (Hutton et al. 1998; &oet al. 2001). Aggregation of tau is
a pathological hallmark for several neurodegenezatisorders collectively known as
tauopathies, and Alzheimer’'s disease is the masimoan example. Tau pathology
also underlies several diseases with parkinsoreatufes, such as PSP, CBD and
FTDP-17. TheMAPT locus is comprised of two extended LD blocks, gesied H1
and H2, and associations for the common H1 haptotygve been reported for the
parkinsonian disorder PSP (Baker et al. 1999; Rittet al. 2005). The region around
MAPT has a complex linkage disequilibrium (LD) struetuand this has led to the
suggestions that multiple susceptible genes (etesl could be present in this large
LD block. For example, allele Q of saitohin gendakiis contained in intron 9 of the
MAPT gene is in complete LD with H1 clade (Levecqueakt2004). There is
evidence that the complex genomic region arob@dlPT H1 clade acts as a
susceptibility factor in PD risk, and a fine mappiof a large number of cases would
identify the functional variant(s) modulating thisk (Zabetian et al. 2007).

[49]



Homozygous mutations in glucocerebrosid&3BA) gene cause Gaucher’s disease, a
recessive lysosomal storage disease that is dlyniecognised by liver damage, but
can also present neurological problems, and atpaytoan reveal LBs (Hardy et al.
2009). The discovery oGBA as risk factor for PD was a serendipitous clinical
observation, where it was noted that the parents setond degree relatives of
Gaucher’s patients frequently had PD (Goker-Alpaale2004). This was the first
study to show that heterozygous mutationsGBA gene were a risk factor for
parkinsonism (in a familial cohort), and it waselatonfirmed in PD populations
comprising Ashkenazi Jewish subjects (Aharon-Peettal. 2004; Gan-Or et al.
2008). A lack of association betwe&BA variants and PD in Europeans (Toft et al.
2006; Mata et al. 2008; Sutherland, et al. 200@is) been reported. However, recent
studies have shown th&BA mutations confer an increased risk of familial and
idiopathic PD in Europeans (Bras et al. 2009; Neumat al. 2009; Nichols et al.
2009).

Search for common genetic variation and its mocdwtabf PD risk has also been
extended to PARK interacting partners, transcripti@ctors and micro-RNAs
(miRNA), although these remain to be verified. Syifip-1, an interacting partner for
a-synuclein has been shown to produce LB- like @jtosinclusions in-vitro
(Engelender et al. 1999). Variants in this geneehbgen reported in isolated PD
cases, and the variant R621C has also been assdinedtional relevance (Marx et
al. 2003). A recent association study did not fardy of the previously reported
synphilin-1 variants to be associated with risk @, although the authors did report
a marginal association of microsatellite markershie synphilin regions (5g21) and
IPD (Myhre et al. 2008).

Nuclear receptor related N@rrl/ NR4A2 functions as a transcription factor which
has been shown to be critical for nigral DAergitt development and differentiation
(Martinat et al. 2006). Therefore, many studiesehaitempted to ascertain whether
defects in this gene could contribute to PD. A payphism in intron 6 of the gene,
(7048insG) was identified in familial and idiopathiPD patients (Xu et al. 2002;
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Zheng et al. 2003; Hering et al. 2004), along vather heterozygous mutations (-
291delT and -245T-G) (Le et al. 2003). Subsequeertliess were not able to replicate
these findings (Zimprich et al. 2003; Ibafiez e804b; Healy et al. 2006). A recent
investigation into PD risk-conferring polymorphism fibroblast growth factor 20

(FGF20), revealed a strong association with a SNP in3hentranslated region of

the gene (G. Wang et al. 2008). Functional analgbiswed that the risk allele
disrupts a binding site for microRNA-433 (miRNA)eading to an increased
translation of FGF20 both in vitro and in vivo. A correlation with an increased
expression ofi-synuclein in a cell-based system and in PD brkdghe authors to

suggest that common variation can alter regulatiomiRNAs and could be a novel

mechanism that modulates PD risk.

1.6 LRRK?2 - alink between familial and idiopathic PD

Majority of PD develops as a result of complex iatéions between genetic and
environmental agents. Establishing the contributtddngenetic components to the
development of idiopathic PD (IPD) is paramountutalerstanding the multifactorial
characteristics of the disease, and the studyroflitd PARK loci is the first step to

understanding these genetic contributions.

LRRK2 was only identified as the causative gene for PBRKked autosomal
dominant PD in 2004, however, it has come to bandgy as a key player in both the
familial and idiopathic forms of the disease. Mgmthogenic variants have since
been identified ilLRRK2(see Figure 1.6, reviewed in (Lesage & Brice 2008he
pathogenic G2019S mutation IRRK2 is the most common cause of hereditary
LRRK2 associated PD, accounting for 3 per 100,000 PBscas white population
(based on an estimate of 200 per 100,000 with editary PD rate of 15% by the
InternationalLRRK2 Consortium (Healy et al. 2008)). The widespreadjdiency of
G2019S mutation amongst IPD cases has resultedbeing termed as a common
risk factor for non-familial PD (see Table 1.2).eThariant R1441G is frequently
reported in Spanish PD subjects of the Basquerofigfata et al. 2005), and the
variants G2385R and R1628P have also been idehtferisk factors in Chinese
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populations (Tan et al. 2007a). The identificat@ingenetic variation iLRRK2as
susceptibility factors in IPD subjects, qualifidsist mendelian gene as a major

candidate in bridging the gap between familial mholpathic PD.

1.6.1 LRRK2 gene structure and function
As previously mentioned, tHERRK2gene contains 51 exons that span 144 kb. A 9kb

MRNA transcript has been identified in various ues including the brain, and is
predicted to encode a ~250 kDa (2,482-amino aciudg}i-domain protein that is
expressed in various tissues including the braimfZich et al. 2004b; Paisan-Ruiz
et al. 2004). The LRRK2 protein belongs to the ROSperfamily that contain
functional domains of ROC (Ras of complex protei®PR (C-terminal of ROC),
followed by a kinase domain belonging to the mitegactivated protein kinase
kinase kinase (MAPKKK) subfamily (see Figure 11&)t the LRRK2 kinase domain
has also been suggested to have structural siti@amvith the receptor-interacting
protein kinases (RIPK) (Greggio & Cookson 2009)e3é functional domains are
flanked by armadillo, ankyrin and 13 leucine ri@peats at the N-terminus and 7
WD40 repeats at the C-terminus which serve as nesddidr protein-protein
interactions (Guo et al. 2006). Th®RK2 paralogLRRK1has an identical domain
structure, but a smaller N-terminus tHa&RRK2 and is also widely expressed in brain
and other tissues (reviewed in (Mata et al. 2006B)th genes are reportedly
conserved in vertebrates, and may have divergad torcommon ancestraRRK

ortholog.
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Figure 1.6: A schematic representation of the fun@nal domains and genetic variation in thd. RRK2 gene.The 51 exons of RRK2encode
2527 amino acids, and the functional domains wihighconserved comprise of: Armadillo (ARM), Ankyriepeat (ANK), leucine rich repeat
(LRR), Ras of complex proteins: GTPase (Roc), Gieal of Roc (COR), mitogen activated kinase kinksgase (MAPKKK) and WD-40
domains. The exons and the variants identifiechémt are numbered above the gene line. The vaiianésl and bold represent recurrent proven
pathogenic mutations, whereas the potentially ggthic mutations (which display cosegregation),hégélighted in bold. Risk factors are shown

in blue and in hatched box. Variants of unknowmgigance are represented in blue and in italidis Tigure is adapted from (Lesage & Brice,
20009).
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The multi-domain complex of LRRK2 allows two digtinenzymatic activities,
namely, GTPase and kinase. The ROC domain of LR&2es homology with
the Ras related GTPase superfamily, responsibleefgulating diverse cellular
processes, such as mitogenic signalling (Guo e2G86). The activation of the
Ras related GTPase requires a conversion of the-liRDRd state to the GTP-
bound conformation. The GTPase binding domain dRKR is necessary for the
protein’'s kinase activity as it is predicted to nsilate LRRK2
autophosphorylation. Mutations R1441C/G in the GSEPdomain, disrupt GTP
hydrolysis which subsequently alters the downstresmymatic activity of the
protein (Lewis et al. 2007; Li et al. 20Q7A crystal structure of the LRRK2 ROC
domain (in complex with GDP-M@”) was recently predicted to display a dimeric
fold which is stabilised by complex interactionglagxtensive domain-swapping
of two monomers (Deng et al. 2008). Pathogenic timts (R1441 and 11371)
disrupt the ROC dimer resulting in decreased GTRadwity. This led the
authors to conclude that the ROC domain regulalRRK2 kinase activity as a
dimer, possibly via the COR domain acting as a mdé hinge (Deng et al.
2008).

The kinase domain of the protein remains inactiveil ua change in the
confirmation of the activation segment within thege C-terminal lobe is induced
by phosphorylation (auto- or exogenous) (Mata et 28l06a). This enables
substrate access and catalysis. The activationesggmfound between conserved
tripeptide motifs DF/YG and APE, and tHeRRK2 mutations, G2019S and
[2020T lie at the N-terminal boundary of this seginéMata et al. 2006a). By
using myelin basic protein (MBP) as a test substratest and colleagues (2005)
measured the activity of LRRK2 protein, and deteedithat it possesses mixed-
lineage kinase (MLK) activity (West et al. 2005RRK2 protein has also been
demonstrated to undergo autophosphorylation, wtteentrinsic GTP binding
activity modulates downstream kinase activity ($mét al. 2006; West et al.
2007). Other regulatory sequences suggested to latedilhe kinase activity of
LRRK2, include the N and C-termini. The N-terminaé LRRK2 has been
suggested to have an inhibitory effect (Greggiale2008), and C-terminal tail is
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required for full kinase activity (Jaleel et al. @) (reviewed in (Greggio &
Cookson 2009)).

A knockdown of LRRK2 in a DAergic neuroblastomaldeie induced using
RNA interference (RNAI), identified a transcript@indownregulation of genes
involved in various functions, namely, axonal guda nervous system
development, cell cycle, cell growth, cell diffetiation, cell communication,
MAPKKK cascade, and Ras protein signal transducitéibig et al. 2008). This
suggests that LRRK2 might have an important phggichl role. The presence of
Ras/GTPase and kinase domains provide supporh&ILRRK2 protein being
involved in upstream regulation of intracellulagrslling, such as the MAP
kinase pathways. These pathways are evolutionanyserwed three-tiered
signalling cascades where each kinase activatesutteequent kinase (Mata et al.
2006a). Activation of MAPKKK by Ras starts a chaifevents, whereby, the
extracellular signal from receptor is relayed totosplic kinases by
phosphorylation and subsequent activation of MAPKWAPK/ERK kinase),
which in turn phosphorylates and activates MAPK¢@u al. 2006). Substrates of
MAPK activation include transcription factors, nutemndrial and cytosolic
proteins and nuclear substrates for various cellfuactions. Investigation of
LRRK2 substrates and interacting partners would ha#fine the regulatory
pathways it participates in. Studies have alreagprted on the potential LRRK2
interactors that can be grouped into proteins thdtice a chaperone-mediated
response, proteins associated with the cytoskeledod trafficking, and
phosphorylation and kinase activity (Dachsel e@D7a). For example, LRRK2
has been shown to phosphorylate moesin, an adgtiding ERM (ezrin, radixin
and moesin) protein that has been implicated irriteeoutgrowth (Jaleel et al.
2007). The substrates for LRRK2 have been idedtifising thein-vitro kinase
assays, and still remain to be tested for physicddgelevance inn-vivo kinase
assaysln-vivo kinase assays are technically demanding, but &mdicolleagues
(2008) have identified what could be an authemtigivo substrate for LRRK2
(Imai et al. 2008). The authors showed that 4E-BPrepressor of protein

translation that is affected by oxidative stressl asther stimuli, is prime
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phosphorylated by LRRK2, and that drosophila LRREPRRK2) modulates the
maintenance of DAergic neurons by regulating prossinthesis in this pathway.

1.6.2 LRRK2 and neurodegeneration

LRRK2 protein has been shown to have a cytoplasoe@lisation, and occurs in
a soluble state in the normal brain (Giasson et2@06). Studies have been
published evaluating the morphological expressiobhRRK2 mRNA and protein

in post-mortem human brain (discussed in later wrap Differences in the
transcriptional activity of LRRK2 in post-mortem rhan brains have been
reported, although there is only limited informatiavailable on this. LRRK2

protein has been shown to localise to LBs, howewés,is heavily dependent on
the antibody used for immunohistochemical studied aurrently remains a

contentious issue.

The centromeric region for PARKS8 locus also mappatb dementia with late
onset familial Alzheimer’s disease (Scott et alD@0 A G2019S mutation carrier
with frontotemporal lobar degeneration (FTLD) wedsntified with ubiquitinated
intranuclear neuronal inclusions, but due to thduced penetrance of the
mutation, it cannot be said whether the mutatiomrisunderlying cause of the
disease (as a disease modifier) or purely co-imtad€éDachsel et al. 2007b). The
possibility of LRRK2 being involved in other neuegknerative diseases was
further demonstrated in the brains of frontotempdeanentia with parkinsonism-
17 (FTDP-17) and MSA diagnosed patients (Miklossyle 2007; Huang et al.
2008). Miklossy and colleagues demonstrated th&KRis associated with tau-
positive neuronal and oligodendroglial inclusionsiled bodies) in the brains of
frontotemporal dementia of the pallido-ponto-nigdaigeneration type linked to
the chromosome 17 (FTDP-17/PPND) (Miklossy et &07). As mentioned
previously,LRRK2variants produce clinical and pathological featusmsiniscent
of other parkinsonian entities (see section 1.5/2.This favours a possible role

for LRRK2 in tauopathies, despite a lack of gene#idants.

Identification of G2019S mutation in a patient diaged with frontotemporal
lobar degeneration with ubiquitinated neuronalantrclear inclusions (FTLD-
U/NII), lends support to the notion that LRRK2 midte involved in the UPS

(56]



system, and like ubiquitin might play a central silbjogical role in
neurodegeneration (Dachsel et al. 2007b). LRRK2 rweaertedly identified in
glial cytoplasmic inclusions (GClIs) of MSA patientghich typically contairo-
synuclein (Huang et al. 2008). Interestingly, LRRgtein has been shown to
phosphorylatea-synucleinin-vitro (Qing et al. 2009). The wild-type LRRK2
protein has been shown to form cytoplasmic aggesgathich are greatly

ubiquitinated upon interaction with parkin (Smithaé 2005a).

The interaction of LRRK2 with other PARK loci (domaint and recessive), and its
implication in both synucleino- as well as tauopeghsuggests that it might play
an important role in various pathways. However, #éxéent to which LRRK2
might contribute to these pathways, common or @tlsey, remains to be seen.

1.6.3 LRRK2 G2019S mutation in PD
The G2019S (6055G->A) mutation occurs in exon 41 RRK2and substitutes

glycine to serine. It accounts for 3-6% of FPD ah@% of IPD cases in
Europeans (Gilks et al. 2005; Nichols et al. 20DbFonzo et al. 2005). G2019S
associated PD is asymmetrical, tremor-predominamrkipsonism with
bradykinesia and rigidity that responds to dopamamacement (Hernandez et al.
2005; Goldwurm et al. 2006).

1.6.3.1 LRRK2 G2019S mutation and ‘gain- of function’

In-vitro kinase assays using full length recombinant LRRK&ein have shown
an increase in the kinase activity of mutant (GZ)1PRRK2 in comparison to
the wild-type protein (Smith et al. 2005a; Wesaket2005). G2019S mutation has
also been shown to form inclusion bodies, and cagseonal degeneration in
SH-SY5Y neuroblastoma cells and mouse primary calrihneurons (Smith et al.
2005a). Replacing the kinase domain with a ‘kindsad’ version blocks
inclusion body formation and delays cell deathrebg supporting the notion that
increased kinase activity results in neuronal tioxidNest et al. 2005; Greggio et
al. 2006). Over-expression of wild-type and mut@B2019S) LRRK2 has been
shown to reduce the neurite length and branchingrimary neuronal cell
cultures, whereas LRRK2 deficiency results in iasedl neurite length and
branching (MacLeod et al. 2006). Neurite shortertiag also been reported in
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differentiated SH-SY5Y transfected with G2019S mitd RRK2, which was

also shown to exhibit an increase in autophagiceies (Plowey et al. 2008).
This observation in addition to the sequence shitylaof LRRK2 to receptor

interaction protein kinase (RIPK) family, led thetlors to hypothesize that
LRRK2 is involved in MAPK/ERK signalling. This hypmesis was later
confirmed in two cellular models (HEK293 and SH-YY5whereby the authors
demonstrated that wild-type LRRK2 protein is invadvin the activation of the
ERK pathway, and also confers protection in respotts hydrogen peroxide

mediated oxidative cellular stress (Liou et al. 200

This ‘gain-of-function” mechanism for G2019S- limkpathogenesis is not limited
to cellular models, and has to some extent beeapitetated in an animal model
too. Adult-onset loss of DAergic neurons, locomottysfunction, and early
mortality associated with expression of wild-typedaG2019S mutant LRRK2
protein has been reported in transgebic melanogaster(Liu et al. 2008).
Expression of wild-type and mutant LRRK2 protein pmotoreceptor cells
resulted in retinal degeneration, and L-dopa treatmimproved locomotor
impairment but did not prevent the loss of DAergadls in the mutant flies. The
G2019S mutant-LRRK2 protein was observed to causem@e severe
parkinsonism-like phenotype than the wild-type pnotin the drosophila model.
This is in contrast to the clinical findings obsedvby the InternationdlRRK2
Consortium who reported thatRRK2 G2019S PD is less severe than IPD and
requires dopamine replacement treatment later thds, and were less prone to
drug induced dyskinesiaHealy et al. 2008)

Based on then-vitro ‘gain-of-function’ studies, LRRK2 kinase inhibighave

been suggested as potential therapeutickRitK2linked PD. However, the core
clinical and pathological phenotypic features fob Rubjects with G2019S
mutation are indistinguishable from IPD, and théseno difference in the
symptoms of homozygous or heterozygous carrierghef G2019S mutation
(Ishihara et al. 2006). No difference was obselnestriatal dopamine transporter
binding [*’loflupane] analysis of G2019S mutation carriers aR® patients

(Isaias et al. 2006). Moreover, no specific biocloain differences in the

phosphorylation and levels of signal transductiaotgins were reported in
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leukocyte extracts of G2019S PD versus IPD subjédthite et al. 2007).
However, identification of physiological substratesd interactors of LRRK2 is
needed in order to better understand ithevitro and in-vivo kinase activity of
wild-type and mutant LRRK2.

1.6.3.2 G2019S penetrance

Typically associated with late onset PD symptomggmage of onset of 57.5
years) (Healy et al. 2008), rare cases of G2019Gtion carriers with early onset
(<50 years) PD have also been reported (Bras 085; Clark LN et al. 2006;
Punia et al. 2006; Ferreira et al. 2007). The panee of G2019S mutation has
increasingly come into question as reports haventified G2019S mutation
carriers who do not develop parkinsonian symptore$ imto their 80s, and in
some instances remain unaffected throughout tlifetinhes (Kay et al. 2005;
Eblan et al. 2006; Saunders-Pullman et al. 2006 Penetrance levels of
G2019S mutations were initially estimated to be 1at%he age of 50, increasing
to 85% at the age of 80 years (Kachergus et abR@hother study estimated the
G2019S penetrance in a selected autosomal domsegigts from North Africa
and Europe (probands included in the analysiset839% at age 55, and 100% at
75 (Lesage et al. 2005b). A lower estimation of penetrance (17% at 50
years, 54% at 70 years) in a family of Italian origas been reported (Goldwurm
et al. 2007). This variability in penetrance (life¢ penetrance of 32% (at age 80),
among families, albeit estimated using differentlgtdesigns (including multiple
affected members versus single), suggests thar gieetic or environmental
factors play a part in modifying the penetranceG#019S mutation and its

function in PD development.

The InternationalLRRK2 Consortium pooled worldwide data to address many
important clinical questions relatedt®RK2mutations but also to assess the age-
specific cumulative risk of PD for G2019S mutaticarriers in a sample size of
19,376 unrelated PD patients from various poputatiiHealy et al. 2008). They
estimated that a G0219S mutation carrier has a ”28¢of developing PD at the
age of 59 which increases to 51% at 69 years, dfa a the age of 79, and this
did not differ according to gender or ethnicity @heet al. 2008). This revised but

reduced penetrance explains the high prevalene®BK2mutations in PD, and
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its occasional occurrence in controls. They alsimaded that 8% o0LRRK2
mutation carriers developed PD symptoms before dage of 40 years but

symptoms were rare in G2019S mutation carriersrbdfee age of 40.

1.6.3.3 Worldwide frequency of LRRK2 G2019S mutation

The frequency of G2019S mutation is highly popolatspecific but a worldwide
carrier rate of 1% in IPDs (n=14,253), and 4% itigras with hereditary PD (n=
5,123) has been estimated (Healy et al. 2008).hidpleest frequency of G2019S
mutation related PD cases has been reported inhN&ftican Berbers and
Ashkenazi Jews with proportions of up to 30-40% d@330%, respectively
(Ozelius et al. 2006; Lesage et al. 2006; Heabt.2008).

Amongst European populations, low frequencies f thutation are observed in
FPD patients from Northern Europe (~1%), intermedirequency (1.9%) in
selected Italian populations, and high frequencySouthern Europe (2.9% in
Northern Spain; 3.4% in Catalonia and 4.9% in Ryafu(Aasly et al. 2005; Bras
et al. 2005; Berg et al. 2005; Hernandez et al52@aig et al. 2006; Mata et al.
2006b, Goldwurm et al. 2006). This led to the sggges that G2019S mutation
frequency displays a European north-south gradiémivever, a low frequency of
G2019S mutation in southern European populationGrekk and Italian origins
refutes this (Spanaki et al. 2006; Cossu et al72B@omerisiou et al. 2007; Kay
et al. 2006; Squillaro et al. 2007; De Rosa eR@0D9). Therefore, a north-south
gradient of G2019S mutation in the lIberian Penrdasmight be a more
appropriate term to use, excepting the already kngenetically distinct Basque
population (Cavalli-Sforza & Piazza 1993), whiclsmlays a higher frequency of
the R1441GLRRK2 mutation (Gorostidi et al. 2009; Mata et al. 2009a). The
G2019S mutation has also been identified in thehgsn American countries of
Chile, Brazil, Peru and Uruguay, which were coledizby European settlers
mainly from the Iberian Peninsula (Perez-Pasterd. €007; Mata et al. 2009b;
Pimentel et al. 2008; Munhoz et al. 2008; Santoseldeas et al. 2008).

In Eastern Europe, a frequency of 5.9-7.7% has begorted amongst FPD and
0.5-0.7% in IPD patients from Russia (lllarioshlgh al. 2007; Pchelina et al.
2008). Although this mutation is rare in CentraligAand the far East, isolated
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cases have been reported in Japan and India (BU €005; Tan et al. 2005a,;
Zabetian et al. 2006b; Fung et al. 2006b; Pun&.€1006; Tomiyama et al. 2006;
Tan et al. 2007a; Cho et al. 2007; Shojaee etG9R Homozygous carriers of
G2019S mutation are rare in Europe, but have fretjubeen reported in North
African populations, such as Tunisia and Algeria eveh consanguineous
marriages are common (Lesage et al. 2006; Ishieaed. 2007; Warren et al.
2008; Lesage et al. 2008; Hulihan et al. 2008)hdédigh there is no difference in
clinical phenotypes, or the age of onset of firEt & mptom in heterozygous
(ranging from 30 to 82 years) or homozygous (ragdiom 28 to 86 years)
carriers of the mutation, a higher penetrance 2019S homozygous carriers has
been reported (Ishihara et al. 2006; Lesage eR@D6; Ishihara et al. 2007;
Hulihan et al. 2008; Healy et al. 2008).

Reports of elderly and apparently healthy G2019%tmn carriers, adds a caveat
to the potential genetic testing, and as such gp@ate framework of pre- and
post-test counselling is required for this mutatiath such a variable penetrance
(Goldwurm et al. 2007). An accurate estimation opydation specific frequency
of G2019S mutation is essential for the correct eost-effective use of genetic

testing and counselling of PD patients and asymatnearriers.
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Population IPD (N) FPD (N) Control (N)

North Africa Arab Berbers 39%(56) 36%(143) <1% (739)
Jews Ashkenazi Jews 10%(259) 28%(78) 1% (410)
Iberian Peninsula Portuguese 4% (317) 14%(85) 0% (100)
Spanish 3% (806) 4% (283) 0% (544)
Basque 0% (117) 0% (41) 0% (425)
Southern Europe Italian and Sardinian 2%(2516) 4% (633) <1% (1040)
Greek <1%(235) 0% (0) 0% (0)
Cretan 0% (174) 1% (92) 0% (0)
Central and French 2% (300) 3% (174) 0% (348)
Northern Europe German and Austrian ~ <1%(@803) 1% (231) 0% (436)
British 1% (1145) 2%(192) 0% (1786)
Irish <1% (236) 3% (35) 0% (212)
Swedish 2% (200) 0% (127) 0% (200)
Norwegian 1% (371) 1% (64) 0% (572)
Eastern Europe Polish 0% (153) 0% (21) 0% (190)
Serbian 0% (47) 4% (51) 0% (161)
Russian 1% (157) 0% (10) 0% (126)
Other European North American 1% (2606) 3% (1450) <1%(4934)
South American (Chilean) 3% (137) 3% (29) 0% (153)
Australian <1% (578) 2% (252) 0% (0)
Asia Indian <1%(718) 0% (82) 0% (1200)
Chinese 0% (1360) <19%(973) 0% (938)
Japanese <1% (526) 2% (60) <1% (372)
Korean 0% (436) 0% (17) 0% (0)

Table 1.2: World-wide carrier rate of LRRK2 G2019S mutation in PD subjects and
unaffected controls, according to the InternationalLRRK2 consortium (Healy et al.
2008) This table displays the percentage carrier rafe62019S mutation in various
populations. IPD= idiopathic PD; FPD= familial PQN) = the total number of samples
genotyped.
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1.7 Objectives and Principal questions addressed in the thesis

Variation in gene expression has been demonsttated a major driving force of
the phenotypic evolution. Many factors work togethmecis or trans to regulate
gene expression and as such produce the phendliypisity so readily observed
amongst different species. In any study of theadiseaetiology, it is essential to
establish the effects of auxiliary mechanisms theght not necessarily be the
primary cause of the disease, but nevertheless aavimpact on the eventual
product of the gene, and thereby contribute to dleical and pathological
understanding of the disease. The Queen Squara Beaik (QSBB) houses an
excellent resource for post-mortem PD tissue wihaided clinical summaries,
and studying a measurable phenotype such as ggmession in human tissue
that has experienced disease pathogenesis wotltefuour understanding of PD
pathogenesis.

It is widely acknowledged that the impact of gemaetariation on quantitative
traits such as gene expression can have an effetteooverall phenotype. As
such, the effects of genetic variation (coding amsh-coding) onLRRK2

expression remains a central and primary thembisthesis.

The exonic LRRK2 mutation, G2019S is reported to be pathogenic, and
biochemical studies have proposedrawitro ‘gain of function’ for the mutation.
However, the clinical (and pathological) phenotypesplayed by G2019S
mutation carriers remains indistinguishable fror® Ifubjects that are reportedly
negative for this mutation. Therefore, studying geme expression in PD brains
that suffered from idiopathic forms of the diseasesus those of the G2019S
mutational insult would allow us to ascertain potandifferences or identify

overlapping pathogenic events between the two fainiD.

Therefore, the overall hypothesis of this thesis &t differences in the LRRK2
expression profile between unaffected controls RBdsubjects could contribute
to the development of PD, and both the coding anmttaoding genetic variation
in theLRRK2gene could play a major role in this.
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The major aims used to test the hypothesis are suiseal as follows:

* To estimate the carrier rate frequency of the comiBRK2 G2019S
mutation in unaffected subjects from populationsatthmight have

contributed to the genetic origins of G2019S motati

* To determine the distribution of LRRK2 mRNA and f@ia in the human
brain, and to assess whether there is a deviation the normal pattern in
cases of IPD and those with G2019S mutation.

 To establish any potential dysregulation in the mRNanscriptional

levels, and to assess how this might contributeRgathogenesis.

* To ascertain if common genetic variationLiRRK2upstream regions can
affect the transcriptional ability of the gene.
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2 Methods and Materials

2.1 QSBB Tissue

Frozen post-mortem brain tissue was obtained flmueen Square Brain Bank
(QSBB) after acquiring ethical approval from NaabRospital of Neurology and
Neurosurgery (NHNN), Local Research Ethics CommitfeREC) (Reference:
06/Q0512/11) and Research and Development depdarimhdsniversity College
Hospital London (UCLH) (Reference: 06L 306). Infadh consent had been
acquired by the QSBB. All the tissue used in thigslg was pathologically proven
to be IPD.

2.1.1 Paraffin embedded tissue

Formalin fixed brain tissue and spinal cord wergcpssed as shown in Table 2.1.

The processed tissue was the embedded in paradiirand stored until required.

Reagent 3 Day Time
70% Alcohol 6.00 hours
90% Alcohol 6.00 hours
90% Alcohol 6.00 hours

Absolute Alcohol 6.00 hours
Absolute Alcohol 6.00 hours
Absolute Alcohol 6.00 hours
Absolute Alcohol 6.00 hours
Chloroform 6.00 hours
Chloroform 6.00 hours
Wax 6.00 hours

Wax 6.00 hours

Wax 6.00 hours

Table 2.1: Reagents and times used for paraffin paessing of post-mortem tissue.
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2.1.2 Frozen tissue

In order to preserve the integrity of the post-reorttissue, it was frozen using
polished brass plates, which were pre-cooled to°G70The tissue was
subsequently stored at fprior to use. The pH value of the tissue wasinel

recorded for each subject.

2.2 Nucleic acid extraction

2.2.1 DNA extraction

Genomic DNA was extracted from human brain (pathplgroven), blood
(clinical), or buccal swab (where specified) samplsing the wizard genomic
DNA purification kit (Promega, U.K.) described asllédws. 96Q 0.5M
ethylendiaminetetraacetate (EDTA) was added to dudlei lysis solution and
chilled on ice. 4.8ml of this mixture was added &ofrozen piece of brain
approximately 1crhin size. 14Ql proteinase K (at 20 mg/ml) was then added and
the tube incubated at 55°C for 16 hours until trenbwas completely digested.
24ul RNAse solution was added to the nuclear lysateraixed in by inversion.
The tube was incubated at 37°C for 30 minutes,tlaen allowed to cool to room
temperature for 5 minutes. 20M®f protein precipitation solution was added, and
the tube vortexed vigorously for 20 seconds. Theetwas chilled on ice for 5
minutes, and then centrifuged at 13,000 rpm at réamperature for 4 minutes.
The supernatant was carefully transferred (leatregprotein pellet behind) to a
tube containing 4.8ml of propan-2-ol (Sigma, UKheTtube was gently mixed by
inversion to precipitate the DNA and then centrédgat 13,000 rpm at room
temperature for 1 minute. The supernatant was wéredecanted and 4.8ml of
70% ethanol (Sigma, UK) added. The tube was gemiked by inversion (to
wash the DNA pellet) and then centrifuged at 13,880 for 1 minute at room
temperature. The ethanol was carefully aspiratetitha pellet air-dried (sealed
over with perforated parafilm to avoid contamingjio The pellet was
resuspended in 80D DNA rehydration solution and incubated at room
temperature for 16 hours. The DNA solution was estoat 4°C. The DNA

concentration (assayed at 260 nm) and quality weassared using the NanoDrop
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ND-1000 (NanoDrop Technologies, U.S.A.), enablirte tidentification of

samples contaminated with protein or other orgaampounds.

2.2.1.1 DNA samples obtained through external collaborations

For chapter 3, DNA samples from unaffected subjettgrious ethnicities were
obtained from Dr. Neil Bradman (The Centre for Gené&nthropology, UCL)
and have been described in previous studies (Wataé. 2001; Thomas et al.
2002; Behar et al. 2003; Ingram et al. 2007; Veataet al. 2008). For chapter 6,
DNA samples from unaffected subjects were obtairfemm Prof. Steve
Humphries (Rayne Institute, UCL) and have beenrdsst in a previous study
(Miller et al. 1996).

2.2.2 RNA isolation and extraction

The quality and quantity of isolated RNA is essantor successful analysis of
gene expression. The RNA must be pure and intatfrae of contaminants such
as DNA and other potential inhibitors, for exampRINAses (released from
membrane bound-organelles upon cell disruption)RARA is highly susceptible
to degradation, it is essential that endogenous $&N4ctivity is rendered non-
functional by using strong denaturants in orderetwsure successful RNA
isolation. Therefore, a sterile technique shouldebgployed at all times when

handling reagents and equipment used for RNA igwiat

The tissue was homogenised in 1ml of Trizol, a npb@sic solution of phenol
and guanidine isothiocyanate (Invitrogen, UK) isstie grind tubes (Kontes glass
company, UK). The homogenate was transferred tolesteppendorf tubes. To
separate different phases, gD®f chloroform (Sigma, UK) was added to the
homogenate and shaken vigorously to mix. The nextuas incubated at room
temperature for 2-3 minutes followed by centrifigatat 13,000 rpm for 15
minutes. The centrifugation separated the mixtate three phases, and the upper
agueous phase which contains that RNA was traesféor a separate tube and the
organic phase discarded. The RNA was then pret@gitasing 500 of isopropyl
alcohol (Sigma, UK) from the aqueous phase andbiaied at room temperature for
10 minutes followed by centrifugation at 13,000 rgor 10 minutes. The
supernatant was removed. The RNA pellet was waslitbdat least 1ml of 75%
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ethanol. The sample was then mixed by vortexingcamdrifuging at 7,500 rpm for
5 minutes. The ethanol was removed and the pélldtiad for up to half an hour or

until dry (sealed over with perforated parafilmatooid contamination).

The RNA was then dissolved in RNAse free water{@Q1l). RNA concentration
(assayed at 260 nm) and quality was measured wkadgNanoDrop ND-1000
(NanoDrop Technologies, U.S.A)).

2.3 Genotyping

2.3.1 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was routinely usedetermine genotypes.
PCR was developed by Kary Mullis in 1983, and hasesbecome a common and
an indispensable technique in molecular biology.islta relatively simple
technique that amplifies a DNA template to prodockions of copies of specific
DNA fragmentsin vitro. However, to produce such specific fragments sproe
knowledge of the sequence is required. This inftionais then used to design
oligonucleotide primers which are usually a stretoch approximately 20
nucleotides corresponding to the sequence of iitefiedne primers bind to the
complementary DNA sequence (one to $sirand running from 5’ to 3’ direction
and the other to the strand running in 3’ to 5ediron) of the denatured template
DNA. In the presence of a heat-stable DNA polymerand the four
deoxynucleoside triphosphates (dNTPs, namely, dATdTPs; dCTPs and
dTTPs), the primers initiate synthesis of new DNArasds that are
complementary to the DNA strands of the target DBEgment. Each newly
synthesized strand then act as a template fordufNA synthesis in subsequent
cycles, thereby doubling the amount of templatdeacle. After about 25 cycles
of DNA synthesis, the PCR product will include wp 1@ copies of the initial

target sequence.

2.3.2 PCR components

Genomic DNA (50 ngil) was amplified using Taq DNA polymerase kit (Qgag
UK). The PCR components includedl2L0X buffer; 4 Q-solution; 2l each
primer (100nM each); |2 deoxynucleoside triphosphates (dNTPs; 10mM each),
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0.16u Tag polymerase and double distilled water (gdHto make up a total
volume of 2@. The dNTPs were obtained from Invitrogen (UK) @hd primers

were designed using online tools available hép://www.cybergene.se/The

primers were blasted against NCBI database to clf@ckpecificity and were
obtained from Sigma Genosys, UK. Standard cyclmgddions were used: 94° C
for 5 minutes; and 30 cycles of 94° C for 30 sespi®-65°C for 30 seconds and
72° C for 45 seconds; 72° C for 7 minutes. Annepliemperatures were
dependent on the primerghe thermal cycler used for the PCR reaction was
GeneAmp PCR system 9700 (Applied Biosystems, UK).

2.3.3 Restriction Fragment length polymorphisms

Restriction digestion of amplified genomic DNA wearied out in a total volume
of 15ul, containing 1.4l of appropriate reaction buffer, lOPCR product, 1-2

units of the restriction enzyme, and the rest & Wolume was made up with
ddH,O. However, the volume of water was adjusted adoghgd upon the addition

of 100X bovine serum albumin (BSA) and each assay imcubated overnight
according to manufacturer’'s instructions. All thestriction enzymes were
provided by New England Biolabs, UK. The digesteadpct was then genotyped

using agarose gel electrophoresis.

2.3.4 Agarose gel Electrophoresis

Agarose gels used for analysing and genotyping Dfdgment sizes were made
by melting agarose powder (Roche, UK) in 1X Trisi&3e- EDTA (TBE) buffer
(121.19g Tris, 61.8g anhydrous boric acid, 7.4g EDMAOQ litres of ddHO) in a
microwave oven. The gels were routinely made batwle 2.5% of the volume.
The gels were cast with the addition ofugml of ethidium bromide (EtBr). In
order to be analysedubof digested PCR product was mixed witll df Orange
G loading dye (prepared in equal volumes of glycamal water) and run along a
1 kb DNA ladder. The Orange G loading dye and thebIDNA ladder were
obtained from Sigma, UK and Promega, respectividig. samples were subjected
to electrophoresis for approximately 30 to 60 masuat 80 to 120mV. The DNA
samples in the gel were visualised under a UV iitansnator.
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2.3.5 Taqman assays

The tagman assay by design service for SNP gemugypssays provided by
Applied Biosystems was occasionally used to depigibes for specific assays.
These probes were dye-labelled with FAM and VICe Hilelic discrimination

PCR reaction consisted of: tagman universal PCRenasix (2.5ul), 40X assay
mix (0.125ul), genomic DNA (5-20ng) in a total vola of 5ul made up with
ddH,O. The reaction was run on ABI7900 (Applied Biosyss, UK) and the

cycling conditions were optimised to the specificole. SDS2.1 software

(Applied Biosystems, UK) was used for allelic diganation.

24 PCR based mRNA expression studies

Many techniques have been developed to measureltia’e and absolute levels
of gene expression in tissue. Traditionally, gexjgression levels were measured
using northern blot analysis; RNAse protection gssain situ hybridisation. All

of these methods have their advantages. For exampithern blot analysis can
provide information about mRNA size, alternativdigpg and the quality of the
RNA samples; RNAse protection assays can map tghsmitiation and
termination sites, and intron-exon boundarias;situ hybridisation is a complex
technique but the only one that allows identifioatiof anatomical or cellular
localisation of a specific transcript. The majosativantage common to all these
techniques is the lack of sensitivity when meagutranscripts that are expressed
at low levels. However, recently more high througthsensitive and accurate
methods have been developed. Microarrays and datwvei PCR based methods
are now routinely used to measure gene expresgwelsl Quantitative PCR
based methods are especially sensitive in detetdwglevel RNA expression,
and was the technique most routinely used to measRNA expression levels

for the purpose of this thesis.

2.4.1 Reverse-Transcriptase (RT-PCR)

DNA templates are required for thermostable DNAypwrases used in the PCR
process, therefore in theory, limiting the techeigqgo DNA studies. However, this
technique could also be applied to the analyseéRMA populations by reverse

transcribing RNA to complementary DNA (cDNA). Thisverse transcription
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provides the necessary DNA template for the thetatds DNA polymerases to
perform the PCR. Either random primers, oligo(dflimgrs or sequence specific
primers can be used for reverse-transcription. Hewehe quality and purity of
starting RNA template are essential for a succeésT4PCR reaction and any
subsequent analysis. After the initial reverse dcaiption step, where the RNA
has been converted into cDNA, basic PCR can bemeed to amplify the target

sequence many-fold.

RNA was reverse transcribed to form cDNA usingFRiret-Strand cDNA synthesis
Superscript Il RT (Invitrogen, UK) kit. The reacti@onstituted 2 g of total RNA,
1pl random hexamers, 1ul dNTP mix (10mM each) guds8erile ddHO. The
mixture was heated to 65° for 5 minutes, followgdabquick chill on ice. The
contents were then centrifuged and the remaininjAABynthesis mixture was
added which included 4ul of 5X First-Strand Buffgn) of 0.1 M dithiothreitol
(DTT), followed by 1ul of RNAse OUTThe contents were then mixed and
incubated at 25°C for 2 minutes. 1ul (200 unitsyoperScript Il RT was added and
the mixture was incubated at 42°C for 50 minuteowed by 70°C for 15 minutes
to inactivate the reaction. The cDNA was furthelutdd 1 in 10 in Diethyl
pyrocarbonate (DEPC) treated water (Ambion, UKntke up a working stock.

2.4.2 Quantitative real Time PCR (qPCR)

Quantitative real-time polymerase chain reactioRGR) is a technique that
guantitates the fluorescence emitted each PCR ¢yckeal time). Methods used
to detect and quantitate a PCR product, involveor#acently labelled
oligonucleotide probes or DNA-binding fluorescented, for example, SYBR

green that intercalates with double stranded DNA iasbeing synthesized.

The DNA binding fluorescent dyes are easy to usé do not require the
oligonucleotide primers to be labelled, howevegytlcan also generate non-
specific products. In order to check the amplicambgeneity, thermal melt
curves can be generated that allow the produairta & double-stranded DNA at
a lower temperature of 60°C (fluorescence is queticivhen the product is
double-stranded). The temperature is slowly rampgedo 95°C to be denatured.
Any potential peaks with different melting temperas and/or broad peaks in the
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melt curve are indicative of multiple products @nrspecific amplification. This
serves as a good quality control during routineafd@is particular application of
PCR.

Fluorescence values are recorded during every dyoigever, the first significant
increase in the florescent signal (above the backyt noise) is measured at the
threshold cycle (Ct). The Ct values directly caatelto the initial amount of target
template, that is, the amount of RNA in the sampleis Ct value is recorded
during the exponential phase of amplification, amdundamental to gPCR. It
works on the premise that a sample with high commagans of starting template
will require fewer amplification cycles to crossthritical threshold cycle where
the fluorescent will be quantitated (Bustin et2005). However, if there is little
template to start off with, then many rounds of &afigation would be required to
reach that critical threshold cycle. As the Ct aisi inversely proportional to the
initial copy number, a standard curve can be géeéray plotting the Ct values
against the logarithm of initial copy numbers. Tlweear regression of the
standard curve allows the target Ct to be directynpared to the Ct of the
standard calibrator, resulting in the quantitatmfinthe original amount of the
template, which could be recorded as having mordess mRNA than the

standard.

Factors like fluctuations in the efficiency of theaction, small initial quantities of
the target RNA, non-specific priming, and slow @gelstion of the reaction mix
add to the disparities associated with gPCR (Busttial. 2005). Therefore, it is
essential that the assay is well optimised andorkmes with same efficiency
across the plates. Multiple Ct values should beerdahed by performing the
reaction in triplicates for each sample.

The gPCR in this thesis was performed on ABI7500plAed Biosystems, UK)
using SYBR-green dye mix that releases fluorescedagng the critical
threshold, allowing for an accurate quantitation tbé initial RNA starting
template. The 2d reaction required |d of cDNA (50ngll), 12.5u1 SYBR-green,
2.25l primers (900nM) and |8 ddH,O. The SYBR-green dye mix and the
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MicroAmp Optical 96-well reaction plates were bospplied by Applied
Biosystems.

2.4.2.1 Primer sequences and conditions

The cDNA primers were designed so as to have at ta@e of the primers on an
exon-exon boundary. This minimises any contaminatiwough the amplification
of genomic DNA. They were designed so as to amphgy predicted transcripts
for that gene. The cycling conditions, apart frdra annealing temperatures were
similar for all the target genes: 50° C for 2 mesjt95° C for 10 minutes; and 35
cycles of 95° C for 15 seconds, 55-65°C for 30€¥conds and 72° C for 45 -60
seconds. A dissociation curve was added at theoéedch reaction to determine
that asingle specific PCR product was being formed byphmers: 95°C for 15
seconds; 60°C for 1 minute and 99°C for 15 secoAdsingle peak for all the
samples at the same temperature ensures all tdaqgbris dissociating at the same
temperature ensuring only one product. The qPCHRyats were also checked on

agarose gels to ensure the presence of a singlegiro

2.4.2.2 Standard curve v/s Ct

Triplicate reactions were run for each sample. Pplates for each gene were
calibrated using the same sample to ensure thatalues remained consistent
across the platehe samples were quantitated against a standavd generated
from reactions containing serial dilutions of hunmtamain for each target gene.
Six-fold serial dilutions of a calibrator templateere used for the relative
guantitation, with the highest dilution being 5@df of the lowest. The dilutions
were as follows: 500, 100, 20, 4, 2 and 1 foldhef ibwest. The Ct values of these
serial dilutions were used to construct the stashadarve, which was generated

using the SDS2.0 software (Applied Biosystems, UK).

2.4.2.3 Normalisation

The normalisation of target gene expression is ndiggeto account for any
inherent variations between and within cDNA samplgss is achieved by the
use of an endogenous reference gene. This refegame should be expressed
invariantly in all tissues of an organism. The o$eeference genes corrects for

any potential sample variations and increases g¢hability of gPCR by taking
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into account the amount of starting materials, iahe variation in RNA and
cDNA sample loading variation between the sampie¢Cutala & Reddy 2004).

2.42.3.1 Endogenous reference genes and normalisation factor

In this study, four endogenous reference genes wsezl to normalise the
expression of our gene of interest, and are meadioas follows: Ribosomal
Protein L13a RPL13A (Jesnowski et al. 2002); Hypoxanthine Phosphagbo
transferase 1HPRTJ), (Meldgaard et al. 2006); TATA binding proteinBF),

and Glucose 6 —phosphate-1-dehydrogenase (G6PD) €Ohl. 2005). The
relative abundance values for the reference gener® walculated for each

experimental sample.

2.4.2.3.2 Calculation of normalisation factor

The data produced by gPCR can give rise to spuniesslts if an appropriate
normalisation factor is not calculated. Despitengsiour endogenous reference
genes it was important to determine which of thre$erence genes behaved in a
dissimilar pattern in affected and unaffected #sgtiis also possible that different
reference genes have varied expression levelsfiareht anatomical regions.
Therefore, it was important to use more than oriereace gene to calculate a
normalisation factor. The software, NormFinder emgpla model based approach
to identify the reference genes that present thstlamount of variation in the
dataset (Andersen et al. 2004). The algorithm usddis software requires the
use of a minimum of three reference genes. It gstmates the variation in the
reference genes in cases as well as control sanagpidsselects the reference gene
with the best stability value or a combination wfotbest reference genes. A
geometric mean of these two best reference gersedaglated (to account for any
outliers) for each sample, giving rise to a virtteference gene. Therefore, when
affected and unaffected subjects were compared\tvenFinder software was

used to identify the reference genes with the laasiunt of variation.

In order to normalise each target gene samplerelagive value obtained for the
target gene was divided by the value of the virreé¢rence gene. Since a large
number of samples were used in the study and kc#ipe for each sample was
included, it was not possible to perform the reacfor all the samples on a single
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plate. Therefore, in order to normalise the samptesss the different plates the

following steps were used:
Step 1, normalisation of individual samples to itseference gene:

Internal normalisation of each sample, X = Gehaterest

Virtual reémce gene
(where X is the sample)
Step 2, calculation of a normalisation factor:
Final normalisation factor,N= 1 [)i+ Xot Xzeeeeennn )ﬂ

N

(where N refers to the total number of subjectsfers to the sample number and

N is essentially a mean of all the samples that baesm normalised in step 1)

Step 3, use of the normalisation factor from step B normalise the samples
across the different plates:
Final normalised value for each sample = ; X

N
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2.5 Histochemical techniques

2.5.1 In situ hybridisation protocol
PCR based methods are highly sensitive at detedtinglevels of mMRNA,

however, these methods cannot distinguish betwifamedht cellular populations.
Laser-capture microdissection techniques can bd tsasolate single cells of
specific population, and quantitative PCR can bdopmed on RNA isolated
from these specific populations. The RNA yield freath a technique can be low
and this limits the number of experiments that &&nperformed. There are
various techniques that can quantitate mMRNA exmmessHowever,in situ
hybridisation (ISH) remains the only method thatldes the morphological
demonstration of specific mMRNA or indeed DNA seqemin tissue sections,
individual cells, or chromosomal localisation. Téfere, in situ hybridisation
studies were used to determine the cellular logttia of LRRK2 mRNA and to
complement the qPCR study.

As ISH can be used to identify the localisation aofspecific RNA or DNA
sequence in a hetrogenous cell population, it ssibte to determine whether a
gene is being expressed at low levels in all tHis g at a high level in a few
cells. This is especially useful if cerebral tissgetions are being used, as many
regions of the brain are composed of differentutat populations. ISH works on
the principle that under appropriate conditionapl hybrids can be formed by
hybridising labelled, single-stranded fragmentsRMA (or DNA) containing
complementary sequences (probes) to the target @NBNA) of interest. These
stable hybrids can then be visualised using a tletesystem. ISH is technically
demanding and can be complicated by non-specifidibg that can increase the
background noise, thereby reducing the signal ttkdgr@und ratio. Hence, an

extensive optimisation of the protocol is required.

Different methods were used to look at the expoesprofile of LRRK2 in post-
mortem human tissue. The oligonucleotide probesewabelled using both

radioactive {°S) and non-radioactive (digoxigenin) label. Botlogadures have
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their advantages and the following sections wiicdiss the protocol used for the
LRRK2 ISH study discussed in this thesis.

ISH is a procedure that requires careful handlihjssue sections and reagents
prior to hybridisation as any contamination coulavé drastic effects on the
development of the mRNA signal. The tissue sectsimsuld be handled in an
RNAase-free environment right up until the timeytteave been hybridised and
washed. It was essential that all glassware wasdak 400°C and only sterile
plastic was used. The reagents were made in digtindcarbonate (DEPC)-
treated or sterile water, as appropriate. Any uebaglassware or non-sterile
plastic was rendered RNAase-free by washing in ONADH and subsequently

with sterile water.

2.5.1.1 Tissue samples

Flash frozen tissue was removed from -80°C freexat placed in a cryostat
(Bright) at -20°C for two hours in order for thertgeratures to equilibrate prior to
cutting. The frozen sections were cut at 12um, @depkending on the size of the
section collected they were mounted onto eitheestgst slides (BDH, UK) or
vectabond coated slides (Vector, UK). The blade gl@aned with three changes
of absolute alcohol to avoid any cross contamimatbmRNA between different
samples. The sections were allowed to dry on gladé for 30 minutes and then

stored at -80°C until further use.

2.5.1.2 Labelling method
The probes used for the ISH procedure were labeiténig>>S (radioactive) and
digoxigenin (non-radioactive) labelling methods. pAppriate positive controls

were used for the study

2.5.1.2.1 Radioactive labelling and probe purification

Oligonucleotides were 3' end-labelled witfS] dATP 1000Ci/mmol (Perkin

Elmer, UK). This was done using terminal deoxynatie transferase at 500-

1000 units/ml in cacodylate buffer at’87for 60 minutes, according to the
manufacturer's protocol (Promega, UK). Reactionsewstopped by addition of
TE buffer (10mM Tris, ImM EDTA) at pH 8.0 to a tbteolume of 10Ql.

Unincorporated bases were separated from the émbellobe on G50 sephadex
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columns, which were equilibrated in TE pH 8.0. Theslumns were prepared to
2ml by volume in 2.5ml sterile syringes and pluggeth baked glass wool. The
column was washed gently with 2 x 1ml TE pH 8.0eThdioactively labelled
probe in TE was added to the top of the column thedcolumn was further
washed in 3 x 200 TE; 2 x 40Qu TE (these fractions should contain about 50-
70% of the probe), and final washes of 3 x | HODE. These were collected as
separate fractions. Elution characteristics of elaatth of G50 sephadex were
determined prior to the probe purification by taki@ul aliquots from each

fraction and measuring them for radioactive peasguscintillation counter.

24ul of tRNA (8.33 mg/ml in water, from Brewer’s yegst2ul sodium acetate
(3.0M, pH 5.2) was added to the fractions that gheehighest radioactive peaks.
950 ul of ethanol at -20 °C was added to the mix andlated at -70°C for 120
minutes or -20°C overnight. The tubes were spuBd00 rpm, for 30 minutes at
4°C. The supernatant was decanted and precipitatitdoaid ethanol. The tubes
were allowed to dry and the precipitates were coedbby quantitative transfer in
10Qul of 10mM Tris, 1ImM EDTA, pH 7.6, 10mM dithiothreit(DTT) and stored
at 4°C.

2.5.1.2.2 Digoxigenin labelling

The probes were labelled at a total concentratginguthe Digoxigenenin 3’ end
labelling kit (Roche, UK). A total of 100pmol ofélprobe was labelled usingl4
of the reaction buffer; 4 of cacodylate buffer;dl of terminal transferase angll
of dATP, with the rest being made up tquR@ouble distiled RNAse free water.
The reaction was incubated at 37°C for 1 hour and®0.8M sterile EDTA was
added to stop the reaction. The labelling efficlemeas measured by blotting
serial dilutions of the labelled probe, along wattknown control probe supplied
with the kit. The visualisation procedure was aatriout according to the

manufacturer’s instructions.
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2.5.1.3 Tissue preparation

The sections were prepared using the followingsste@an RNAase free
environment. The slides were allowed to thaw, dlad face-up for 10 minutes,
and were then fixed in 4% paraformaldehyde in PB&)(at room temperature
for 5 minutes. The slides were then washed twideB&, 2 minutes and 1 minute
per wash, followed by a wash in physiological salfar 1 minute. The sections
were then dehydrated by immersion in 70%, 80% d&bfth @thanol in DEPC-
treated water for 2 minutes each and allowed talgirfor a minimum of 30

minutes

2.5.1.4 Hybridisation

The hybridisation buffer (Sigma, UK) was warmedromm temperature. The
radioactively labelled probe was diluted aull@l in hybridisation buffer. DTT
was added to hybridisation buffer to a final coricaion of 1mM. The
digoxigenin labelled was probe was diluted at 258fph and no DTT was added
to this. Diluted probe was evenly layered overediéind covered with parafilm
coverslips (75-10@ per small section and 150-2d0for the larger ones). The

slides were then incubated at 42°C overnight.

2.5.1.5 Washing
The water bath was heated to 55°C. All solutiomgfist-hybridisation steps were

made in non-sterile distilled water. Four glassugiits were filled with about 1
litre of 1x SSC (Sigma, UK) each and allowed totheab5°C in the water bath.
The coverslips were floated off, dipped into 1 xCSiinse solutions three times
and then stored in 1 x SSC prior to the first 5%/&h. The coverslips that were
used for radioactive sections were stored and dggdtopriately for radioactive
disposal. The slides were washed 4x 15minutesxiis$C at 55°C, followed by 2
x 30 minutes at room temperature. The sections wleea washed twice in
distilled water (to remove remaining salts), follavby washes in 70% and 95%
ethanol. The slides were then transferred to glattinds and allowed to air-dry

for 30 minutes.
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2.5.1.6 Visualisation procedures

2.5.1.6.1 Radioactive Autoradiography

After hybridisation, film autoradiographs were pmegd by exposing slides to
Hyperfilm (Amersham, UK) for 15-20 days. These weateveloped using

automated X-Ray film processing. Emulsion autorgdiphs were prepared by
dipping slides in K5 nuclear track emulsion (lIfdrdaging, UK) diluted 1:1.5 in

distilled water and exposing for 4-6 weeks. Emuligiipped slides were

developed in phenisol (1:4 in distilled water) 16 minutes at 20°C, washed in
stop bath (diluted 1:20 in distilled water) for inete and fixed in hypam (1:4 in
distilled water) 3.5 minutes. The phenisol, stothland hypam were all obtained
from Ilford Imaging, UK. Slides were subsequentigshed in distilled water (30
minutes), counterstained, dehydrated through grad#thnols, cleared and
mounted in DPX mountant (BDH, UK).

2.5.1.6.2 Digoxigenin
After the appropriate washings were done with 1>CS® order to remove any

non-specific hybridisation, the sections were pregafor a visualisation
procedure. The sections were first blocked in 108a-fat milk in phosphate
buffered saline (PBS) for 30 minutes, and thenisestwere incubated with a
primary anti-DIG antibody (Roche, UK) at a dilutiaf 1:250 at 4°C overnight.
The sections were then washed in 1 X PBS severastibefore a secondary
biotinylated anti-mouse antibody (Dako, UK) was edlét a dilution of 1:200 for
30 minutes at room temperature. The following stepse conducted at room
temperature. The sections were rinsed in 1X PBSaatwmbination of ABC stain
(Vector, UK) followed by biotinylated tyramide sigin amplification (TSA)
solution (Pierce Biotechnology, UK) was applied.eTABC and TSA were
applied to the sections for 30 minutes each arsl tep was performed twice.
This step increases the signal amplification and instrumental during
visualisation procedure for low copy-number mRNAster this incubation the
sections were then again rinsed with 1 X PBS andhbated in 0.1M PBS for 30

minutes.
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2.51.6.2.1  Glucose oxidase nickel DAB (G.O.D) method

The digoxigenin ISH sections were washed in 0.1N6P& 30 minutes, rinsed in
0.1M ammonium acetate buffer (pH 6.0) and incubatethe following reaction
solution: 0.1 M acetate buffer (pH 6.0), 0.05% dirambenzidine (DAB), 0.04%
ammonium chloride, 2.5% ammonium nickel sulphat25% - D- glucose and
0.001% glucose oxidase. The sections were incubatéie solution for around
15 minutes, and placed in 1X PBS to stop the reactf darker precipitation was

desired the sections were returned to the G.O.IDtiso for a longer period.

2.5.1.6.3 Histological counterstaining

To assist with microscopic examination, tissue ieast were counterstained.
Destaining of K5 silver emulsion for radioactivecsens was achieved by
immersion in 70% alcohol, for up to 20 minutes. Jdesections were then
counterstained using toulidine blue (BDH, UK), degi@g on the intensity of the
stain required. The sections for digoxigenin ISHrevedipped in Mayers
haemotoxylin (BDH, UK) for ~10 seconds and then legswith water to remove

any excess staining.

The sections were mounted by sequential dehydratiograded alcohols 70%,
80% and 95%, followed by xylene, a non-polar soilwbat is used in fixation of
animal tissues. The sections were mounted and ligedaunder a microscope to

observe cellular localisation of mMRNA signal.

2.5.2 Immunohistochemistry

2.5.2.1 Paraffin embedded tissue

Paraffin embedded tissue sections were cupat 8sing a Leica microtome and
placed onto 30% alcohol solution and floated oubamarm water. The sections
were then picked up on vectabond coated slidest@v,edK), and left to dry at
37°C for at least 48 hours. The sections were thembated at 60°C overnight,
prior to immunohistochemistry (IHC). A minimum of¢ sections were cut for
each sample, one for IHC and the other for a hamxgbh and eosin (H & E)
stain (BDH, UK).
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2.5.2.2 Tissue processing

Sections were de-paraffinised using three chandesylene for 10 minutes,
followed by rehydration using graded alcohols (10086% and 70%). Any
endogenous peroxidase activity was blocked usir8y60hydrogen peroxide
(H202) in methanol for 10 minutes followed by washing distilled water.
Depending on the antibody used, the sections wdieded to various treatments
for antigen retrieval. 10% non-fat milk in PBS wased to block any non-specific
protein binding for 30 minutes at room temperaté@mnary antibodies diluted in
1X PBS were then spread onto the section and atldeencubate for 1 hour at
room temperature. This was followed by three washeBBS and the relevant
secondary antibody was then applied onto the seclibe sections were washed
in PBS and incubated in avidin-biotin complex (ABQ)ector, UK) for 30

minutes at room temperature followed by washeB8.P

2.5.2.3 Visualisation procedures

The chromogen diaminobenzidine (DAB) (Sigma, UK)sweed to visualise the
antigen-antibody reaction. Sections were placed5@@.g/100mI PBS DAB
solution that was activated usingu®®f H,O, (30% solution, BDH, UK) for up to
4 minutes and the colour intensity checked. Theimex were replaced in the

DAB solution if darker colour intensity was require

2.5.2.4Histological counterstaining

Sections were counterstained with Mayer's haemaditoxgr 20-30 seconds and
washed in distilled water. Finally, the sectionsreveehydrated through 70%,
90% and absolute alcohol and then cleared in tlolenges of xylene and
permanently mounted with DPX (BDH, UK). Sectiongaaént to the ones that
had undergone tissue processing as described .2 2 Wwere stained for H & E,
allowing a morphological assessment of the anat@imegions being assessed.

2.5.2.5 Pretreatments used for paraffin embed tissue

Tissue fixation or processing can sometimes resulintigens being obscured
which can be retrieved by different treatments. therpurpose of antigen retrieval
in this study, various pre-treatments were usedth wie different antibodies as

appropriate and are described below:

(83]



Formic Acid- sections were placed in formic acid fen minutes, followed by

several washes in distilled water.

Pressure cooking- sections were placed in boiligte buffer (pH 6.0) for ten
minutes after the maximum pressure had reachddwiedl by several washes in

distilled water.

Formic Acid + Pressure cooking: sections were plaice formic acid for ten
minutes, followed by several washes in distillederaand then placed in boiling

citrate buffer (pH 6.0) for 10 minutes as describbdve.

2.6 Western blot and immunoabsorption assay

Post-mortem frozen tissue was homogenised in ie-t¥ Tris-buffered saline
(Sigma, UK) containing protease inhibitor cocktéRoche, UK) and spun at
12,000X g for 10 minutes to remove cellular debPiotein was measured by the
bicinchoninic acid (BCA) method (Biorad, UK). Retad) protein was solubilised
in Laemmli buffer (4% SDS, 20% glycerol, 10% 2-nmagrtoethanol, 0.004%
bromophenol blue and 0.125 M Tris HCL, overall pi8)pand loaded onto 12%
Tris-glycine gels (Biorad, UK). The gel was run Tmis-glycine-SDS running
buffer for 3 hours at 125V. The proteins were tfared to hybond-P nylon
membranes (GE Healthcare, UK) by electroblottingplizate membranes were
blocked with 5% marvel in 1X PBS-Tween 20 (0.1%)v/v

For antibody pre-absorption, the primary antibodgswincubated with the
corresponding peptide used to raise the antibodg atolar ratio of 1: 200
sequentially at 37°C for 1 hour and then overnggtd°C. The solution was spun
at 10,000 X g and the supernatant was used to phebe@uplicate blot. Both blots
were incubated overnight at 4°C followed by washink 5min washes in 1 X
PBS. The blots were then probed with horseradisbxmase (HRP)-conjugated
anti-rabbit secondary antibody (Dako, UK) at 1:1QGfllution. The blots were
visualised using enhanced chemiluminesence (PiBrogechnology, UK) and

captured onto Biomax autoradiography film (Kodak)U
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2.7 Procedures testing transcriptional regulation

Eukaryotic transcriptional regulation is a highlpntplex procedure where a
multitude of different mechanisms occur simultaredpu Functional
transcriptional assays under the influence of &re$e reporter genes are a good
way of determining the transcriptional activity thle gene. Assays that identify
accurate DNA:protein interactions are also an irtgodrstep towards determining

the role of genetic variation on the transcriptidmehaviour of the gene.

2.7.1 SH-SY5Y cells and nuclear lysates

The SH-SY5Y human neuroblastoma cell line was aethifrom the European
collection of cell cultures (ECACC), and seededhrfra split sub-confluent culture
at 1x1,000-1x10,000 cells/cm? as recommended by &CAThe culture medium
used for plating and incubating cells was DMEM Hglucose with L-glutamine
(Sigma, UK containing FBS (Gold Heat inactivated Epproved, PAA

Laboratories) and penicillin/streptomycin antibestiSigma, UK). The cells were
incubated at 37°C in 100% relative humidity and &afbon dioxide (Cg. The

culture medium was changed approximately everydas.

Cells were propagated and allowed to reach a cemély of 70-80%, prior to
being sub-cultured at a ratio of 1:5, using thdofeing protocol. The process
involved aspirating existing culture medium frone ttells and addition of 10ml
of warm HBSS (without G4 and Md*, PAA laboratories) to each plate which
was then aspirated after the cells had been rindesl cells were dislodged using
2ml of 0.25% Trypsin EDTA solution (Sigma, UK) amttubated in 5% C@at
37°C for 5 minutes. The plate was then tapped s$todge the cells, and 5ml of
culture medium was then added to the plate. Theianeds then triturated to
break up the cell clumps and transferred to a 1fafobn. The plate was then
rinsed with further 5ml of culture medium which wiagn transferred to the 15ml
falcon already containing the cells. The cells wiaen centrifuged at 1,200 rpm
for 5 minutes and the supernatant was removed acdrded. The cells were then
resuspended in 5ml of culture medium, diluted adiogly for seeding and
growth in subsequent culture flask. Alternativelye cells were resuspended in
lysis buffer to extract nuclear lysates. Proteasébitors (Roche, UK) were added

from a concentrated stock to the lysis buffer asomemended by the
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manufacturers. It should be noted that this proeedifor growing cells in a 10
cm plate or a T75 flask. Therefore, for preparanbmuclear lysates, cells were

propagated in 3 X T175 flasks, with appropriatdescg of reagent volumes.

A packed cell volume of up to 50ul (100mg) was mektb extract nuclear lysates
using the NE-PER nuclear and cytoplasmic extractieggents from Pierce
Biotechnology (UK). Please see the manufactur@ssruictions for using the Kkit.
The lysate concentration was measured using the BGgay kit (Pierce
Biotechnology, UK), against a standard curve gdedrdy serial dilutions of
10mg/ml bovine serum albumin (BSA). The nucleaiatgs were aliquoted and

stored at -80°C until further use.

2.7.2 Electrophoretic mobility shift assay (EMSA)

Electrophoretic mobility shift assays (EMSAS) cataimine the binding between
DNA and proteins within regulatory regions. Theagss based on the premise
that compared to unbound DNA, complexes of DNA pratein migrate through
a gel much slowly. The migration rate of the bolMA further slows down if an

additional protein binds to the multi-protein coespl

2.7.2.1 Probe annealing

In order to investigate DNA:protein interactionsuclear proteins (e.g.
transcription factors) need to bind to double steh DNA. For this purpose,
complementary nucleic acids (oligonucleotide prypbesed to be annealed
together. Stocks of oligonucleotide probes wergared at a concentration of 1-
100 pmol/ul in a Tris buffer containing salt (10mMis, 1ImM EDTA, 50mM
NaCl) at pH 8.0. The oligonucleotide probes (ladxlvith biotin) were mixed
and annealed in 1:1 ratio at a concentration ofdfhat 95°C for 5 minutes. A
thermocycler was used for this procedure, and wagrammed so as to gradually
reduce the heat (-1°C/cycle), until the annealed@s reached room temperature.
This minimises the formation of secondary struguféhe annealed probes were

aliquoted and stored at -20°C until further use.
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2.7.2.2 EMSA procedure

The LightShift Chemiluminescent EMSA Kit (PierceoBichnology, UK) was
used to detect DNA:protein interactions. The argw@robes with binding site of
interest labelled with biotin were incubated wiltle tSH-SY5Y nuclear extract as
per the manufacturer’'s instructions. The reactioas when subjected to gel
electrophoresis on a 6% TBE gel (Invitrogen, UK)Qrb % TBE buffer and
transferred onto a nylon membrane (BioBond plusmyhembrane, Sigma, UK)
at 60 V over 1-2 hours, or as instructed by the uferturer. The membrane was
cross-linked for 10-15 minutes (face down) on adituminator at 6 J/cfn The
biotin end-labelled DNA was detected using the pg&reidin-horseradish
peroxidase conjugate and the chemiluminescent rsibsT his was exposed onto

an X-ray film for 2-5 minutes depending on the signtensity required.

2.8 Bioinformatics and other web based resources

2.8.1 Ensembl, NCBI and UCSC

The Ensembl genome browseitp://www.ensembl.ord/and the National Centre

for Biotechnology information (NCBI) http://www.ncbi.nlm.nih.goy are

publicly available resources for genetics and mdbac biology. Nucleotide
sequences, population frequencies, and also tiphseqguences are some of the
many invaluable data that can be retrieved fromdhesources. They also contain
web based bioinformatics programs such as basal lallgnment search tool
(BLAST), that are essential in searching and reinig homologous sequences to

the gene of interest.

The University of California Santa Cruz genome lsen(UCSC)

(http://www.genome,ucsc.ejlis also a publicly available web resource that

provides the reference sequence and working dredemablies for a large
collection of genomes. It is especially useful &mnotating information such as
the locus position, genetic variation, polymorphrepeats, cross-species

conservation and structural variation.
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2.8.2 HapMap
High-density SNP genotype data in a total of 2&fMiduals from four different

populations was used to create the InternationplMég project (HapMap). The
populations include 30 CEPH (Centre Humain d'EtddePolymorphisme) trios
(families from Utah, US of Western European origidp unrelated Chinese
individuals, 30 trios from the Yoruba people of Blim@ and 45 unrelated

individuals from Japan. This is a web based reso(rttp://www.hapmap.org/

that allows the population genotype data to beyaedl for haplotypic diversity of
the population of interest. This resource was ralyi used to identify tag SNPs

for candidate gene association studies

2.8.3 Transcription factor binding site (TFBS) prediction

TRANSFAC is a repository that contains data on dcaiption factors, their
experimentally-proven binding sites, and regulagehes. The online tool
PROMO predicts DNA:protein interaction using the BE- predicted in
TRANSFAC database to construct specific binding gieight matrices for TFBS
prediction (Messeguer et al. 2002). The PROMO d#lgorcan be accessed at:

http://alggen.lsi.upc.es/cgi-bin/promo_v3/promofpmcgi?dirDB=TF 8.3&calledBy=alggen

2.8.4 Image processing

Image J is a free web-based image processing pnodeveloped by National
Institute of Health (NIH). This program was routynesed to mark the total area
of section in order to convert the image pixels iatea per mfn

2.9 Statistical analysis in population genetics studies

29.1 Hardy-Weinberg Equilibrium

Hardy-Weinberg equilibrium (HWE) is the stable fuegcy distribution of
genotypes in a population if mating is assumedgadndom. In the absence of
mutation, migration, natural selection or randorift,dthe allelic frequencies for a
bi-allelic polymorphism with alleles A and a, wide p and g, which equal to 1.
The stable frequency of genotypes will be Bpg and § In a case-control
association study, the expected numbers for HWEbearalculated and compared

to observed genotypes of the population. Deviatiom® HWE can be identified
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through a chi-squared test. Determination of HWHEatens in case and control
populations was routinely made using an online {6®NETTI) offered by the
Institute of Human Genetics, Technical Universityuith, Germany. The

statistical significance was setRik 0.05 for significant deviations. The statistical
tests Pearson chi-squar)@z)( goodness -of —fit, Log likelihood ratio chi-sqaar

(LIr) and an Exact test are used to test deviatioom expectations (HWE) in
FINETTI, and these tests for association are adaftem a previous study
(Sasieni 1997). The online program is available hdip://ihg2.helmholtz-

muenchen.de/cqgi-bin/hw/hwal.pl

2.9.2 Linkage disequilibrium analysis and tagging SNPs

Linkage disequilibrium (LD) is a non random asstioiaof two or more loci in a
haplotype block, where they segregate more frequ#ran would be expected by
chance alone. Two measures have been proposealt@am/the marker pairwise
LD value: D’ and f. An association probability of D’ value 0.0 betwewvo
markers shows independent allele assortment wheaeasalue of 1.0 shows
complete linkage between the two. Therefore, gguotyone would accurately
predict the allelic state of the other. Howevee, tither pairwise LD measure 6f r
takes the allele frequency of each locus into aetand to obtain a LD value of
1.0 using 7, the allele frequency of the two locus’ shouldoalte the same. For
the purpose of creating LD maps in this study, there stringent pairwise
measure ofrwas used. The LD plots were routinely obtainednfra Caucasian
data dump available through the InternatiotddpMap Project web page

(www.hapmap.ory and Ensembl vww.ensembl.ory The bioinformatics

software Haploview functions as a SNP haplotypdyaisasuite that can analyze
LD patterns in genetic data and estimate haplotygzpiencies. This software was
used to select the SNPs that could ‘capture’ up5% of the common genetic
variation acrosshe region #= 0.80), termed tag SNPs (tSNPs), and is available

at: http://www.broadinstitute.org/haploview/haploview
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2.9.3 Odds ratio

The odds ratio (OR) is a way of comparing whetlner probability of a certain
event is the same for two groups. In terms of casdrol association studies, this
is interpreted as the ratio of odds of having dipaar allele (or genotype) in the
case group divided by the odds of having the allefegenotype) in the control
group. The 95% confidence interval (Cl) for the ®Rte always estimated as the
OR calculation is based purely on a sample of tyaufation. For interpretation,
an OR of 1 implies that the allele (or genotypegdsial in both groups; an OR > 1
(and lower bound of CI no less than 1) implies gigant risk in the case group;
whereas an OR < 1 (and upper bound of CI less Ihamplies protection of the
allele (or genotype) towards the case group. The & 95% ClI's were
calculated using the same online tool (FINETTI) was used for HWE

http://ihg2.helmholtz-muenchen.de/cgi-bin/hw/hwal.p

2.9.4 Statistical packages used

2.9.4.1 Data analysis

SPSS (version 14) and STATR, (StataCorp, USA) software were routinely
used to perform parametric, non-parametric analgses frequency probability

tests. Specific tests are described in the indalidihapters. GraphPad PRISM

software (USA) was also occasionally used for tteelpction of graphs.

2.9.4.2 Corrections for multiple comparison of tests

During hypothesis testing, the null hypothesig)(ldssumes that there is no
difference between the factors. Any difference leetwthe factors is attributable
to chance, and a significance test will indicate‘statistically significant’
association between the factors with a probabdfty, which is the cut off value
for significance and usually placed at 0.05. Thanef if n is the independent
associations (or number of comparisons) that aramexed for statistical
significance, then the probability that at leaste oof them will be found
statistically significant is 1 — (1 «)", if all n of the null hypothesis are true
(Rothman 1990). For example, if n is 20 ands 0.05, then the probability of

finding at least one statistically significant ccemigon is 0.64.
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Increasing the number of comparisons also increilsesumber of potentially

‘significant’ results that negate an otherwise eotrnull hypothesis. Therefore,
correcting for multiple comparisons is essentiahtoid false-positives or type |

errors. Traditionally, the Bonferroni procedure l@en used to correct for false-
positives in multiple comparisons. However, thisgadure is considered to be
ultra-conservative on true statistical significantherefore, improved procedures
based on Bonferroni have now been introduced, acldde methods such as the

step-up Simes’ threshold (Simes 1986).

The step- up Simes’ algorithm examines Bigalues in order, from largest to
smallest, and sets a threshold cut off. OncB-wlue is found that is small
according to the criterion based @r{0.05) and thé>-value’s position in the list,
then thatP -value and all smalleP-values are rejected. The step- up Simes’
algorithm was used to correct for multiple compams in this thesis where

statistical significance was observed.
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Chapter 3




3 Screening of G2019S mutation in sub-Saharan African,

Middle- Eastern and Eastern European populations

3.1 Introduction

The LRRK2 G2019S mutation has a population specific frequeaad the highest
carrier rates for the mutation have been reporedNbrth African Berber subjects at
a frequency of 34% (95% CI 25.8-42.5) for idiopatRD (IPD) and 41% (95% CI
21.5-64.3%) for familial PD (FPD) subjects (Lesa&g@l. 2005a; Lesage et al. 2006).
This is followed by Ashkenazi Jews who report a@frency of 18.3% (95% CI 11.9 —
26.4%) in IPD and as high as ~30% in FPD subj€areljus et al. 2006). As detailed
in Table 1.2 of chapter 1, a high frequency of @2019S mutation is also found
amongst populations from the Iberian Peninsula.

The worldwide incidence rate of PD has been sugdeti vary by ethnicity, and
differences in the frequency of PD-related mutatiamr other common genetic
variation has been suggested to play a role in (Wi Den Eeden et al. 2003;
Djarmati et al. 2004; Tan et al. 2004; Li et al.080 For example, the G2019S
mutation has been found to be most common in Naitica where a crude incidence
rate of PD at 4.5 per 100,000 (Libya) is much lowercomparison to the crude
incidence rate in Europeans which can vary fron2@@er 100,000 (Twelves et al.
2003) (see Table 1.2 for worldwide frequencies)sHas led to the suggestions that
“The identification of populations with low and higtutation prevalence may allow
future clinical trials to focus on neuroprotectiar possibly disease prevention in
LRRK2 carriers” (Papapetropoulos et al. 200#s such, estimating the precise
frequency of G2019S mutation in unaffected subjécis populations at risk would
permit for a genetic test better suited to the seefla particular ethnicity, and

therefore, allow for a better disease management.

A worldwide G2019S carrier rate frequency in unetiéel subjects has been estimated
at <1% (N= 14, 886) (Healy et al. 2008) (see Tdbiin chapter 1), but a higher

proportion of unaffected carriers have been repomeNorth African Berbers and
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Ashkenazi Jews. Amongst the North African populaioa frequency of 1-2% has
been reported in control subjects from Algeria @ges et al. 2006; Hulihan et al.
2008). A more comprehensive screening of G2019Satimomt in various North
African populations identified an overall carriaate of 2.18% (95% CI 0 - 3.35)
amongst healthy North African Arab subjects (N=)59@ comparison to European
populations (1 in 1550) (N= 3100) (Change et aD80(see Table 3.1). The study
also reported an elevated proportion of 3.31% (#6h (95% CI 0.46- 6.17%) in
unaffected subjects of Moroccan Berber origin wasneon- Berber Moroccans were
identified as having a slightly lower proportion 81996% (95% CI- 0- 4.65%).
Amongst the other North African populations, thpared proportions were 2.13%
(95% CI 0-4.51%) in Algerians, 1.57% (95% CI 0 #436) in Tunisians, and 1.32%
(95% CI 0-3.88%) in Libyans (Change et al. 200&e Fable 3.1 for a summary of
these G2019S mutation frequency in North Africapipations.

Another population that has a high frequency of @#919S mutation is the Jewish
population, specifically the Ashkenazim among th@wuelieus et al. (2006) reported
a frequency of 1.3% (95% CI 0.34- 3.2%) in theirhRenazi Jewish control
population. Subsequent studies have demonstra@2049S mutation frequency of

1.4- 2.4% amongst the unaffected Ashkenazim (see

Table3.2), (Ozelius et al. 2006; Clark et al. 2006; Eblamle 2006; Orr-Urtreger et
al. 2007; Healy et al. 2008). Amongst the non- Astdei Jewish population, a lower
carrier rate of 0.4%-1.4% has been suggested, motfG2019S mutation carriers
being reported for Yemenite and Iragi Jews (Ormrédyer et al. 2007; Change et al.
2008). However, a relatively high frequency of 253% (Cl 0.34 - 4.76% CI) in
Sephardi Jews originating from Morocco and Djerbai$ia has been identified,
which is comparable to the carrier rates of Ashkedaws (2.2%) and even non-
Jewish subjects of Moroccan (not Berber) and Tanisirigins (1.96% and 1.57%,
respectively) (Eblan et al. 2006; Orr-Urtregerle807; Change et al. 2008). See

Table 3.2 for a summary of the G2019S mutation frequencydifferent Jewish
ethnicities.
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Population IPD (N) FPD (N) Controls

(Lesage et al. 2005¢ North Africa 41% (49) 37% (27) 1% (151)
Lesage et al. 2006)
(Ishihara et al. 2007) Tunisia N/A 42% (91) N/A
(Lesage et al. 2007) Algeria N/A 14% (6) N/A
(Warren et al. 2008) Tunisia N/A 42% (91) N/A
(Lesage et al. 2008) North Africa 34% (119) 41% (17) 1.5%
(66, Algerians)

(Hulihan et al. 2008) Tunisia 30% (238) N/A 2% (371)
(Change et al. 2008) Total North Africa N/A N/A 2.18% (597)

(Moroccan Berbers
Morocco
Algeria
Tunisia
Libya)

3.31% (151)
1.96% (102)
2.13% (141)
1.57% (127)
1.32% (76)

Table 3.1: Summary of G2019S carrier rates in popualtions from North Africa. IPD:

idiopathic PD; FPD: familial PD; (N): the total niwer of samples genotyped for the G2019S
mutation in the study; N/A= not available. Unleshaswise stated all the samples used for
the G2019S mutation frequency for controls werdfanted subjects.
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Population IPD (N) FPD (N) Controls

or non-PD patients

(Ozelius et al. Ashkenazi Jews 13.3% (83) 29.7% (37) 1.3% (317)
2006)
(Saunders-Pullman  Ashkenazi Jews N/A N/A 1.4% (143)
et al. 2006) Dementia patients
(Clark et al. 2006) Ashkenazi Jews 7.7% (155) 26.1% (23) 2% (98)
(Eblan et al. 2006) Ashkenazi Jews N/A N/A 2.2% (45)

Gaucher disease patients

(Deng et al. 2006) Ashkenazi Jews 10.7% (28) N/A N/A
(Pchelina et al. Ashkenazi Jews 0.6% 3.9% 0%
2006)
(Orr-Urtreger et al. Ashkenazi Jews  14.8% (344) N/A 2.2% (500)
2007) Total non-Ashkenazi 2.7% (112) 0.4% (957)
Jews: (Bulgaria, (1.6% (125 Bulgarian)
Syria, Morocco & 0.25% (400 Morocco)
Iraq) 0% (300 Iraq))
(Djaldetti et al. Ashkenazi Jews 12.7% (96) N/A N/A
2008) Yemenite Jews 0% (63)
(Change et al. Sephardi Jews N/A N/A 1.4% (361)
2008) (Morocco & Djerba- 2.55% (196)
Tunisia)

Table 3.2: Summary of G2019S carrier rates in Jewispopulations. IPD: idiopathic PD;
FPD ; familial PD; (N) :the total number of samptgnotyped in the study; N/A= not
available. Unless otherwise stated all the sampdesd for the G2019S mutation frequency

for controls were unaffected subjects.
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3.1.1 Haplotypic studies and origins of G2019S mutation

The presence of G2019S mutation in various popratover the world has resulted
in many studies attempting to describe its origim®ugh haplotypic analysis. A
common ancestral haplotype known as the Europeatd|& Eastern North African
(MENA) has been identified in North African, Jewiahd European populations, and
has been shown to contain the G2019S mutation geestial. 2005b; Kachergus et
al. 2005; Goldwurm et al. 2005; Warren et al. 20B&;-Shira et al. 2009).

The high frequency of G2019S mutation in Ashkerd&zvs (13.3% IPD and 29.7%
FPD), and North African Arabs (40.8% IPD and 37%®FRas led to the hypothesis
that the common founder originated in the MiddlstHaesage et al. 2006; Ozelius et
al. 2006). A likelihood- based haplotype approackhie study of 6 families of North
African and European origins identified a minimaplotype of 60 kb, and estimated
that the families shared a common ancestor badkenld' century (Lesage et al.
2005a). However, due to a high carrier rate of @& nutation in Ashkenazi Jews,
this timeframe seemed unlikely as the historicagration patterns suggest that the
Ashkenazim and Arab populations had already segdrationg time ago (Colombo
2000b; Niell et al. 2003; Zabetian et al. 2006aherefore, in order for these
populations to share a common ancestor for G2019@&tin, the event must have

taken place long before the estimatelf ¢&ntury.

Zabetian and colleagues (2006) were able to replitae findings that G2019S
mutation originated in a common founder of Europ®H#ENA populations, by typing
22 families of European and Ashkenazi Jewish ancégabetian et al. 2006a)hey
also showed that the initial estimate of 60 kbelicted by Lesage and colleagues,
2005b) for the ancestral haplotype was too shortl eeasoned that the use of
unstable marker(s) contributed to this. These stbjevere tested for 25 markers
spanning 9 Mb across the LRRK2 region, and two stnae haplotypes were
identified. Haplotype 1 (European-MENA haplotypejssshown spanning 243 kb,
and a distinct haplotype 2 spanned 6Mb. Haplotypewd be differentiated from the
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minimal core region of the haplotype 1 (EuropeanNV& by using five intragenic
and one extragenic marker. The European-MENA hgpéotl was predominant in
the Ashkenazi Jewish and European families (tofall® families), whereas the
geographic origin of haploytpe 2 was suggested dofrbom Western Europe (3
families). Using the likelihood method, Zabetiard aolleagues were able to estimate
that families with the common European-MENA hapbstyshared a common
ancestor ~2,250 (95% CI 1,375-2,600) years agonwk®ish and Arab populations

lived in close proximity.

This estimated timeframe also coincides with theisle exile from the Middle East
in 586 BCE to 70 CE. Warrest al, also identified a haplotype in 38 Tunisian and 2
North American families with the G2019S mutatiomdaconfirmed it as being
consistent with European-MENA haplotype (Warreraet2008). Using a 25 year
intergenerational interval, they estimated thatfemailies shared a common founder
2,600 years ago (95% CI- 1950- 3850). These timedsa have resulted in the
speculationthat G2019S might be of Phoenician origin, ratheart Arabic, dating
from the founding of ancient Carthage in 814 Biearrer et al. 2008). A recent study
estimated that Ashkenazi Jewish carriers of Eunopd@BNA haplotype share a
common ancestor who lived 61 generations ago (95%2C 72), and at a 25 year
intergenerational interval this would approximabelt525 years (95% CI- 1,300 -
1,800 years) ago (Bar-Shira et al. 2009). Amongstish peoples, the G2019S
mutation has been identified in Ashkenazim and 8epim, but so far has not been
reported in Yemenite or Iragi Jews. Yemenite Jemrsnfa distinct ethnic Jewish
group, and Iragi Jews are descendents of the afigdabylonian Jews (586 BCE)
(Motulsky 1995). This suggests that the mutatiors waquired by Sephardim and
what were to become Ashkenazim after the initialedience of Jewish groups.
However, the G2019S European-MENA founder haplotype also been shown in

non-G2019S mutation carriers of Han Chinese oriflias et al. 2007c¢).

Another haplotype has been reported in a subs&26fL9S positive PD patients in
Russia, suggesting that th&kRK2 G2019S mutation in the Russian subjects had

arisen independently on different chromosomesridiékin et al. 2007). However,
(98]



this haplotype differed from the European-MENA fdenhaplotype at one SNP only
which is indicative of a mutational event. A distifounding haplotype associated
with the G2019S mutation has also been reportea Japanese family that fails to
share alleles with the European-MENA haplotype,gesting separate founding
effects for this mutation in the Japanese (Zabedtaal. 2006b). Interestingly, a recent
study reported a G2019S affected PD patient fromk@yw carrying the haplotype
identified in the Japanese (Pirkevi et al. 2009akifig into account the long
migrations of the Turkic people into and possibdydnd Central Asia, led the others
to suggest common ancestry for the Japanese-Thdgtotype. However, only a
single PD Turkish patient was identified with thegppdnese haplotype, and a larger
and genetically heterogenous Turkish PD cohort Eeded before strong
recommendations of common ancestry for the Japahaséc haplotype can be
made.

3.1.2 Populations chosen for this study and the rationale behind it

The presence of G2019S mutation with such varyireguencies in different
geographical locations would suggest that the sprdathis mutation is strongly
associated with human migration patterns (Tomiyaehaal. 2006). Despite rare
instances ofle novooccurrence of the mutation and haplotypes assutiaith it, the

current literature supports a Middle-Eastern, araterspecifically a North African
Berber origin for the. RRK2G2019S mutation.

North African Berbers belong to the coastal Med#eean regions of the African
continent, and modern populations of Mediterranedgins are the remnants of
genetic and cultural impact of contact amongsteddiiit civilisations over centuries
(e.g. Phoenicians, Carthaginians, Greeks, Romadsnaore recently the Arabs)

(Bosch et al. 2000; Bosch et al. 2001; Zalloua le2@08). Genetic relationships
between populations from Africa and the Arabic sobtinent would be informative

of population movements and its impact on the Mgthhean demography. For this

purpose, the chapter reports an investigation sote-Saharan African, Arabian and
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Eastern Mediterranean populations that might hawributed to the genetic makeup
of the G2019S founding populations.

3.1.2.1 Sub-Saharan Africa

Chaabani and Cox reported that the Berbers ar@en&ti North Africa and that
Berber ancestors could have presented a geograpl@nd genetic intermediate
population between European and sub-Saharan padpukit (Chadbani & Cox
1988). A south to north migration from sub-Sahdrdo Northwest Africa, and from
North Africa into the Iberian Peninsula would haesulted in a substantial gene flow
between the populations (Flores et al. 2000; Estebal. 2004). This would explain
the relatively high frequency of G2019S mutatiorthie Iberian Peninsula compared
to other European regions. The frequency of G20h8g&tion has been explored in
healthy subjects of North African Berbers, Mediémean and many European origins
but has not been thoroughly investigated in the-Salbaran populations, although
small numbers of PD samples (N= 57) and controfs %) from Nigeria have been
screened foLRRK2 mutations (Lesage et al. 2005a; Okubadejo etG082). The
prevalence of PD in sub-Saharan Africa (Nigeriaped 100,000; Ethiopia 7 per
100,000) is much lower than in Arabs (27-43 per,@00), and is also in contrast to
the prevalence rates reported in North Africa (Ndfast Libya 31.4 per 100,000)
(Ashok et al. 1986; Osuntokun et al. 1987; al Raehl. 1993; Twelves et al. 2003;
Okubadejo et al. 2006Y¥he prevalence rates of PD in African Americans baen
reported as being similar to the Caucasian pomumatCopiah County, Mississipi),
but almost fivefold higher than in Nigerians aftetfjustment for age (Schoenberg et
al. 1988; Okubadejo 2008b). However, a meta-amalydi PD prevalence in
populations of African ancestry identified a lovpeevalence in Africans and African
Americans compared to Caucasians, but concludedatditional work was needed
before making any speculations on ethnic differencePD (Mclnerney-Leo et al.
2004) Since age still remains the biggest risk factor#D, the low crude prevalence
of PD in Western and Eastern African countries dobk attributed to a life
expectancy of less than 57 years of age (Okubaetepd. 2006). G2019S positive
carriers are reportedly rare in Asia, but the idieation of the common European-
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MENA haplotype amongst Han-Chinese population, satggthat the haplotype itself
is much older than the G2019S mutation (Tan e2@D7c).Estimating the G2019S
mutation frequency in sub-Saharan African populetievould add to the genetic data
associated with the Berber origins of this mutatiddditionally a high carrier rate of
mutation in African populations would also be iratige of the mutation being more

ancient than the current prediction of ~2,250 yégr&abetian and colleagues

3.1.2.2 Middle Eastern/Semitic populations

Middle-East is a vast region that includes the Aaalsub-continent as well as the
Arab countries of North Africa. Arabian sub-contim@n the other hand, refers to the
Arabian Peninsula as well as the regions of Eashediterranean Basin/Asian

Minor. Therefore, the populations mentioned in gestion will be described as such.

3.1.2.2.1 Arabian Peninsula

Berbers are considered to be the original inhatstari North Africa, and have
historically come into contact with various otheonumunities as a result of
population expansion, invasions and trade navigatitnvasions from the Arabian
Peninsula which started in"7century CE, eventually led to the consolidation of
Islamic rules, religion, language and culture inffNoAfrica around the I century
(Esteban et al. 2004). The large geographical arégabic countries stretches over
two continents, and ethnic groups such as Berb€usgds and selected African
communities form part of the Arabic society (estiathat 315 million) (Benamer et
al. 2008). Despite the term “Arab-Berber” used lniSians/North African Berbers
to define their ethno-cultural identity, Berberg éinought to have retained their own
languages and culture and tend to practice endogBeryamer 2008). Therefore, it
would be imprudent to assume that the Arabs andbeBerin North Africa are a
genetically homogenous population. The majorityG&019S mutation data relating
to Arabic populations have been limited to the ABdybers of the North African
coast, and these frequencies cannot account fastanvajority of Arabic people that
might not share an immediate genetic identity wité BerbersTherefore, a precise
estimate of the G2019S mutation frequency in pdpmria from the Arabian
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Peninsula is important for two reasons. Firstly,wibuld allow the design of
appropriatepre-symptomatic genetic testing in Arab populatioviich has a PD
prevalence rate of 27-43 per 100,000 (Benamer.&0&18). Secondly, the possible
contribution of Arabs to the origins of G2019S ntigta in the Berber genetic pool, if

any at all could be addressed.

3.1.2.2.2 Eastern Mediterranean Basin/ Asia Minor

Regions in Eastern Mediterranean Basin, such as,Sjerdan, and Israel/Palestine
are also included in the Arabian sub-continent, amadious civilisations have
contributed to the complex genetic makeup of thénieities around the
Mediterranean Basin (Zalloua et al. 2008). As nwred previously, the G2019S
mutation has a high carrier rate amongst Ashkelazs and North African Berbers,
with isolated cases identified amongst SephardisJelong the Mediterranean
(Morocco, Syria, Bulgaria and Turkey) (Orr-Urtreget al. 2007). Similarly,
mutations in the MEFV gene that cause Familial Medanean Fever (FMF) also
show a non-uniform distribution around the Med#eean Sea. This disease is
prevalent amongst ethnically diverse populationsviediterranean origins, but the
highest incidence is reported in non-Ashkenazi J&wsenians, Arabs (not from the
Peninsula) and Turks (Touitou 2001; Yilmaz et @02, Papadopoulos et al. 2008).
Incomplete penetrance of MEFV mutations has beggesied as a possible cause
for a milder phenotype observed in other populaifsrom the Mediterranean basin,
such as Syrians, Ashkenazi, Iragi and Iranian Jgesshoni-Baruch et al. 2001;
Mattit et al. 2006; Papadopoulos et al. 2008). Theation V726A shows a high
prevalence in Ashkenazi (7.4%), Iraqgi Jews (12.8%) Arabs (7.3%) but is absent
in Moroccan Jews, and the mutation M694V is absenfshkenazi Jews but is
present in the other ethnicities (Moroccan Jewd%].Iragi Jews 2.9% and Arab
0.6%) (Gershoni-Baruch et al. 2001). Both theseatiwts, like the G2019S mutation
in LRRK2 are associated with specific haplotypes in popariat that have been
separated for many centuries (Aksentijevich etl8P9). The Jewish diaspora, the
dispersal of Armenian nation, the Byzantine Empifgab conquests, and the

Ottoman dominance have been suggested to havenhaapact (unclarified as yet)
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on the historical background of MEFV (Papadopoudtsal. 2008). Taking into
account the geographical distribution of the G20M®@8ation, it is feasible that it

follows a pattern similar to the MEFV mutations.

Farrer and colleagues (2008), recently hypothesibadl the high frequency of
G2019S mutation in populations of Mediterranearithge is due to a Phoenician
origin of the mutation (Farrer et al. 2008). Pho&ms or Canaanites were ancient
coastal dwelling people, and like the Hebrews (tkeras of Jewish population) and
Arabs are considered to be of ancient Semitic roldie Phoenician civilisation was
centred in the ancient Canaan, with its heartldodgathe coastal regions of Lebanon
and Syria, and also comprising Israeli/Palestin@ntories. Phoenicians had a sea-
faring and trading culture, and being the domirss@ power established many cities
in the Mediterranean Basin (Farrer et al. 2008).e@mple Carthage was an ancient
city established by Phoenicians in Tunisia, and X988 mutation is observed at a
high frequency in Tunisians. Therefore, asses$irg32019S mutation carrier rate in
other populations with Phoenician heritage would tthe current hypothesis of the
mutation being Phoenician. For this purpose, pdma from the Eastern
Mediterranean/Asia Minor that historically lived @lose proximity, and were ethno-
culturally similar to the predicted founding popidas were also included in this

study.

3.1.2.3 Jewish diaspora: Middle-East and Eastern Europe

Jewish people have their origins in the Middle East the extensive geographical
movement (and instances of extreme genetic isolptssociated with the Jewish
diasporas have resulted in different Jewish comtiasni According to Risch and

colleagues, three founder events in the Jewishlptpn history have contributed to

different Jewish ethnicities, and if a generatiendefined as 25 years then the
ancestral Jewish population of middle-east was dedn>100 generations ago; the
second founder effect resulted in Jewish populatioh Central Europe ~ >50

generations ago, and the third founder effect ~@2egations ago gave rise to the
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eastern European Jewish community, commonly temmsdtie Ashkenazim (Risch et
al. 2003).

The Jewish diaspora which refers to the settlingaafttered colonies of Jews outside
the areas of Jerusalem and vicinity, began"icéntury BCE (563 BCE) whereupon
the Jews of the ancient Kingdom of Judah were @éxibeBabylon (modern day Iraq
and Iran). The descendents of these Babylonian dedsther surrounding regions
came to be known as the Oriental Jews (Motulskyp199pon conquest of Jerusalem
in 301 BCE, Jews moved towards Egypt, and by 63 B@kish communities had
also settled in the present day areas of SyrigkepiiGreece, Italy and North Africa.
The destruction of the second temple in ~70 CE rexalsthat the Jewish diaspora
continued, and the Bar Kokhba revolt in 135 CE tedh significant destruction of
Jewish communities in Egypt and North Africa, résiglin Jews moving up north to
southern Europe, and settling primarily in Spaihe3e Jews of Spain who came to
be known as Sephardi Jews, were later exiled frgrairSin 1492, when many
resettled along the North African coast, and idyJt&gypt, Palestine and Syria
(Motulsky 1995; Colombo 2000a). Although it is reb¢ar when Jews first arrived in
Europe, there are records of Jews in France anch&@sr dating from thecentury
CE, and it is only from 10 century CE that the group destined to become
Ashkenazim moved from Southern Europe into RhirglgFrance/Germany)
(Motulsky 1995). These Central European Jewish stoce of the Ashkenazi
community faced increasing persecution in Westath@entral Europe, and began to
flee to Eastern Europe in the™entury. By the 1Bcentury, most Eastern European
Jews were exiled to particular districts which beeaknown as the ‘Pale of
settlement’ and included much of the present déyuania, Belarus, Ukraine, Poland

and parts of Western Russia.

Currently, 80% of the world Jewry is of Ashkenaesdent, and this community also
reports the highest frequency of G2019S mutatioarayst Jewish groups (Motulsky
1995; Ozelius et al. 2006). Few studies have inyasd the G2019S mutation
frequency in Oriental Jews, and so far no carrerge been reported amongst this

specific Jewish ethnicity (Orr-Urtreger et al. 20@jaldetti et al. 2008). Isolated
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non-Ashkenazi Jewish cases have been identifiddarocco, Bulgaria, Turkey and
Syria (Orr-Urtreger et al. 2007). This observatiaiong with the high levels in
Northern African Berbers has led to the suggestitihiad G2019S mutation was
acquired by the Jewish community after the splinfrthe Babylonian Jews. In
comparison to Ashkenazi Jews (18-30%) fewer G20m@&tion carriers amongst
Sephardi Jews (2.7%) have been reported, despta tmaving lived in a closer
proximity to the North African Berbers for a longeeriod of time, than the

Ashkenazi ancestors.

The high prevalence of G2019S mutation and shasgdotypic region in North

African Berbers and Ashkenazi Jews, indicates atimexbetween the different
populations Although rare, G2019S mutation has been shownctmurode novo.

Haplotypes distinct from the common European-MEN#cestral haplotype have
also been identified in European populations (Zaheet al. 2006a; Zabetian et al.
2006b; llarioshkin et al. 2007). The high frequgnaf G2019S related PD in
Ashkenazi Jews compared with non-Ashkenazi Jews dee the issue of whether
this mutation was present in the Ashkenazi andestjaulation (European Jew&'9

13" century), and later spread to various Europeanilptipns, or whether it was an
original European mutation introduced into the Aedzi Jewish population whilst

living in the eastern ‘Pale of Jewish settlement’.
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3.1.3 Hypothesis and specific aims

In this chapter, | wished to investigate the hypothksis that the G2019S mutation
might have arisen in the neighbouring populations bNorth African Berber and
Ashkenazi Jews. The specific questions addressedtims chapter were whether
G2019S mutation is common in: a) sub-Saharan Africaand as such is older
than the currently predicted estimate; b) populatims from the Arabian
peninsula, and whether they were responsible for troducing the mutation into
the Berber genetic pool; c) Mediterranean/Asia Mino populations with
Phoenician heritage that either lived in close proxnity or shared a similar
diaspora distribution to Jewish populations. d) Eagern European populations,
and whether G2019S mutation in Ashkenazim arose por to or after its
establishment as an ethnic Jewish group in Eastefurope?

To address these questions, healthy subjects fasious populations were screened
for the G2019S mutation. Subjects from sub-Sahakémcan communities of
Ethiopia and Bantu speaking tribes were genotypearder to address the question
of whether the mutation is older than the currestingates. Populations from the
Arabian Penninsula, including Kuwaiti Arabs and Beiths from Jordan and Saudi
Arabia, would have had a considerable impact onNbgh African Arab Berber
culture during the Islamic conquest of the regior’f century CE, and as such were
included in the study. Estimating the carrier rate diverse spread of ethnic mixes
around the Eastern Mediterranean Basin and AsiaoMsuch as Syrians, Druze,
Israeli and Arab Palestinians, and Armenians woalldw us to estimate the
frequency of G2019S mutation in ethnic groups thatd in close proximity to
Jewish populations prior to the diaspora and walilolw us to address the question
of Phoenician origin for the mutatiorscreening non-Ashkenazi Jewish subjects
(Morocco, Irag and Iran), and non-Jewish easterrofigan subjects (Ukraine and
Belarus) would also address the question of whetB@019S mutation was

introduced into the Ashkenazim prior to or aftegittestablishment, respectively.
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3.2 Methods and Materials

3.2.1 DNA source- collaborative study

The DNAs of a total of 2,450 healthy subjects (nBarkinsonian when examined)
from 13 different ethnicities were included in tludy to test for the presence of
G2019S mutation. These DNAs were obtained as patawllaborative study with
Dr. Neil Bradman (The Centre for Genetic AnthrogyoUCL). The individuals
were unrelated at the paternal grandfather levedl were involved in previous
genetic and anthropological studies at The Ceptr&enetic Anthropology (Thomas
et al. 2002; Behar et al. 2003; Ingram et al. 200deramah et al. 2008). TalBe3
reviews the numbers in the ethnically diverse miixpopulations. A total of 731
samples from sub-Saharan Africa, with 366 sampias the Bantu speaking tribes
(Cameroon, Ghana, Democratic Republic of CongoaMabnd Mozambique), and
365 from Ethiopia were genotyped for the mutatierom the Arabian Peninsula, a
total of 214 Arabs were obtained from Kuwait, afd® Bedouins from Jordan, Saudi
Arabia and Israel. From the Eastern MediterraneasirBAsia Minor, 75 Syrians, 39
Druzes, 141 Israeli Arabs and 19 Palestinian Arabhd 308 Armenians were
genotyped. The number of non-Ashkenazi Jewish st#jstudied was 337 of
Moroccan (186), Iraqi (46) and Iranian (105) Jewosigins, and were obtained from
Sheba Medical Centre, Israel. 270 healthy subjgete genotyped from Ukraine and
248 from Belarus.

3.2.2 DNA extraction and Tagman genotyping

Genomic DNA was extracted from buccal swab (at Tentre for Genetic
Anthropology) using standard DNA extraction protgcdrefer to section 2.2.1 in
chapter 2 for DNA extraction procedure. THRRRK2G2019S (6055G >A) mutation
was detected using a pre-designed Tagman Assay4G8633 10 probe (NCBI
Reference rs34637584) (section 2.3.5). The corstegience for Tagman probes for
wild-type (G) allele: 5TFAM]CAT CAT TGC AAA GAT TGC TGA CTA JG]G CAT
TGC TCA GTA CTG CTG TAG AAT;and mutant (A) allel&’[VIC] CAT CAT TGC
AAA GAT TGC TGA CTA CA]G CAT TGC TCA GTA CTG CTG TAG AAT
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Figure 3.1: A schematic representation of the popations used in this study.
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3.2.3 Statistical analysis

The P-value of a hypothesis test is the probability ¢ofdted assuming null
hypothesis is true) of observing any outcome asemé or more extreme than the
observed outcome, with extreme being the direatiothhe alternative hypothesis. An
exact hypothesis test (for binomial random varighlgas performed to estimate the
true probability of success using a one-sided déstull hypothesis (k) versus the
alternative hypothesis @t p< 0.01. In other words, the probability of thleserved
frequency given the assumed frequency under tHehgpobthesis (k) is 0.01 (at 1%

level).

The 95% confidence intervals (Cls) for the obsemexportions were estimated, and
Fisher’s exact test was also performed to examigesggnificant association between
the populations and the number of G2019S mutataoriers identified in them. All
these tests were performed using the STATA, (StataCorp, USA) software for
statistical analysis.
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3.3 Results

The results in this chapter demonstrate LRIRK2G2019S mutation carriers are rare
amongst selected populations of sub-Saharan Afrinan-Jewish Middle Eastern
(Arabian Peninsula, Eastern Mediterranean Basin Asid Minor), non-Ashkenazi
Jewish and Eastern European ancestry. Only 2 p@s#P019S heterozygous carriers
were identified out of a sample of 2,485 subjeotenf these populations (see Table
3.3). No G2019S mutation carriers were observeaver 700 subjects from the sub-
Saharan Africa, thereby indicating that the mutatiaight have arisen after the
human migrations out of Africa. The mutation wasoahot identified in 379
unaffected subjects from the Arabian Peninsula, that two positive G2019S
mutation carriers are of Middle Eastern origin. STbbservation along with a lack of
G2019S mutation in over 500 subjects from Eastemofe, remains neutral on the
Middle-Eastern origin for the mutation as has bgeaviously predicted.

3.3.1 Proportion of G2019S positive carriers in the Middle- East

3.3.1.1 Non-Jewish Middle East

A G2019S positive heterozygote carrier was obseiwvdtle Syrian population (1 in
75), and a proportion of .0133 (exact binomial 9%% .00033- .07206) was
calculated.A one-sided exact hypothesis test was performete$d whether the

observed sample proportion is different to a hypsiged proportion of 1% (0.01).

N Observed k Expected k Assumeg Observedp

75 1 0.75 0.01 0.01333

(N = number of observations, K= evers; frequency)
Pr (k <= 1) = 0.827092 (one-sided test).

Under an exact hypothesis test,ofHs p = 0.01 versus (K): p < 0.01, i.e. the
probability of observing one or fewer events assgnhe H is true (i.e.p = 0.01).

The P - value for this proportion is 0.827. Thereforee thull hypothesis cannot be
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rejected, and implies that the observed proporfpr 0.01333) is either similar to

the assumed proportion of 0.01, or the sampleisit@ small.

When the other two other populations in the Eastéediterranean Basin (Druze and
Israeli/Palestinians Arabs) are also taken intooant f = 271), the proportion of
G2019S positives is calculated at .00369 (exacbrhial 95% Cls 0.0000934 -
0.0203870). This proportion is not different frohe thypothesised proportion of 0.01
(Ha: p < 0.01;P value 0.245, one sided test), indicating that dsegpy of G2019S
mutation in Eastern Mediterranean Basin could be H#wever, when all the non-
Jewish Middle Eastern populations are taken intmawct ( = 901), the proportion of
0.0011093; (exact binomial 95% Cls: 0.0000281- 61@82) under the hypothesis
testing is significantly different to 1% @p < 0.01;P value 0.0012, one sided test).

3.3.1.2 Non- Ashkenazi Jewish Middle East

Amongst the non-Ashkenazi Jewish population, omlg subject from Morocco (N=
186) was identified as being heterozygous for ti#I19S mutation. Using the
hypothesis test for a sample size of 186 (Morocdaws), the proportion is
0.0053763 (exact binomial 95% Cls 00013 - .029%8)s proportion was similar to
the hypothesised proportion at the 1% level:(pl< 0.01;P value 0.444, one sided
test). When the Iraqgi and Iranian Jews were induidethe analysis (total = 335),
similar results were obtained for the observed priopn (.0029851; exact binomial
95% Cls .0000756 - .0165187,Hp < 0.01;P value 0.151, one sided test).

Fisher’'s exact test for comparisons between norkésézi Jewishn( = 335) and
Eastern Mediterranean Basin/Asia Minor (n = 58&nitfied no major difference
between these two Middle-Eastern sub-populatiensdlue- 0.597, one sided).

3.3.1.3 Middle — East

The other populations from the Middle-East includethis study were from Arabian
Peninsularf = 322) and Armenian(= 308). For the populations from the Peninsula
no G2019S mutation carriers were observed, and rutige hypothesis test, this
proportion (0-.0113908- one sided, 97.5% CI) wastbto be significantly different
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from the assumed frequency of 1%a(H < 0.01;P value 0.0039, one sided test). A
similar result was observed for the population frArmenia (0 - 0119054- one sided,
97.5% CI; H\: p < 0.01;P value 0.0045, one sided test).

The proportion of G2019S mutation carriers in alldie- Eastern populations
genotyped in this study (2 in 1,236) was calculaed0162 (exact binomial 95% CI
0.000196 - 0.0058329). This proportign<(0.01) was significantly different from 1%
(Ha: p < 0.01;P value 0.00368, one sided test). A small sample sizthe two
populations with G2019S positive carriers in congar to the sample size of other
Middle-Eastern populations could have contributedhie observed frequency of <
1%.

3.3.2 No G2019S mutation carriers in sub-Saharan African and Eastern

European populations
No G2019S mutation carriers were observed in suia%a African and Eastern
European populations either, and the proportigns(.01) tested significant & -
values of 0.0006 and 0.0055, respectively, indigathat G2019S is not common in
either of these populations. Fisher’s exact testaimpare all the sub-populations of
Middle-Eastern originsn(= 1,236) to the sub-Saharan African populations 731),
also indicated no differences between these padpokateither. Since the G2019S
mutation is only occasionally observed in the Med#lastern populations
investigated in this study, a larger sample sizelld/de needed for a conclusive

result.

The rarity of this mutation demonstrates th&®RK2 G2019S mutation is not
common in selected Middle Eastern populations armsiomghom North African

Berbers and Jews have lived. The lack of this nartain sub-Saharan Africa and
Arabian Peninsula also suggests that the mutatias ot acquired by the Berbers
from the sub-Saharan African or the Arabian gengdial. It is also not prevalent in

selected Eastern European populations amongst vistrkenazi Jews lived.
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Population Country Sample  G2019S

numbers mutation

(n) carriers
Sub-Saharan Africa 1 Bantu speaking 366
2 Ethiopia 365
Total 731
Middle- East
Arabian Peninsula 3 Kuwait 214
4 Bedouin 108
Total 322
Eastern Mediterranean ]
_ 5 Syrians 75
Basin
6 Druze 36
7 Israeli/Palestinian 160
Total 271
Asia Minor 8 Armenia 308 0
Non-Ashkenazi Jewish 9 Morocco 186 1
10 Iraq 46
11 Iran 103
Total 335
Eastern Europe 12 Ukraine 270
13 Belarus 248
Total 518

Table 3.3: The LRRK2 G2019S mutation is not commoin selected populations used in
this study. The table represents the number of G2019S posigadthy heterozygous carriers
identified in 2,485 samples in over 13 populatiogresenting sub-Saharan Africa, Middle-
East, and Eastern Europe.
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3.4 Discussion

The G2019S mutation has been identified as a nggoetic cause of autosomal
dominant PD in Europeans, Ashkenazi Jews and ptipuogaof North African Berber
origins (Healy et al. 2008). The highest frequeatyhis mutation has been reported
in North African Berbers and Ashkenazi Jews. Thastal geographical location
inhabited by the North African Berbers, and theeagtd diaspora of the Jewish
people has meant that both these groups have aameantact with various other
ethnicities, and as such have developed a richtigeared cultural legacy. For this
purpose, the main objectives of this chapter wereestimate the carrier rate
frequency of G2019S mutation in populations thatehaontributed to the genetic
makeup of Berbers or Ashkenazi Jews either thrdwagling lived in close proximity,
or being ethno-culturally similar. The G2019S carriate frequency was estimated in
the populations to address the specific questidngvhether this mutation a) is
associated with sub-Saharan African populationpriyvhether it is associated with
Semitic populations from the Arabian sub-contingfteninsula and Eastern
Mediterranean Basin/Asia Minor), ¢) whether the atioh in Ashkenazim arose prior
to or after its establishment in Eastern Europe?

A total of 2,485 samples were screened for G201%&ation from populations

obtained from sub-Saharan Africa (Ethiopia and Bapteaking), Arabian Peninsula
(Kuwait and Bedouins), Eastern Mediterranean BaAgia Minor (Israel/Palestine,

Jordan, Syria and Armenia), non-Ashkenazi Jews Qelo, Irag and Iran), and
Eastern Europe (Ukraine and Belarus).

The lack of G2019S positive carriers in a relagMarge sample size of sub-Saharan
African (n = 731), is indicative of the mutation (in Northri&ggan Berbers) not being
acquired from sub-Saharan Africa, and suggestsittlzaibse after the earlier human
migrations out of Africa. G2019S mutation was afsx observed in subjects from
the Arabian Peninsulan = 322) either, although two heterozygote carrarMiddle
Eastern ancestry were identified. One of the pasisiamples was of Syrian descent

and the other sample was identified as MoroccansbeBased on such few positive
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samples, it cannot be conclusively said whethenth&ation was brought over to the
West (North Africa) by invading Arabs, and as swahcannot dispute the proposed
North African Berber origins for G2019S mutationtire literature. This study also

demonstrates that G2019S mutation is not commoselacted Eastern European
populations amongst which the ancestors of modaynAshkenazim lived, nor is it

prevalent in selected non- Jewish groups that vi@hb a similar diaspora to the
Jewish population (Armeniay = 307). The identification of G2019S mutation in a
Moroccan Jew, indicates that the mutation was ptesethe ancestral Ashkenazi
community, prior to settlement in the ‘Pale’. Thedy demonstrates that G2019S
mutation is not common amongst healthy subjectthé@se selected populations but
the two positive subjects lend support to the mhigld data of a Middle-Eastern
origin for G2019S mutation, and it being acquired Jewish communities whilst

living amongst other Middle Eastern populationsfdgtunately, a lack of parental

DNA for these two G2019S positive subjects meaat the haplotype phase could
not be resolved. Therefore, no haplotype analysiddcbe performed to determine

whether these subjects contained the common Eunad&NA haplotype.
Semitic origins of G2019S mutation

Orr-Urtreger and colleagues, screened PD patieants 23) of Moroccan Jewish
origin and did not identify any G2019S positive reas. However, a recent study
looking at the spread of G2019S mutation in heattigjects from Sephardic Jewish
population reported a proportion of 1/37 amongstddoan Jews (total = 147). The
higher proportion of G2019S mutation carriers ia 8ephardi Jewish populations as
reported by Change and colleagues could be duentanédentified Ashkenazi
ancestry of those samples. Only one Moroccan Jew identified as having the
mutation in this study, and in such a small samsplefi = 186), it is not unlikely that
this positive could be due to statistical fluctoatiRegardless of this, the presence of
G2019S mutation in healthy carriers amongst Seplaxdish populations supports a
Middle-Eastern origin for the mutation. No G2019&itive carriers were identified

in healthy Jewish subjects from Iraq and Iran. Tikign agreement with a previous
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study that also did not observe G2019S mutatidpDn(n = 19), or in healthy Jewish
subjects of Iragi originn(=300) (Orr-Urtreger et al. 2007). This is not sigipg as
the Iragi and Iranian Jews are thought to be delsren of the original Babylonian
Jews who settled in Iraq and Iran after the deBtmiof first temple, and therefore,
could represent a different gene pool to the Jew@hmunities that settled in the
Iberian Peninsula and North Africa (Sephardi) orstEen Europe (Ashkenazi)
(Motulsky 1995; Colombo 2000a).

The other G2019S positive samples reported ingtudy is of Syrian origin and a
previous study identified a PD affected Syrian 3@vo was also positive for G2019S
mutation (Orr-Urtreger et al. 2007). Thereforecannot be discounted that the one
positive Syrian subject in this study is a migrarb the general Syrian population
and does indeed have Jewish heritage. Howeveckeofainformation regarding the
ancestral heritage of the positive Syrian sampléhis study does not allow us to
address this question. The G2019S mutation hasittgdeeen hypothesised to be of
Phoenician origin, and for that purpose populatiaind the Eastern Mediterranean
Basin (Syrians, Israeli/Palestinians, and Druzeyenwscreened for the mutation. Even
though one positive carrier was identified amorfggtians, due to the overall low
number of Syriansn(= 75), the data presented in this chapter remacenclusive

on this matter.

The two samples identified in this chapter bothobgl to coastal Mediterranean
regions that were probably frequented by Phoeniciavigators and traders. The
observed proportion of positive samples was idetiis not being different from
1% for their respective ethnicities, (Syrian andrbtzan Jews). However, the small
sample size (Syriam = 75; Moroccan Jews) = 186) should be taken into account.
In contrast, these proportions were found to b&<wihen other populations from the
Middle-Eastern group were included. Also no diffse was observed in the
proportions of G2019S mutation carriers in eithértlmese sub-groups using a
Fisher’s exact test. Estimating the G2019S carat in a larger sample set in Syrian
and Moroccan Jews would address the questions eoftrtie proportion in these

ethnicities, and also the differences betweenwloegroups. Screening samples from
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Lebanon and Palestine for G2019S mutation would ad&l to the genetic data of the

Phoenician origin for this mutation.

Amongst European populations, the highest caratr of G2019S mutation has been
reported in the regions of Iberian Peninsula (ediclg Ashkenazi). However, nothing
has so far been reported in the Southern Spanigbne (Andalusia) or in Gibraltar.
These regions were under North African Moroccan ida@n for a considerable
amount of time and a bidirectional genetic admitbhetween these populations has
been demonstrated (Bosch et al. 2001). Thereforns, fieasible that the mutation
could have arrived in the Iberian Peninsula priothte invasion by North Africans in
711 CE. The coastal surroundings of these regiaaeent likely that they presented
important trading routes across the Mediterraneastdfor sea-faring peoples like the
Phoenicians. In order to achieve an accurate caate of G2019S mutation in the
Iberian Peninsula, and to further provide evidefuzethe Phoenician origins of the
mutation, populations from Andalusia and StraitGibraltar, and other populations
with Phoenician heritage, (for example, Syrianshdreese and Palestinians) should

be screened for the G2019S mutation

G2019S mutation in Ashkenazi versus non-Ashkenazi Jews: selective

heterozygotic advantage or founder effect?

The G2019S carrier rates in various Jewish etheschiave been described as high in
the Ashkenazim, followed by Sephardim. So far noidences for the G2019S
mutation have been reported in Yemenite or Ireailin Jews. The highest
frequency of G2019S mutation amongst unaffected k&sazi Jews has been
reported at 2.4%, and an overall carrier rate dPGlwas reported for unaffected
Sephardim, but a frequency comparable to Ashkemas reported in Sephardi

subjects specifically from Djerba Tunisia (2.55%h&nge et al. 2008).

There has been some debate as to the stabiligrtzic microsatellite makers used in
the estimation of the common ancestral haploty@dédian et al. 2006a). However,

current data in the literature suggests an anétemtder for the G2019S mutation in
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the Middle-East, a result of which has been thentifleation of this mutation in
various ethnicities of the Middle-East.

Founder effects can either result from the establent of a new population from
individuals derived from a much larger populatiomué founder event), or a
population bottleneck which is an extreme reduciiorsize. In either case, certain
alleles maybe found at a higher frequency than e originally present at prior to
the founder event or bottleneck, and small popaasizes under strong genetic drift
can also result in these alleles achieving an évgher frequency. One way of
achieving high frequency by chance (genetic disfthe rapid growth of a population
from a limited group of founders, and Ashkenazi i3awpopulations have gone
through severe bottlenecks and growth periodssiigtory (Risch et al. 1995). The
demographic history, extreme population contractiamd rapid expansions, (and
endogamous culture) have resulted in many gen&&ases that are unique to the
Ashkenazi Jewish population. For example, Tay-Sadlenann-Pick type C (NPC);
mucolipidosis type IV and Gaucher disease areatiroon to the Ashkenazim, and
result from a defect in sphingolipid storage (Zpica et al. 1988)nitially the high
frequency of these autosomal recessive diseases attabuted to selective
heterozygote advantage, where selection was copdidéo have favoured
heterozygous carriers of alleles affecting lipidtab®lism and storage (possibly
protecting or atleast providing resistance to tabksis) (Motulsky 1995). However,
founder effects and genetic drift on the alleletheathan heterozygote advantage
have now been shown to account for the lipid serdgeases in the Ashkenazi
population (Risch et al. 1995; Risch et al. 2003RRK2 related PD results in
autosomal dominant form of the disease like idibjgatiorsion dystonia, breast cancer
type 1 and 2 in Ashkenazi Jews, and the heteroeyatantage applied for recessive
disorders is not applicable here (Risch et al. 1%5ch et al. 2003; Slatkin 2004).
Therefore, specific founder effects resulting frahe dynamics of population
contractions and growth in the Eastern Europearisbepopulation, could explain the

high frequency of this mutation in the Ashkenazirarsus the other Jewish
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ethnicities, and future studies investigating sfpediounder-effect hypothesis in
Ashkenazi Jews needs to be performed (Slatkin 2004)

Furthermore, the G2019S mutation has been idedtiie Jewish subjects with
dementia and Gaucher’s disease (Saunders-Pullnen2€06; Eblan et al. 2006). In
addition to the kinase, GTPase and multi-proteimmlex activities, LRRK2 protein
may also have an affinity for lipids or lipid-asged proteins, and has been recently
to regulate synaptic vesicle endocytosis (Biskupl.€2006; Hatano et al. 2007; Shin
et al. 2008). This has led to the suggestion tiRRRK2 protein may play a role in the
regulation of membranous intracellular structui&gen though th& RRK2G2019S
has shown not to be associated with Gaucher digedgmts (Eblan et al. 2006), it
would nevertheless be interesting to investigatetidr this mutation plays a role in
other neurological lipid associated disorders thmaght be common among the
Ashkenazi Jews.

Conclusion

This report shows that G2019S mutation is not prieiseselected populations of sub-
Saharan Africa, and Arabian Peninsula. Therefdris, data remains neutral on the
predicted North African Berber origin for G2019S tation. The data also suggests
that G2019S mutation in Ashkenazi Jews has not lzguired from the local

populations amongst whom the ancestors of modeyn Addnkenazim lived, but

supports the published data of the mutation beatgiiged prior to the beginning of
Jewish diaspora. The identification of two positiG2019S mutation carriers: a
Moroccan Jew and non-Jewish Syrian also supportptii#ished data of Middle-

Eastern origin for the mutation. However, it sholle noted that both of these
samples are from the coastal regions of the Meditean Basin, therefore, a
Phoenician or a Carthaginian origin of the mutattannot be conclusively ruled out

as yet.
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Chapter 4
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4 A morphological study of LRRK2 mRNA and protein

expression in the human brain

4.1 Introduction

In order to understand the effects of LRRK2 dysfiomcon PD pathogenesis, it is
necessary to establish its cellular expressionh(b@inscriptional and translational).
LRRK2 mRNA and protein expression in CNS, lungsinkly, spleen and leucocytes,
has led to the suggestion that this gene playsngoortant physiological role
(Zimprich et al. 2004b; Giasson et al. 2006, Bisletpal. 2006; Li et al. 2007;
Westerlund et al. 2008a). Mouse embryonic developrsiidies have suggested that
LRRK2 is not an essential gene for development, @msitu hybridisation (ISH)
studies have shown that LRRK2 mRNA in the mouse rgambc brain is first
detected at postnatal day 8 (P8), and is expresssdatum at constant levels during
aging (Westerlund et al. 2008a). However, immunbbksays have shown that the
LRRK2 protein is detectable at E17 (Biskup et &072), rises continuously and
eventually peaks at the post-natal age of P60 (Liale 2007). This apparent
discrepancy in the time course of the detectiomBINA and protein has led to the

suggestions that LRRK2 mRNA is present in low qitiestin the brain.

41.1 LRRK2 mRNA expression
The mRNA expression of LRRK2 was initially suggesteo have a specific

localisation to the dopamine innervated areas énrtigrostriatal dopamine system
with a definitive distribution in the medium spimgurons of striatum (Galter et al.
2006; Melrose et al. 2006). Lack of mRNA in dopaengic (DAergic) neurons of the
substantia nigra (SN) led the authors to conclhdé the gene was expressed in the
dopamine innervated neurons as opposed to dopasymhesising neurons.
However, a comprehensive regional study investigathe cellular localisation of
LRRK2 mRNA in rodent brain found that it did indelegalise to the SN in addition
to various other regions in the brain (Simon-Samatteal. 2006). The localisation of
LRRK2 mRNA to the SN and cortex was confirmed istpmortem human brain and
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also in subsequent mouse studies (Taymans et@®; 2igashi et al. 2007a; Higashi
et al. 2007b). Studies examining the cellular espien of LRRK2 mRNA are

summarised in Table 4.1.

The use of oligonucleotide probes versus riboprdbedSH studies could be the
major cause in the discrepant results observedelation to LRRK2 mRNA
distribution (Galter et al. 2006; Melrose et al.080 Simon-Sanchez et al. 2006;
Taymans et al. 2006; Higashi et al. 2007a; Higaslail. 2007b). Owing to the length
of the riboprobes (up to 200 bp), a stronger andaae specific hybridisation to
MRNA molecules is formed in comparison to the atigceotide probes which are
traditionally less than 50 bp. Initial studies thised oligonucleotide probes did not
identify LRRK2 mRNA in SN, whereas the studies thased riboprobes
demonstrated LRRK2 mRNA presence in dopamine sgidimg and innervated
areas (Galter et al. 2006; Melrose et al. 2006;,084#8anchez et al. 2006; Taymans et
al. 2006). Subsequent studies identified LRRK2 mRINASN and striatal regions
using radioactive oligonucleotide probes in rodestsl post-mortem human brain
(Higashi et al. 2007a; Higashi et al. 2007b). Hogrean exposure time of 10 weeks
was needed to identify LRRK2 mRNA signal, furthedicating that it might be
present as a low copy number mRNA in the post-motieman brain (Higashi et al.
2007b).
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Study reference Tissue  mMRNA Regional mRNA expression establishe
Type guantitation

(Galter et al. 2006) Rat Radioactie High expression in medium spiny neurons of STR énoncholinergic); moderate
Human oligonucleotide weak in CTX and negative in SN.

(Melrose et al. 2006) Mouse Radioactive High expression in STR, CTX and OT, moderate in CBMI ON; weak in HIP ar
oligonucleotide SBM; negative in the MB and BTM (but gRT-PCR reeeblow mRNA expression in
and gRT-PCR these regions).

(Simén-Séanchez et al. 2006 Mouse  Digoxigenin High expression in STR, CTX, HIP, AMG, SN; moderttdow in OT, THA, brainsten

riboprobe granule cell layer (CBM); negative in GP and PrNBD).
(Taymans et al. 2006) Rat and Digoxigenin High expression in STR, CTX, OT, HIP, AMG, PrN, neodte in THA, HT and BTM
mouse  riboprobe weak in SN, GP, LC and granule cell layer (CBM).
(Miklossy et al. 2006) Human gRT-PCR Primary cultured human oligodendrocytes, astrocgtes microglia. LRRK2 expressit
cells was also found in human neuroblastoma cell lines.
(Higashi et al. 2007a) Mouse Radioactive High expression in CTX and STR; moderate in HIP @BM; weak in HT, THA anc

oligonucleotide SN.

(Westerlund et al. 2008a) Mouse  Radioactive Expression in STR, HIP and CTX. In mice, LRRK2 mRNvas also identified i
Human oligonucleotide sensory and sympathetic ganglia. SN not includesiuidy.

(Higashi et al. 2007b) Human Radioactive High expression levels detected in SN, STR and CTX.
oligonucleotide

Table 4.1; Summary of studies investigating LRRK2 rRNA localisation in the brain. AMG: amygdala, BTM: brainstem, CBM: cerebellum, CTX
cortex, GP: globus pallidus, HIP: hippocampus, Hypothalamus, LC: locus coeruleus, MB: midbrain, Olfactory tubercle, ON: olfactory nuclei,
SBM: subiculum, PrN: Purkinje neurons, SN: subssamigra, STR: striatum, THA: thalamus.
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Such contradictions in the literature could belaited to the inherently sensitive and
fragile nature of MRNA molecules. In addition, postirtem studies performed on
human tissue may be compromised by the peri-morteanges that affect the

integrity of mRNA expression. Post-mortem delay basn shown not to critically

affect the quality and preservation of mRNA for doterm storage (Barton et al.
1993; Kingsbury et al. 1995; Ervin et al. 2007).té&amortem events, on the other
hand, can have a huge impact on mRNA preservatidhe tissue, and agonal state
has been reported to be influential in post-morpeaservation of mMRNA molecules

(Kingsbury et al. 1995). Hypoxia caused due to iragpry distress (or longer

terminal phase), results in anaerobic glycolysishiwi the brain, leading to an

increasing lactate concentration in the tissue rislam et al. 1991). This lowers the
pH of the tissue leading to a detrimental effect@d®NA preservation. Tissue pH has
therefore, come to be regarded to as an importaniken for terminal hypoxia in the

absence of detailed clinical information for agostdte (Kingsbury et al. 1995). A

combination of degraded post-mortem tissue andilpesmsensitive ISH probes

could have contributed to the previous discrepanported in cellular localisation

of LRRK2 mRNA in the human brain, thereby warragtfarther investigation.

4.1.2 LRRK2 protein expression

LRRK2 protein has consistently been demonstrateldatece a constitutive neuronal
expression in the mammalian brain. Regional quatité differences in LRRK2
protein levels using immunoblot assays have beemodstrated in the rodent brain
(Biskup et al. 2006; Taymans et al. 2006; Melrasal.e2007). Immunohistochemical
studies have corroborated regional variation in tRRK2 protein levels in the
human brain too (Miklossy et al. 2006; HigashileR807b; Alegre-Abarrategui et al.
2008). LRRK2 protein has been shown to localiseomdy to neuronal populations in
the brain, but also weakly to astrocytes and mi@o@viklossy et al. 2006). The
presence of LRRK2 in Lewy bodies (LBs) has alsonbé&equently described,
although the inconsistencies in the reports havdemid&RRK2 localisation to LBs a

controversial issue (reviewed in (Santpere & Fe2(¥)9)).
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Just as the inconsistencies relating to LRRK2 mRdbalisation can be attributed to
the type of hybridisation probe and the qualitytisbue used, the discrepancies in
LRRK2 localisation to LBs can also be attributedtie antibody used in the study.
Polyclonal antibodies have been produced that resegthe LRRK2 protein, and
despite recognising a ~250 kDa band for the prot@inmammalian brain
homogenates (Biskup et al. 2007), variations haeenbreported in LRRK2
immunoreactivity between the antibodies (reviewedSantpere & Ferrer 2009)). It
has been widely reported that for identifying tmesence of LRRK2 in LBs, the best
results are achieved with the antibodies raisednagshe C- and N- termini, and
antibodies raised against the central domains dRKR do not detect the protein in
LBs (see Table 4.2 for a summary on the antibothias have been used to localise
LRRK2 in LBs). The possibility of LRRK2 functionalomains folding in a complex
manner in LBs could result in antigen retrievahtreents not being able to expose
the epitopes sufficiently enough to be recognisgthk antibodies raised against the
core functional domainZhu et al (2006) used four antibodies to identiRK2 in
LBs and reported immunoreactivity with all of thefpome better than others),
whereas Melrose and colleagues, used six diffeagibodies and did not find
consistent immunoreactivity in LBs or Lewy neurif@part from with NB300-268)
(Zhu et al. 2006a; Zhu et al. 2006b; Melrose eR@07). Recent investigations have
established that only NB300-268 antibody stains ¢bee of perikaryal LBs, and
others recognise the halo region of about 10% o$ I(Blegre-Abarrategui et al.
2008; Santpere & Ferrer 2009). Despite the fact the presence of LRRK2 as a
major component of LBs remains a contentious issueew C-terminal raised
antibody (EB06550) has been shown to produce rabustinohistochemical results

in post-mortem human brain (Alegre-Abarrateguile2@08).
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Antibody Epitope

Immunolabelling of a-synuclein-positive inclusions

Ab7099b, 1246-1265
Abgent Rabbit

NB300- 900-1000
267, Rabbit
Novus

Biological

NB300- 2500-2527,
268, Rabbit;
Novus

Biological

AT106, 1838-2133
Alexis Rabbit

Ab04/11  2507-2527
PA0362- Rabbit

AB9704 *Rabbit
AB9682 *Sheep

Chemicon

JH5514  2500-2515
JH5517 334-347
JH5518 527-537

all rabbit

EB06550, 2015-2026
Everest Goat
Biotech

No immunolabelling ofa-synuclein immunoreactive inclusions identified
in G2019S positive PD cases; sporadic PD, DLB ai®AMases (Giasson
et al. 2006; Zhu et al. 2006a; Zhu et al. 2006byyGat al. 2006; Santpere
& Ferrer 2009).

Immunolabels the halo around a proportion of LBsporadic PD, DLB,
MSA and DLBD cases. No lewy neurites or corticalsL&bserved (Zhu,
Babar et al. 2006; Zhu, Siedlak et al. 2006; Cavsle2006; Miklossy et
al. 2006; Higashi, Biskup et al. 2007; Melrose &t 2007; Alegre-
Abarrategui et al. 2008; Santpere & Ferrer 2009).

Immunolabels intraneuritic and perikaryal brainstefimbic and

neocortical LBs in sporadic PD, DLB, MSA and DLBI2ses. Lewy
neurites were also strongly stained (Zhu, Babat.2006; Zhu, Siedlak et
al. 2006; Covy et al. 2006; Miklossy et al. 2006g#shi, Biskup et al.
2007; Melrose et al. 2007; Alegre-Abarrategui et 2008; Santpere &
Ferrer 2009).

No immunoreactivity to LBs or LNs in sporadic PDl B and MSA cases
(Covy et al. 2006).

No robust or consistent immunoreactivity to LBsLdts in DLBD brains

(Melrose et al. 2007). Antibody developed in- house

No robust or consistent immunoreactivity to LB4d.&fs in DLBD brains
(Melrose et al. 2007)

*Epitope sequences are proprietary.

JH5517 stains the halo structure of brainstem LBsi® not associated
with cortical LBs or LNs in sporadic PD and DLB eas(Higashi et al.
2007b). Antibody developed in-house.

Stained the halo of a minority of perikaryal anttaneuritic LBs in PD

and DLB cases. (Alegre-Abarrategui et al. 2008)

Table 4.2: Summary of antibodies used for determimig LRRK2 in Lewy bodies.
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As described in chapter 1, LRRK2 mutations exhihit highly complex
neuropathological phenotype, and as such this iprbgs been suggested to play
a role in synucleopathies as well as tauopathibs. prevalent G2019S mutation
occurs in the kinase domain, and is associated putk nigral degeneration and
classic LB pathology (in the brainstem). Autopsy tbfee G2019S mutation
carriers revealed nigral degeneration accompanigdmgral LBs, leading to the
question of selective vulnerability of catchecolaergic neurons to degeneration
in LRRK2 mutation carriers despite the widespreagression of the protein
(Giasson et al. 2006)T'wo of these patients showed LBs in limbic cortamd the
third had neocortical senile plaques and occasiod@l's which could be

associated with the pathology of normal aging.

The G2109S mutation has been shown to increaskiriase activity of LRRK2
and enhance autophosphorylation and phosphorylafigeneric substrates in-
vitro kinase assays, although thevivo effects of this mutation remain to be
established. Even though the clinical and pathckigbhenotype associated with
the G2019S mutation is indistinguishable from thepathic PD, reports have not
been published detailing the expression profildlRRK2 mRNA or protein in
G2019S mutation carriers. If as threvitro data suggests that G2019S mutation
increases LRRK2 autophosphorylation, it would beresting to assess whether
the mutation has a qualitative or quantitative efien the expression profile of
IPD and G2019S positive PD subjects. Any differsnsebtle or otherwise in the
brains of these subjects would not only highligit mechanistic pathways but
also allow for a better interpretation of thevitro and in futurein-vivo data
relating to this protein.
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4.1.3 Hypothesis and specific aims

In this chapter, | wished to investigate the hypothsis that a disease
phenotype could result in an anatomical and cellulaexpression profile of
LRRK2 that is different in control and PD subjects. The specific questions
addressed in this chapter were: a) what is the anainical distribution of
LRRK2 mRNA and protein in human brain; b) are there any differences in
the morphological distribution of LRRK2 mRNA and protein expression in
control, IPD and G2019S positive PD subjects; c) ISRRK2 protein a major
component of LBs?

To address these questions, a morphological exprepsofile of LRRK2 mRNA

and protein was determined usingn-situ hybridisation (ISH) and
immunohistochemistry (IHC), respectively. The amatal distribution was

determined using post-mortem tissue from medullajnstem, basal ganglia
(deep grey nuclei), cerebellum, medial temporaleJoand neocortical regions
obtained from QSBB. Radioactive and non-radioactnethods were employed
for the ISH procedure. A recently reported antibdég06550 was used to
determine LRRK2 immunoreactivity in post-mortem rammbrain, and also to
establish the presence of LRRK2 in LBs.
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4.2 Methods and materials

4.2.1 Tissue used

Following removal at autopsy, samples of brainuigssvhich had been flash
frozen and stored at -80°C or formalin fixed anchfian embedded were obtained
for in-situ hybridisation (ISH) and immunohistochemical (IHGtudies,

respectively. The tissue was obtained from the @&xpiare Brain Bank (QSBB)
archive. All tissue at the QSBB is collected usetbically approved protocols,
and is stored under a licence issued by the Hunesué& Authority. See Table 4.3

for a summary of subjects used in the study.

4.2.2 In-situ hybridisation

Frozen tissue sections from 2 controls, 1 IPD a@PR819S positive PD cases are
summarised in Table 4.4. The tissue sections waratcl2pm as per instructions
in section 2.5.1.1 of chapter 2. Both the radio&ctand digoxigenin labelled

probes were prepared as described in section 2.fof.chapter 2). The tissue

preparation, hybridisation, washing and visual@afprocedures are described in
sections 2.5.1.3 to 2.5.1.6 of chapter 2.

Table 4.5 summarises the oligonucleotide probes usehis study. During the
optimisations probes 1-4 were used for both théoeative and non-radioactive
ISH, but the digoxigenin labelled probe 3 whichdsino the kinase domain of the
LRRK2 gene produced the best results, and wasftreresed to produce non-
radioactive ISH data. Previously published oligdeatide probes for aldolase- C
andBRI2 (Kingsbury et al. 2001; Lashley et al. 2008) watgelled using°S and
digoxigenin, respectively to be used as positivetrats for the ISH method being
used. A dot blot was performed according to the ufatturer’'s instructions
(Roche, UK) to determine the labelling efficiencl tbhe digoxigenin labelled
probes.
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Sex Age PMdelay pH Cause of death Pathological ISH IHC

(hours) diagnosis study study
Conl M 76 39.5 N/A Cancer Control \ N/A
Con2 M 93 89 N/A Old age Control \ N/A
Con3 F 78 23.3 6.07 N/A Control N/A \
Con4 F 84 28.5 6.13 Cancer Control N/A
Con5 F 91 98.5 6.41 Old age Control N/A \
Con6 F 88 11.1 5.67 Myocardial infarct Control N/A
IPD1 F 77 80 6.53 Congestive heart failure IPD \ N/A
IPD2 F 62 46.8 5.88 Gradual deterioration IPD N/A
IPD3 F 81 24.25 N/A  Congestive heart failure IPD N/A \
G2019S-1 F 81 15.00 6.53 Bronchopneumonia IPD (G2019S) N/A
G2019S-2 F 84 32.3 5.79 Congestive heart failure IPD (G2019S) \ \
G2019S-3 F 80 44.4 6 Advanced PD IPD (G2019S) v
G2019S-4 F 72 24.55 N/A  Pulmonary embolism IPD (G2019S) \ \

Table 4.3: Summary of subjects used for in-situ hytidisation (ISH) and immunohistochemical (IHC) studes. This tissue was obtained from QSBB.

Con- control, M- male, F-female, PM delay- post-taor delay. N/A: not available
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Con Con [IPD G2019S G2019S G2019S

1 2 1 2 3 4
Medulla X nerve nucleus N N/A  N/A N/A N/A N/A
XII nerve nucleus v N/A N/A N/A N/A N/A
Inferior olive v v N N/A N/A N
Pons Locus coeruleus N/A  N/A N/A N/A N N
Pontine base \/ \/ \ \ \ \
Tegmentum \ N/A  N/A N/A \ \
Midbrain Substantia nigra \ \ \ \ N/A \
llird nerve nucleus N/A  N/A \ N/A \
Red nucleus / v v N N N/A \
tegmentum
Tectum \ \ N/A \ N/A \
Deep grey Caudate v v N N/A N N
nuclei
Putamen v v N N/A N \
Globus pallidus \ N/A \ N/A N/A \
Thalamus N/A  NA A N/A N/A N/A
Medial Dentate fascia \ \ N/A N/A N/A \
temporal
lobe CAl-4 \ \ N/A N/A N/A \
Subiculum \/ \/ N/A N/A N/A N
Entorhinal cortex N/A N/A N/A N/A N
Transentorhinal v v N/A N/A N/A N
Cerebellum Dentate nucleus \ N/A \ N/A \ N/A
Purkinje cells \ \ \ \ \ \
Granule cells v v \ \ \ \
Neocortices Frontal v v N N N N
Parietal v v N N N N/A
Temporal \ \ N/A \ N/A \
Fusiform gyrus N N N/A N/A N/A N/A
Insular cortex v N/A  N/A N/A N/A N
Cingulate gyrus N N/A  N/A N/A \ N/A

Table 4.4: Summary of anatomical regions obtaineddm controls, IPD and G2019S
positive subjects for in-situ hybridisation. This tissue was obtained from QSBB. N/A:

not available.

[131]



ISH Sequence 5'to 3’ Corresponding

Probes nucleotides
LRRK2 GTTGATAGTCAGGCTGAACAATGTCCAG 54 -81
Probe 1 LRRK2 cDNA BLAST accession: AY792511 N-terminal

LRRK2 CAGGCTGTTAAGACAAGAGCTTGTGGTGCTTTGCCACCTC 57425781

Probe 2 LRRK2 cDNA BLAST accession: AY792511 Kinase domain

LRRK2 CCGCTGATGGCAAGTTAGCAATTTTTGAAGATAAGACT 6800 6838

Probe 3 LRRK2 cDNA BLAST accession: AY792511 WD40 domain

LRRK2 TTGTCAGTGATTGGACTGAAGACCTTAGATCTCC 133-144

Probe 4 LRRK2 cDNA BLAST accession: AY792511. N-terminal

Previously published probe (Higashi et al. 2007b)
Aldolase- CGACGCAGGGCAGTGACAGTTGCCATGGC 28372866
C cDNA BLAST accession: AK296053 Positive control for

(Kingsbury et al. 2001) radioactive ISH

BRI2 CCGCTCTTGGGCTCGTCCTTCTTGGCCTCCTTCTGGGCCAC 28 —68
cDNA BLAST accession: BF941808.1 Positive control for
(Lashley et al. 2008) nonradioactive ISH

Table 4.5: Oligonucleotide probes used for radioaite and non-radioactive ISH.

[132]



4.2.3 Immunohistochemistry

Immunohistochemistry was performed on paraffin esaleel tissue sections from 4
controls, 2 IPD and 4 PD cases positive for theX8&mutation (see Table 4.3). The
antibody and pre-treatments used in this studyisted in Table 4.6. The anatomical
regions cut are summarised in Table 4.7. The sectiere cut at 8um and processed

as described in section 2.5.2 of chapter 2.

The anti-LRRK2/PARKS8 antibody- EB06550 obtainednfrd&verest Biotech (UK)
was raised against the peptide with sequence CEIMIERTSYV in goat. The peptide
sequence of this polyclonal antibody corresponds tegion near the C terminus of
the LRRK2 protein sequence according to NP_94098th&hunoabsorption of this
antibody has been reported previously in an immistothemical study (Alegre-
Abarrategui et al. 2008). The visualisation proceduas carried out as described in
section 2.5.2.3 of chapter 2 using goat immunodlobyDako, UK) at a dilution of

1:200 and choromogen diaminobenzidine.

Antibody Source Host Dilution Pre-treatments
for IHC required
Anti-LRRK2/ Everest Biotech Goa 1:15¢( pressure cooking
PARKS- Oxfordshire, chapter2: section
EB06550 UK 2525

Table 4.6: Dilution and pre-treatments used for LRRK2 EB06550 antibody in this
study.

4.2.4 Western blot analysis and antigen absorption assay

In order to confirm the specificity of the EBO65&6tibody, a western blot analysis
using an antigen absorption assay was conductetksgibed in section 2.5.3 of
chapter 2Post-mortem frozen tissue from medulla was homagehiand 10ug and
20 g of the homogenised protein was used for thayas
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Con Con Con Con IPD IPD G2019S G2019S G2019S G2019S

3 4 5 6 2 3 1 2 3 4
Medulla X nerve nucleus N N N N N N N N/A N N

X1l nerve nucleus \ N \ N \ \ \ N/A \ N/A
Inferior olive \ \/ \ \ \ \ \ \ \ \
Pons Locus coeruleus \ N \ N \ \ \/ \ N/A \/
Pontine base S \/ S v S S S S Y Y
Tegmentum \ \ \ \ \ \ \ V \/ \/
Midbrain Substantia nigra \ \ \ \ \ \ \ \ \ \
llird nerve nucleus \ N \ N N/A \ N/A \ N N
Red nucleus/ tegmentur \ < \ < < N/A < < <
Tectum V vONA A V V N/A V N/A \
Deep grey Caudate V \ V \ V V N/A \ \ \
nuclei Putamen \ N \ N \/ \ \/ \/ \/ S
Globus pallidus N/A v \ v \ \ \ \ N/A \

Thalamus N/A  NA \ N/A \ \ \ N/A N/A

Subthalamic nucleus N/A  N/A S v N/A \/ N/A S S N/A
Medial Dentate fascia \ v \ N N N \ \ \ \
temporal CA1-4 Y \ Y \ \ < \ V V V
lobe Subiculum \ N N N \ \ \ N \ \
Entorhinal cortex \ \ \ \ \ \ \ \ \ \
Transentorhinal \ N \ N \/ \ N/A \ \/ \
Amygdala \ \ V \ V V \/ \/ \/ \/
Cerebellum Dentate nucleus \ N \/ N \ \ \ \ \ \
Purkinje cells V \ \ \ \/ \/ \/ \/ \/ \/
Granule cells \ N \ N \ \ \ \ N N
Neocortical Frontal S \/ S v \/ \/ S S S Y
regions Parietal \ \ \/ \ \ \/ N/A \ \/ \/
Temporal \ v \ v \ \ \ \ \ \
Fusiform gyrus \ \ \ \ \ \ \ V \/ \/
Insular cortex S v S v S S S S Y Y

Cingulate gyrus \/ \ \/ \ \/ \/ \/ \/ N/A N/A

Table 4.7: Summary of anatomical regions obtained®m control (con), IPD and G2019S PD subjects for RRK2 immunohistochemistry.
This tissue was obtained from QSBWA: not available.
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4.3 Results
4.3.1 LRRK2 mRNA expression

4.3.1.1 Radioactive ISH

During the course of the study, two different 1Sidthods were used to construct
an anatomical profile of LRRK2 mRNA expression imnman brain. The
radioactive ISH technique was initially employeddetect the mRNA levels in
this study. Emulsion autoradiography using silvarmsemulsion was used for the
assessment of cellular localisation of LRRK2 mRNA gost-mortem human
tissue. The preliminary experiments conducted usiadioactively labelled
LRRK2 oligonucleotide probes produced high levelsbackground labelling.
However, the aldolase-@ID-C) probes which served as the positive control for
radioactive ISH consistently demonstrated robusDAL mRNA localisation (see
Figure 4.1). After numerous attempts, radioactirailsion autoradiography was
rendered unfeasible to reliably detect the LRRK2NARsignal in post-mortem
human brain tissue. Therefore, in order to genet®&BK2 mRNA expression
profile a non-radioactive approach using a digomigdabelled oligonucleotide
probe was employed for the ISH study.

Figure 4.1: Radioactive ISH demonstrating the locésation for the positive control
in the human brain. The arrows in the figure represent the localisatibradioactively
labelled aldolase C (ALD-C) probe to the Purkinjurons of the cerebellum in the
human brain. The robust signal intensity was coesity observed for the ALD-C probe,
whereas this level of intensity could not be acbdvor any of the LRRK2 probes

without significantly increasing the backgrounddksy The scale bar represents 39um.
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4.3.1.2 Non-radioactive ISH

The findings related to the LRRK2 mRNA distributiarere similar in control,
IPD and G2019S positive PD subjects, and are theralescribed collectively.
LRRK2 mRNA was identified as having a widespreagdregsion in a number of
neuronal populations in the brain regions examifiable 4.8). LRRK2 mRNA
was found to be expressed, but not limited to ttaénktem nuclei affected hy
synuclein pathology in early stages of PD progmessivhich include the Xth
nerve nucleus, locus coeruleus (LC) and DAergiaaoresi of the SN (see images
A-D in Figure 4.2). The other brainstem nuclei veheRRK2 mRNA was shown
to be localised, include the Xlith nerve nucleusl dhe inferior olive of the
medulla oblongata, the pontine base and tegmerdaththe Ilird nerve nucleus
(Figure 4.2G), tegmentum and tectum of the midb¢aimmarised in Table 4.8).
The dopamine-innervated regions of caudate nuclégsire 4.2E) and putamen
stained for LRRK2 mRNA, which was also identifiedthe globus pallidus and
thalamus. Neurons in all regions of the hippocanfpaination were found to
express LRRK2 mRNA (Figure 4.2H and K), and theraeal populations of the
cortical regions examined in this study also derratsd LRRK2 mMRNA
localisation (Figure 4.2F and summarised in Tab#.4n the cerebellum, granule
cell layer did not express LRRK2 mRNA, whilst cleaRNA expression was
identified in the cytoplasm of Purkinje neuronsgfife 4.21) and in the dentate
nucleus (Figure 4.2J). LRRK2 mRNA expression wassigtently observed in the
vascular smooth muscle of blood vessels of diffeseres (Figure 4.2L). LRRK2
MRNA hybridisation signal was successfully redudsddiluting the labelled
probe with unlabelled excess at different conceioina (Figure 4.2N), thereby
confirming the specificity of the oligonucleotideope used in this study. The
positive control for the BRI2 mMRNA also allowed tgs check the integrity of
MRNA preservation for each subject (Figure 4.2M).
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Figure 4.2: Anatomical localisation of LRRK2 mRNA uwing non-radioactive ISH.
Neuronal expression of LRRK2 mRNA in controls an@0E9S positive PD cases is
represented. Regions particularly vulnerable-gynuclein pathology and neurodegeneration
in PD are represented in images A- E; A) Xth nerveleus of the medulla (control), B) and
C) neurons of the LC (G2019S), and D) melanised mQiseneurons of the SN (control) E)
caudate nucleus (G2019S). LRRK2 mRNA was also tldetn F) neocortical regions
(represented by parietal cortex) (control), G)d Iflerve nucleus of the midbrain (and inset)
(control), H) dentate fascia (G2019S), I) Purkingirons (control), and J) dentate nucleus of
the cerebellum (control) and K) CA4 neurons of kgpocampal formation (G2019S). In
addition, LRRK2 mRNA expression was observed insimooth muscle (G2019S). M)
Neuronal localisation of BRI2 mRNA was treated asitive control. N) Negative control for
the LRRK2 mRNA. The scale bar in A represents 20pimages A, B -D, E, F, inset in G,
I, J, Land M; 39um in images H, K and N; 78um in G
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4.3.2 Distribution of LRRK2 protein in the brain

The distribution of the LRRK2 protein was demon®dausing the commercially
available polyclonal antibody EB05660 (raised agaithe c-terminus of the
protein). Prior to the IHC, the specificity of tla@tibody was investigated using
an antigen absorption assay (Figure 4.3).

2014 2010 pg protein

250
98

64

36

22

Figure 4.3: Western blot analysis showing specifityi of LRRK2 EB06550 antibody
and antigen absorption by >10 fold molar ratio of he peptide.Lysates were prepared
from post-mortem human tissue from the (medulld)e Tirst panel shows EB06550
accurately identifying ~ 250 kDa LRRK2 protein & [Lg and 20ug of protein loading.
This signal is obliterated when a molar excesshef dntigen is added to the antibody

prior to incubation with the blot.

An IHC study was performed on four controls, tw@®IPases and four PD cases
with the LRRK2 G2019S mutation. The LRRK2 protdkelthe mRNA was also
found to be expressed in anatomical regions ofbtlagn examined in this study
(summarised in Table 4.8). Since no difference wasserved in the
morphological distribution of the LRRK2 protein anyst the three groups, the
results are therefore described collectively.
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Region Sub- Regions LRRK2 LRRK2
MRNA protein

\/

Medulla Xth nerve nucleus
XlIth nerve nucleus
Inferior olive

Pons Locus coeruleus
Pontine base
Tegmentum

Midbrain Substantia nigra
llird nerve nucleus
Red nucleus/ Tegmentur
Tectum

Deep grey nuclei Caudate nucleus
Putamen
Globus pallidus
Thalamus
Subthalamic nucleus N/A

2L 222 222 =2 222 2 =2 2

Medial temporal Dentate fascia
lobe CA2/3/4 neurons
CALl neurons
Subiculum
Entorhinal cortex
Transentorhinal cortex
Amygdala N/A

2 2 =2 =2 =2 2

Cerebellum Dentate nucleus
Purkinje neurons
Granule cell layer

Neocortical Frontal cortex
regions Parietal cortex
Temporal cortex
Insular cortex
Fusiform gyrus
Cingulate gyrus

2 22 2 22 22 2 @ 2 2 2 2 2 2 2 2.2 22 2 2222 2 2.2 2 2

2 2 2 2 2 2 X2 2

Table 4.8: Summary of LRRK2 mRNA and protein distribution in post-mortem
human brain tissue.LRRK2 mRNA was not identified in the granule celér of the
cerebellum, however, LRRK2 protein localisation vedserved in this region. N/A: not

available.
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The protein displayed a cytoplasmic localisatiorthie neurons often extending
into the apical dendrites. Localisation in the eacl envelope was not clearly
identified as a consistent finding. The strongéasinghg for LRRK2 was found in

the medulla with particularly strong staining iretXth nerve nucleus, the Xllith
nerve nucleus and the inferior olive (Figure 4.4A-Gn the pons, the

noradrenergic pigmented neurons of the LC (Figud®¥showed weak LRRK2

staining compared to the neurons of the pontinee b@gure 4.4E). The

melanised DAergic neurons of the SN (Figure 4.480 ahowed weaker LRRK2
protein expression in comparison to other midbraigions (Figure 4.4G). The
weakest neuronal staining for LRRK2 was consisyergtorded in the caudate
and putamen (Figure 4.4H) with only occasional oesr showing weak

immunoreactivity. However, diffuse neuropil staiginvas observed in the
striatum. Moderate to high LRRK2 levels were obsdrnin the subthalamic

nucleus (Figure 4.41), globus pallidus (Figure #d3d thalamus. Strong staining
of the LRRK2 protein was routinely identified inetlwhite matter tracts of the
internal capsule (Figure 4.4K and L). Vascular sthomuscle also expressed
LRRK2 protein (Figure 4.4M).
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Figure 4.4: LRRK2 immunoreactivity in brainstem and basal ganglia. LRRK2

protein localises to neurons in the medulla whichrapresented in A) Xth nerve nucleus
(control), B) Xllth nerve nucleus (control), C) érfor olive (IPD). LRRK2 was detected
in the pons as represented in D) locus coeruldRB)(bnd E) pontine neurons (IPD).
LRRK2 immunoreactivity was weak in the DAergic nens of F) substantia nigra
(control), but stronger staining was detected imeptmidbrain regions, such as G) the
llird nerve nucleus (G2019S). H) Neurons in theapgn (control), consistently
demonstrated weak LRRK2 immunoreactivity, wherdesng staining was observed in
the neurons of 1) subthalamic nucleus (controlyi anglobus pallidus (G2019S). LRRK2
immunoreactivity was observed in the white mattacts in the internal capsule, K)
(control) and L) (G2019S), and M) smooth vascuklatstaining with LRRK2 (arrow).
The scale bar in A represents 20um in image A, @-KM and inset in H; 39um in B, G,
H, Land insetin I; 78um in | and K.
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The regions of the medial temporal lobe also digglavarying levels of LRRK2
protein immunoreactivity (see Figure 4.5). LRRKaising of the hippocampal
formation highlighting the regions of CA1-4 of Ammis horn, and the granule
cell layer of the dentate fascia are representellignre 4.5A. The pyramidal
neurons of CA2-4 (Figure 4.5B) showed moderaterang staining for LRRK2
while the CAl1l neurons showed only weak stainingc@asistently weak to
moderate LRRK2 immunoreactivity was observed inaheygdala (Figure 4.5C),
whereas the neurons in subiculum, entorhinal (igubD) and transentorhinal
cortex displayed moderate staining. Neurons in nkecortical regions also
exhibited moderate to strong immunoreactivity foe tRRK2 protein (Figure
4.5E and F), with pyramidal and stellate neuronshe molecular layers IlI-V
showing the strongest LRRK2 immunoreactivity. Witkine pyramidal neurons of
the hippocampal formation and neocortical regiddRRK2 immunoreactivity
was observed in the neuronal perikarya and alsmaxfibers and dendrites.
Strong labelling of LRRK2 protein was observed witthe neurons of the dentate
nucleus and in Purkinje neurons (Figure 4.5G), ehstaining clearly extended
into the dendritic tree of the cerebellum. Goldice the cerebellar granule layer
also showed moderate staining although this vairech case to case (Figure
4.5H). LRRK2 was also observed in glial cells thdisplayed astrocytic
morphology (Figure 4.5I).
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Figure 4.5: LRRK2 immunohistochemistry in medial tamporal lobe and cortical
regions. IHC staining demonstrated that LRRK2 immunoreattivaried in intensity in
medial temporal lobe structures. In the hippocarfrahation, neurons of the A) dentate
fascia (G2019S) and B) CA2-1 (G2019S) were poditiaained. Neurons in the C)
amygdala consistently showed low to moderate stgiior LRRK2 (IPD). Moderate
staining for LRRK2 was observed in the neurons edaortical regions D) entorhinal
cortex (G2019S), E) temporal cortex (G2019S) Fyuiate gyrus (control). G) Purkinje
neurons of the cerebellum were consistently fourldalve moderate to strong staining for
LRRK2 protein which also extended into the dendrttee (control), (inset—IPD). H)
Golgi cells (see arrow) of the cerebellum also stibweak LRRK2 immunoreactivity
(IPD). LRRK2 protein distribution was not limited heurons and the protein was also
detected in ) reactive astrocytes (IPDhe scale bar in A represents 410um in image A;
78um in image E, 39um in the inset in G; 20um mitiset in A and images B — D and
F-I.
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4.3.3 A semi-quantitative analysis of LRRK2 protein expression in
control, IPD and G2019S positive PD subjects

In order to ascertain whether a difference in LRRptein levels could
contribute to the PD pathogenesis, we decided téoe a semi-quantitative
analysis on the regional LRRK2 protein variationciontrol, IPD and G2019S
positive PD subjects. The four tiered grading sysiecluded: O - no staining, + -
weak staining, ++ - moderate staining and +++ ergjrstaining. The regional
levels of LRRK2 protein in the control, IPD and G8% positive PD subjects are

summarised in Table 4.9.

There was no quantitative difference in the immeaotivity for LRRK2 protein
between control, IPD and G2019S positive PD subjealthough a consistent
variation in regional expression was recorded acrtdse groups. Regions
implicated in PD pathogenesis showed extensivedity in the LRRK2 protein
staining. The Xth nerve nucleus of the medulla Feg4.6A-C) was identified as
having some of the highest levels of LRRK2, while tmnelanised neurons of LC
(Figure 4.6D-F) and SN (Figure 4.6G-1), displayed lto moderate levels of the
protein in all three groups. The dopamine-innedabteas of caudate nucleus and
putamen were consistently found to have the lowBRK?2 protein levels of all
the regions examined (Figure 4.6J-L). However, otkgions in midbrain (llird
nerve nucleus, red nucleus/tegmentum and tecturm)basal ganglia (globus
pallidus, thalamus and subthalamic nucleus) wereodstrated as having much
higher levels of LRRK2 protein in comparison to theyrostriatal dopamine

system (see Table 4.9).

Overall some of the highest LRRK2 protein levelseveecorded in medulla, and
some of the lowest in striatum and amygdala (ire8pe of the disease status).
Similarly, in the medial temporal lobe, moderateRK2 protein levels were
observed in the dentate fascia and the CA2-4 nsumnwhile the CA1 neurons
consistently showed weak staining in the three ggoof subjects. The dentate
nuclei and Purkinje neurons of the cerebellum wamesistently found to have
high and moderate LRRK2 immunoreactivity, respeatyivThis was found to be
consistently similar in control, IPD and G2019Sipws PD subjects (Table 4.9).

The moderate staining for LRRK2 in the neocorticagions examined in this
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study was also comparable in the subjects, irreésfeeaf the disease status (Table
4.9). Therefore, taking into account all the regi@md subjects examined in this
study, a marked difference in LRRK2 protein levelas not found between

control, IPD and G2019S positive PD subjects, loaiststent regional differences

were recorded within the groups.
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Region Sub- Regions Control IPD G2019S

Medulla Xth nerve nucleus 4 - +++ - -t
Xllth nerve nucleus +++ +++ ++ - +++
Inferior olive ++ -+ - -t
Pons Locus coeruleus + +-++ ++
Pontine base ++ - ++4+ +++ + - ++
Tegmentum ++ -+ + -+
Midbrain Substantia nigra + + - ++ i
Ilird nerve nucleus ++ - ++4+ +++ ++ - +++
Red nucleus/ Tegmentunr  + - +++ ++ - +++ o
Tectum + - ++ + +
Basal Ganglia Caudate nucleus 0-+ 0-+ 0-+
Putamen 0-+ 0-+ 0-+
Globus pallidus +-++ ++ + -4+
Thalamus +++ +++ F+ o+
Subthalamic nucleus + - +++ +++ + - +t++
Medial temporal Dentate fascia ++ ++ + - +++
lobe CA2/3/4 neurons + - ++ + - ++ + - +++
CAl neurons 0-+ 0-+ 0 - +++
Subiculum + - +++ +-++ + - +++
Entorhinal cortex + - ++ + - ++ + -4+
Transentorhinal cortex + - ++ + - ++ + -4+
Amygdala + + +
Cerebellum Dentate nucleus ++ -+ -t + - +++
Purkinje neurons ++ + - ++ + -+
Granule cell layer + - ++ ++ +
Neocortical regions Frontal cortex +-++ ++ Tr
Parietal cortex +-++ S ++
Temporal cortex + -4+ 4t ++
Insular cortex + - ++ ++ + - ++
Fusiform gyrus + - ++ ++ + - ++
Cingulate gyrus ++ - +++ +++ e

Table 4.9: A semi-quantitative analysis of LRRK2 potein in post-mortem control,

IPD and G2019S positive PD brain tissuel'he four tiered grading system includes: O-
no staining, +- weak staining, ++- moderate stgjrand +++ strong staining. This data
was collected using four control, two IPD and f@&®019S positive PD subjects, and

indicates the range of staining intensity obseiweshch region
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CONTROL IPD G2019S

Figure 4.6: Morphological distribution of LRRK2 pro tein in control, IPD and
G2019S positive PD subjectsNeurons of the Xth nerve nucleus do not show a
significant difference in the intensity of LRRK2 munoreactivity of A) control, B) IPD,
and C) G2019S positive PD subjects. LRRK2 stairitignsity was also similar in the
noradrenergic neurons of LC of all three groupg={DSimilarly, the melanised DAergic
neurons of the SN showed no difference in the thgeeups (G-I). LRRK2
immunoreactivity was consistently recorded as bdliregweakest in striatal neurons (see
arrows), irrespective of the disease status (Jutarmpen). The scale bar in A represents
20pum inimages A — C and E — |, and insets in DKen89um in images D and J — L.

[147]



4.3.4 LRRK2in Lewy bodies

LRRK2 protein was found in the halo of a small prdwn of LBs (around the
periphery). The LRRK2 immunoreactive LB inclusionsre identified in nigral
neurons (Figure 4.7A- E), neurons of the locus wleers (Figure 4.7F), and also
in the amygdala (Figure 4.7G). Cortical LBs weret mmmunoreactive for
LRRK2. Lewy neurites also stained for LRRK2 protdihigure 4.7C). The
staining of LBs with LRRK2 remained very selectmgth some LBs showing
extensive staining (Figure 4.7F), whilst others dastrating pale staining (Figure

4.7A).

A

rm

Figure 4.7: LRRK2 protein is present in a proportion of Lewy bodies.This figure
illustrates LRRK2 staining the halo of a small pdmn of LBs in the brainstem and
also in the amygdala. Panels A —E display varymtgrisities of LRRK2 staining in nigral
LBs. C) Lewy neurites were also shown to contairRKR (arrows). F) Strongly stained
LBs in locus coeruleus, G) a small proportion ofshBere also stained in amygdala. The
scale bar in A represents 8um in A and F; 20um,iDCE, G and inset in BG; 39um in
B.
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4.4 Discussion

This study demonstrates that LRRK2 mRNA and proteave a ubiquitous
neuronal expression in the human brain that was Inoited to the
neuroanatomical regions most severely affected-Bynuclein pathology in PD
pathogenesis. LRRK2 mRNA and protein was identifirethe melanised neurons
of the Xth nerve nucleus, LC, SN and the dopamimeiivated areas of striatum.
However, the lowest LRRK2 protein levels were cetsitly recorded in the
nigrostriatal dopamine system. IHC studies confantlee previously described
neuronal cytoplasmic distribution of the LRRK2 @iot and also identified the
protein in the apical dendrites, axonal fibers dnel neuropil of the striatum
(Biskup et al. 2006; Higashi et al. 2007a; Higashial. 2007b; Melrose et al.
2007). This study also demonstrates that LRRKZlileesito a small proportion of
LBs and Lewy neurites in the brainstem and amygdala

LRRK2 mRNA has a ubiquitous neuronal expression in the human brain

The ISH study in this chapter was designed witheavvto addressing the major
inconsistencies that have been reported in theildision of LRRK2 mRNA in
the brain. As described in section 4.1.1, the neabstudies reported low levels of
LRRK2 mRNA in the SN but high levels in the striaiuThese were subsequently
contradicted when widespread LRRK2 mRNA expressi@s demonstrated in
the mammalian brain using modified ISH techniqudse ISH data presented in
this chapter demonstrates that LRRK2 mRNA is I@ealinot only throughout the
nigrostriatal dopamine system but is also presemat mumber of other anatomical
regions in the brain. These findings contradict dnginal studies that did not
detect LRRK2 mRNA in dopamine-synthesising areasoents and humans
(Galter et al. 2006; Melrose et al. 2006), but east supports the subsequent
studies that demonstrated widespread expressibRBK2 mRNA in the human
brain (Simén-Sanchez et al. 2006; Higashi et 20.780.

Dependent on the type of hybridisation probe, lapimethods, and quality of
tissue used, different regional distribution andelse of LRRK2 mRNA signals
have previously been reported (summarised Table 4.). Even though a

ubiquitous expression for the LRRK2 mRNA in humanaib has been
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demonstrated in this study using a digoxigenin llade probe, multiple
amplification steps were needed to detect the LRRIHZNA signal. These low
levels of LRRK2 mRNA in the human brain did not kleaus to use radioactively
(**S) labelled oligonucleotide probes to perform eioulsautoradiography
without producing significant background stainintherefore, quantitation of
LRRK2 mRNA in the human brain could not be undegtaky counting silver
emulsion grains, and was instead achieved by alB¥SBd technique described in

chapter 5 of this thesis.

The results presented in this study concur witlséhof others suggesting a low
copy number of LRRK2 mRNA in the mammalian braimm{@&n-Sanchez et al.
2006; Higashi et al. 2007b). Such an expressiofil@roould be due to the fact
that the LRRK2 mRNA is either a) unstable, b) hashart half-life, c) is
transported to distal sites where local translatonurs in response to external
stimuli or, d) or has an efficient translationalahaery that allows for a low copy
number of LRRK2 mRNA molecules to produce enougbten for the region.
The stability of LRRK2 mRNA has not been exploradd future experiments
assessing the half-life of LRRK2 mRNA could providaluable insight into its
stability and also shed light on any potential oegi variation. Overall this study
supports a widespread but a low copy number express LRRK2 mRNA in the
human brain that is not limited to the nigrostiistgstem.

LRRK?2 protein has a ubiquitous but a variable regional expression in the

human brain

In this chapter, | present data demonstrating widesd LRRK2
immunoreactivity in neuronal cell bodies, apicahdetes and axons. Like the
MRNA, LRRK2 protein was also found to have a ulious expression in the
anatomical regions examined. The highest levelshef LRRK2 protein were
consistently recorded in the neurons of the medullad the nigrostriatal
dopamine system consistently displayed low levélhe protein, irrespective of
the disease status. The pigmented neurons in theh®ied weak to moderate
immunoreactivity for LRRK2 protein, but the neurbmepulations of caudate
nucleus and putamen exhibited the lowest immunaxeigowith occasional small
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numbers of labelled neurons being identified, altffothere was strong LRRK2
iImmunoreactivity in striatal neuropil confirmingguious reports (Higashi et al.
2007b; Melrose et al. 2007). Higashi and colleagslesved extensive LRRK2

immunoreactivity in the striatal neurons (Higashiaé 2007b), but a previous
study that also used EBO06550 antibody reported townoderate staining of

LRRK2 in striatal neurons, thereby demonstratireyréproducibility of EBO6550

antibody used in this study (Alegre-Abarrateguakt2008). These variations in
LRRK2 immunoreactivity between studies could beilaited to disparities in

tissue fixation. However, the variations are makely to be due to the difference
between the antibodies used, as we demonstrategktansive and consistent
neuropil staining of LRRK2 and weak neuronal stagnin striatum of all the

subjects used in this study with the EB06550 axiypdVestern blot assays have
suggested high LRRK2 levels in mammalian striatvoddnts), but crude tissue
lysates cannot distinguish between different ceatflutompartments, and may
therefore be compatible with our findings (Biskupaé 2006; Taymans et al.
2006; Melrose et al. 2007). This data demonstréitbes neuronal perikaryal

expression of LRRK2 is weakest in striatum when EBBantibody is used.

It is interesting that in both the midbrain and daganglia, regions such as the
llird nerve nucleus, red nucleus/tegmentum anditedin midbrain), and globus
pallidus, thalamus and subthalamic nucleus (in Ibgaaglia), that are not the
primary targets of degeneration in PD pathogeniesi®@ much higher levels of
LRRK2 protein compared to the nigrostriatal dopansystem (see Table 4.9).
This could suggest a possible high turnover, ansingortant role for the LRRK2
protein in regions critical to PD pathogenesis. efgstve LRRK2
immunoreactivity was especially evident in the émalis, a region which receives
modulatory input from the motor nuclei in the cesilbm and relays excitatory
sensory signals to the cortex (Melrose et al. 200§ presence of LRRK2 in a
region such as thalamus which is essential to #salbganglia circuitry, further
establishes the importance of this protein in @ngunormal neuronal function to
execute movement. LRRK2 was also shown to be prasenumerous brain
regions such as the hippocampus, and amygdala velneclkey structures of the
limbic system. This suggests that LRRK2 may plaghgsiological role in not
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only the motor but also in certain cognitive eletseassociated with the PD
pathogenesis, or perhaps even normal aging. LRRA&Q ahso been reported in
neurofibrillary tangles (NFTs) and the pleomorppathology related to LRRK2

mutations certainly suggest an important upstreate for this gene in other
neurodegenerative disorders associated with cegrdtecline (Giasson et al. 2006;
Miklossy et al. 2006). Overall, the findings demivate that the LRRK2 protein,

like the mRNA is ubiquitously present in neuronapplations of the brain and is
not limited to the regions susceptible desynuclein pathology in PD. The IHC
findings presented here also corroborate well &ifbrevious study investigating
LRRK2 protein levels (western blot) in distinct m@gs of rat brain, and

confirmed the presence of high levels of LRRK2ha hippocampus, followed by

cortex and the least amount in putamen (Biskup. 2086).

Melrose and colleagues previously reported a lackRRK2 mRNA, but a
considerable immunoreactivity for the LRRK2 prot@inthe thalamus. (Melrose
et al. 2007). This chapter demonstrates the presehboth the LRRK2 mRNA
and protein in the thalamus of the human brain. &lew, | was able to
demonstrate regions that did not have LRRK2 mRNghal but were positive for
LRRK2 immunoreactivity., LRRK2 mRNA signal was natentified in the
cerebellar granule cell layer (Figure 4.11), butggeells in this layer displayed
moderate LRRK2 immunoreactivity (Figure 4.5H). Tlaek of LRRK2 mRNA
expression in the granule cells could be due tollsguantities of cytoplasm in
these cells. Alternatively, LRRK2 mRNA could be sat as a low copy number
MRNA which cannot be detected using the digoxigdalvelled probe in the

granule cells of cerebellum.

Similarly, we were not able to identify LRRK2 mRNA the glial population,
despite a previous report showing LRRK2 mRNA intudd glial cells using a
sensitive PCR based method (Miklossy et al. 20B6lpw copy number of the
LRRK2 mRNA or differences between physiological arultured glial cells
could have prevented the result being replicateidigushe digoxigenin ISH
method reported in this chapter. LRRK2 immunoredgtihas previously been
documented in human glial cells, (Miklossy et &0&; Melrose et al. 2007), but
not in mouse glial population (Biskup et al. 208fgashi et al. 2007b). Although
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we were able to confirm LRRK2 immunoreactivity hretreactive astrocytes, this

was not a common occurrence.

The localisation of LRRK2 to axons, apical dendritend the neuropil network
lends further support to LRRK2 being involved inoaal transport or vesicular
trafficking system (reviewed in (Greggio & Cookspd09). For example, LRRK2
has been suggested to bind to lipid rafts in syoaerminals which play an
important role in signal transduction, cytoskeletagjanisation (Hatano et al.
2007), and was recently shown to regulate synapéimbrane trafficking (Shin et
al. 2008). Furthermore, immunoblots have previowsnonstrated the presence
of LRRK2 in lung, kidney, liver, heart, skeletal sale, and spleen of rodents
(Giasson et al. 2006; Biskup et al. 2006), andexipus IHC study also showed
vasculature staining with LRRK2 protein (Zhu et aD06a). |1 confirm the
presence of LRRK2 mRNA and protein expression iro@m muscle which

supports a wider role for the protein involvemanttie physiology.

No difference in the LRRK2 mRNA and protein expression profile in
control, IPD and G2019S positive PD subjects

This chapter demonstrated a similar morphologicgtribution of LRRK2 mRNA
and protein expression in control, IPD and G20198itpe PD subjects.
Although the semi-quantitative analysis on the LRRKmunoreactivity showed
no quantitative regional differences in the profewels between the three groups,
the only region where variable intensity of LRRK&munoreactivity was
recorded in the three subject groups was the CAiragion of the hippocampus.
These neurons have been given a higher score i@326&9S positive PD subjects
in comparison to control and IPD cases, and thisnast likely due to the

vulnerability of these cells to hypoxic damage indinaéely prior to death.

Stronger labelling of LRRK2 protein in neuronal Icebdies and axons of PD
subjects has previously been reported (Zhu et @D6&), and another report
recorded a decrease in LRRK2 immunoreactivity ie BN of PD brains
compared to controls (Higashi et al. 2007b). Theggarent contradictions in the
literature and our findings could be attributedtiie use of different antibodies

(see Table 4.2 for the antibodies used by thedees)t The issue of quantitative
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differences between unaffected and diseased sslgecld be further addressed
by the development of a sensitive ELISA technique.

The overall low intensity of LRRK2 immunoreactivity dopamine producing
and dopamine innervated regions (irrespective ef disease status) could be
indicative of a high turnover of the molecules iagions critical to PD
pathogenesis. There was no apparent differencleeinmiorphological expression
profile of LRRK2 protein in the SN and striatal meas between control, IPD and
G2019S positive PD subjects. Since LRRK2 has baggested to be involved in
neuronal maintenance of DAergic neurons (Imai e2@D8), it is possible that the
disease pathogenesis results in increased LRRK2ipro the surviving neurons.
This could result in similar intensity of LRRK2 imumoreactivity across different
subject groups. Nigral degeneration with LBs isaghplogical phenotype of both
IPD and G2019S positive PD subjects. The G2019&tmoutis supposed to alter
the function of wild-type LRRK2, but there is atihist lack of difference in the
expression profile of IPD and G2019S positive PDjectts in this study. It is
possible that an overlap in or indeed a sharediatximechanism is contributing
to the pathogenesis in PD subjects with G2019S miiBRK2 and PD subjects
without the G2019S mutant LRRK2.

It is evident from this study that LRRK2 expressismot limited to nigrostriatal
system and has a widespread expression both irs tefrmRNA and protein
levels, but what remains to be seen is whether LRBR¥Sfunction causes nigral
degeneration or nigral degeneration itself afféd*&RK2 function at a cellular or

systems level?
LRRK?2 is present but is not an obligate component of LBs

My results also demonstrate the presence of LRRIKBRe halo region of the LBs
in the brainstem and amygdala of IPD cases, comfgrrevious reports using C-
terminal LRRK2 antibodies (see Table 4.2). The llale of LBs in the

pigmented neurons of the SN and LC with the EBO6&btibody was variable
and not all LBs labelled with the same intensitgpaconfirming previous reports
(see Table 4.2 for a summary). Intense staining.@iry neurites was also
observed with the EB06550 antibody, in contrasthwather reports in which
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Lewy neurites were not labelled with LRRK2 antibesliMiklossy et al. 2006;
Higashi et al. 2007b). LRRK2 positive LBs were ragntified in the neocortical
regions, confirming the findings of others using tNB300-268 antibody. In
contrast to the NB300-268 antibody which labels toee of LBs as well as
immunostains neocortical LBs (see Table 4.2), tB8@550 antibody used in this
study demonstrated LRRK2 protein localisation aolyhe halo of the brainstem
and amygdala LBs with varying intensities. The dipancies between antibodies
could be explained by differences in the affinitgdaavidity of the LRRK2
antibodies, and also the possibility that routifCItechniques are not able to
expose the antigen within the densely packed imd®lufibrils of LBs.
Conformational and post-translational modificatigtrencated LRRK2 isoforms)
of the neuronal LRRK2 protein could also prevemhed.RRK2 antibodies from
staining LBs. It should be noted that NB300-268he only antibody to have
reportedly identified 60 — 80 % of LRRK2 stainedd.Ehu et al. 2006a; Zhu et
al. 2006b; Miklossy et al. 2006; Alegre-Abarrategtial. 2008). Even though the
NB300-268 antibody has been suggested to demonstudficient specificity for
detecting endogenous human LRRK2 and human LRRKereapressed in
(HEK-293T) transfected cells, this antibody did nexhibit specificity for
endogenous or overexpressed mouse LRRK2 (Biskug. €2007). It was also
shown to be cross-reactive to many other specisajppear near the expected
size of LRRK2 protein in wild-type and LRRK2 defct mouse brain lysates
(Biskup et al. 2007)Furthermore, the hyaline type LB inclusions haverbe
suggested to bind to a wide range of unrelatecbadites, in particular rabbit
antibodies (Melrose et al. 2007). This challendes gpecificity of NB300-268
which has also been shown to localise to a widgeaf other neurodegenerative
pathologies (Giasson et al. 2006; Miklossy et 80&. TheEB06550 antibody
used in this study has not been tested in knockocé but did identify a ~250
kDa band on lysate prepared from human brain honeitgeand the specificity of
the signal was tested by obliterating the signatgua >10 fold molar excess of
the corresponding antigen (Figure 4.3). Our findinfyvariation and low fraction
of LRRK2 staining in LBs and Lewy neurites, in atleh to a distinct lack of
LRRK2 in cortical LBs with EB06550 antibody is igr@ement with previous

studies, and suggests that LRRK2 protein is noirecipal component of LBs.
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LRRK2 has been shown to be presentohsynuclein immunopositive glial
cytoplasmic inclusions (GClIs) in multiple systemnopty (MSA), and LRRK2
immunoreactivity was also increased in the earlggss of myelin sheath
disruption and degradation in MSA (Huang et al. 0@-synuclein is also a
major component of GCIs and was recently shown g¢ophosphorylated by
LRRK2 in-vitro (Qing et al. 2009). Ain-vivo phosphorylation ofi-synuclein by
LRRK2 remains to be determined but it has been shtmaco-localise witho-
synuclein in brainstem and limbic LBs (not in coali LBs or Lewy neurites) of
PD and DLBD brains (Miklossy et al. 2006; Higashiag 2007b; Perry et al.
2008). Recently, the mRNA for botlisynuclein and LRRK2 were suggested to
be co-regulated in rodent striatum (Westerlundle@08b). LRRK2 has been
suggested to play an important role in signal nlanson mechanisms (White et
al. 2007; Greggio & Cookson 2009), and it is felesthat LRRK2 is involved in
an upstream (possibly regulatory) role in the abitiormation of LBs either
through irregular protein phosphorylation and sgbeat aggregation, and/or
protein misfolding as has been observednivitro studies (Smith et al. 2005a,;
West et al. 2005; Smith et al. 2006; Greggio e806). Even though no work
has yet been published on the presence of LRRKRala bodies, presence of
LRRK2 in these inclusions would help elucidate paential role of LRRK2

during different developmental stages of LBs.
Conclusion

This study describes several aspects of LRRK2 mRINA protein expression in
the human brain. The ubiquitous identification dRRK2 expression in the
cytoplasm of neurons, axons, apical dendrites, amunetwork, and smooth
muscle vasculature supports an important physiokbgole for this protein. No

difference was observed in the expression profileRRK2 mRNA and protein

in control, IPD and G2019S positive PD subjectswelzer, any subtle differences
would have to be quantitated using more sensitsgays. One of the major
findings of this study was the consistently low iomoreactivity for the LRRK2

protein in the nigrostriatal dopamine system, saggg a high turnover for the
protein in the regions critical to PD pathogeneBi$.RRK2 does indeed have a

major role in neuronal maintenance as recommendgdsdime, then any
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dysregulation in its expression, quantitative omldative could have drastic
effects on this role and contribute to nigral desgation that is observed in PD
subjects. Since no apparent difference was obsenvdte expression profiles of
PD subjects with wild-type or G2019S LRRKZ2, it doasse the possibility of a
shared auxiliary mechanism contributing to the stidguishable phenotype of
IPD and G2019S positive PD subjects. This concephvestigated in the next
chapter. The data presented here confirms that LR&i{topes are present in LB
of three distinct anatomical regions in the braie.(LC, SN and amygdala).
However, the variable intensity of LB immunoreaitiwith LRRK2 suggests

that is not an obligate component of LBs, but mky @n upstream role in the

formation of LBs as the major pathological markePD.
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Chapter 5
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5 A quantitative study of LRRK2 mRNA expression in the

human brain

5.1 Introduction

Like most complex diseases, PD manifests a gehetierogeneity which is not
easily explained by a simple mendelian mode of ritdrece. Even though
mutational screening of the PARK loci in PD subgecand assessing the
functional impact of identified mutations has cdmited vastly to our knowledge
behind the genetic aetiology of the disease, ntgjaf PD cases cannot be
explained by mutational screening. Thereby, indicathat other mechanisms
might contribute substantially to the PD pathogenesuxiliary mechanisms that
ensure an accurate production of the protein frayeree sequence have long been
of interest to biologists. One such mechanism éstthnscriptional activity of a
gene, which is a carefully regulated procedure thetates not only the accurate
structure and production of the protein but alsolévels of protein expression.

Microarray platforms have been used to assessrelites in whole genome
transcription across the nigrostriatal system irstyoortem tissue of PD and
control subjects (Grinblatt et al. 2004; Miller @t 2004; Zhang et al. 2005;
Mandel et al. 2005; Hauser et al. 2005; Miller le2806; Vogt et al. 2006; Duke
et al. 2006; Moran et al. 2006; Simunovic et aD&0Bossers et al. 2009). These
whole genome expression studies have identifiecelngenes and pathways that
include genes related to protein processing (defjad - UPS system and
trafficking - chaperones), signal transduction,dative and mitochondrial stress,
apoptosis, vesicle trafficking, cytoskeletal stipiand maintenance, and axonal
transport. Transcriptional profiling has also beexed to describe regional and

gender specific differences in PD (Miller et al0B).

In addition to identifying novel genes that migh&ya role in PD pathogenesis,
these studies have also elaborated on the rol&RKRoci in PD cases (Hauser et
al. 2005; Moran et al. 2006; Moran et al. 2007; iiaBlémann et al. 2008). A recent
study has described a down- regulation for the PARKes in the dopaminergic

(DAergic) neurons of PD cases (Simunovic et al. 80®ut there is limited
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information as to the transcriptional profile of RR2. A combination of northern
blot analysis (Paisan-Ruiz et al. 2004)situ hybridisation (ISH) (Simon-Sanchez
et al. 2006; Higashi et al. 2007b), and quantéaf\CR (qPCR) (Zimprich et al.
2004b; Melrose et al. 2006; Simunovic et al. 2008ye been used to identify
quantitative differences in the regional expressibbRRK2 mRNA, although these

data were produced using a small number of subjects

Mutations in theLRRK2gene are a common genetic cause of PD, and afsbitex
the most heterogeneous neuropathology (Zimprichl.eR004b, Wszolek et al.
2004; Ross et al 2006). Establishing differencethentranscriptional activity of
the gene could highlight shared mechanisms in ththggenic process(es)
displayed by the idiopathic cases versus the PDqtlgpe resultant from G2019S
mutation, which interestingly exhibits a clinicahdcaa pathological phenotype
indistinguishable from IPD (Aasly et al. 2005). gilntous expression of LRRK2
MRNA in the brain is demonstrated in the previdaapter of this thesis, although
no difference was observed in the morphologicatitdigion of LRRK2 mRNA in
unaffected, IPD and G2019S positive PD subjectsndke sensitive PCR based
technique would be capable of identifying subtliéedences in mMRNA expression
that an ad-hoc analysis by chromogenic ISH cannot. Quantitativelysis
describing regional variations in LRRK2 mRNA in ratly these two forms of PD
(IPD and G2019S mutant) but also in unaffected rotgitis needed to further
elucidate the role diRRK2gene in contributing to the molecular pathogenekis
PD.

LBs are the pathological hallmark of PD, and thespnce of LRRK2 protein has
been demonstrated in a small proportion of LBshi previous chapter, thereby
supporting published reports in the current litgrat a-synuclein is the major
component of LBs (Spillantini et al. 1997), andesdivein-vitro phosphorylation
of a-synuclein results in its oligomerisation which Hasen shown to promote
aberrant aggregation of the protein as LB inclusionboth PD and DLBD cases
(Fujiwara et al. 2002; lwatsubo 2003; Smith et28l05b). It has been suggested
that these inclusions initially form in order togsester toxic effects that might
result from an increased-synuclein activity in the DAergic neurons, but

eventually become cytotoxic (reviewed in (Goldb&rgansbury 2000)).
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Recently, the mRNA for both-synuclein and LRRK2 was suggested to be co-
regulated in rodent striatum (Westerlund et al.82)0and a co-localisation of the
two proteins was also shown in PD brains (Perrgl.e2008). Decreased LRRK?2
MRNA levels and increased-synuclein mRNA levels in DAergic neurons of SN
have recently been reported (Simunovic et al. 2@&ndemann et al. 2008).
Even though the physiological substrates for LRRKR remain to be confirmed,
a -synuclein was recently shown to be phosphorylaed RRK2 in-vitro (Qing

et al. 2009). As such it is feasible that LRRK2 htige involved in modulating
upstream phosphorylating events of excesswwsynuclein resulting in the
formation of LB inclusions. Establishing a corredat between LRRK2 mRNA
and LB levels in brain regions prone to these isidns would elucidate the

mechanistic pathway that might link together twghty important PARK loci.
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5.1.1 Hypothesis and specific aims

In this chapter, | wished to investigate the hypothsis that auxiliary

mechanisms, such as dysregulation of LRRK2 mRNA cddi contribute to the

PD pathogenesis. The major aims of this study wera) to provide a
quantitative map of the LRRK2 mRNA expression in tle human brain; b) to

investigate regional variations in the LRRK2 mRNA Evels between
unaffected, IPD and G2019S positive PD subjects; dnc) to investigate if
there is a correlation between LRRK2 mRNA and thedvels of LB inclusions
observed in IPD and G2019S positive PD subjects?

To address these questions, a quantitative exprepsofile of LRRK2 mRNA in
post-mortem tissue from controls, IPD and G2019SsBbjects was determined
using qPCR. Post-mortem tissue from selected beggions (medulla, putamen,
amygdala, cingulate gyrus, cerebellum, frontaligtal and entorhinal cortices)
was used to establish the LRRK2 mRNA expressionfilproln order to
investigate a correlation between LRRK2 mRNA and Ile®els in the PD
subjectsp-synuclein immunoreactivity was used to determimeliB levels in the
medulla, putamen, amygdala, cingulate gyrus, fiprgarietal and entorhinal

cortices brain regions.
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5.2 Materials and Methods

5.2.1 Tissue Selection

Post-mortem tissue that had been frozen atG7A@as obtained from Queen
Square Brain Bank (QSBB) as detailed in chaptesezZtion 2.1). A preliminary
study was conducted using the cerebellum tissue fi@1 IPD cases and 36
unaffected controls. A summary of these subjecfsasided in the Appendix. 20
unaffected and 20 IPD subjects were selected frben tissue used in the
preliminary study, and additional tissue from fd@s2019S positive PD subjects
was also obtained from QSBB. The PD subjects wagatified as neocortical or
transitional LB disease according to the McKeithecra (McKeith et al. 2005).
Clinical and pathological details of the subjeats described in Table 5.2, Table
5.3 and Table 5.5. In order to investigate the @natal expression profile of
LRRK2 mRNA, a detailed analysis was conducted usisgues from medulla,
putamen, amygdala, cingulate gyrus, entorhinahtéioand parietal cortices from
these subjects. The anatomical regions available these subjects are described
in Table 5.4 and Table 5.6.

5.2.2 mRNA quantitation

The procedures for RNA extraction, cDNA synthesiad agPCR and
normalization are described in detail in chaptese2tions 2.2.3 and 2.4. The
oligonucleotides used in the study are describéhlvie 5.1.

5.2.3 qPCR data analysis

gPCR data was processed using the SDS 2.0 soffppdied Biosystems, UK)

as described in chapter 2 (section 2.4.2.2). Fowlogenous reference genes
(HPRT1, RPL13A, G6Plnd TBP) were measured for all the samples, and an
appropriate normalisation factor was calculatedgighe software NormFinder as
described in chapter 2 (section 2.4.2.3).
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Primer Sequence £-3' Tm Fragment size

LRRK2 Forward TGTTGTGGAAGTGTGGGATA- 60°C (30 se 295 Dby

LRRK2Reverse = CATTTTTAAGGCTTCCTAGCTG

RPL13AForward GATATAATTGACACTGGCAA 55°C (30 se« 89 by
RPL13AReverse AGCAAGCTTGCGACCTTGA
HPRT1 Forward TGAACGTCTTGCTCGAGAT 55°C (30sec) 188 bp
HPRT1 Reverse GGTCATTACAATAGCTCTTC
TBP Forward TAATCCCAAGCGGTTTGCTG 60°C (45 sec) 112 bp
TBP Reverse CTGTTCTTCACTCTTGGCTC
G6PD Forward CCACCATCTGGTGGCTGTTC 62°C (45 sec) 113 bp
G6PD Reverse GAAGGGCTCACTCTGTTTGC

Table 5.1: The oligonucleotide primers used for gPR study. The primer design is described in section 2.4.PMi. annealing temperature; sec:
seconds. The cycling conditions were 50° C for Autgs; 95° C for 10 minutes; and 35 cycles of 95fbKC15 seconds, 55-65°C for 30-45
seconds and 72° C for 45 -60 seconds. With thepticre of LRRK2 the extension time (72°C) for alhet probes was 45 seconds and for

LRRK2 probes was 1 minute. A dissociation curve alas added at the end of the reaction; 95°C fase®nds; 60°C for 1 minute and 99°C for
15 seconds, to determine that a single specific p@Ruct was being formed by the primers.
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Sex Age PM pH Cause of death Pathological diagnosis LB status
delay
IPD1 M 77 77.00 6.73 Heart failure IPD neocortical
IPD2 M 73 11.20 6.32 N/A IPD neocortical
IPD3 F 62 46.20 5.88 Gradual deterioration IPD neocortical
IPD4 F 78 75.45 6.46 Advanced PD IPD neocortical
IPD5 F 87 47.45 6.62 IPD, slow deterioration IPD transitional
IPD6 F 81 24.25 N/A IPD, congestive heart disease IPD ransitional
IPD7 M 81 103 6.15 Bronchopneumonia IPD transitional
IPD8 M 73 20.30 6.22 PD, Malignant melanoma, 2 in lung PDI transitional
IPD9 F 66 125.30 6.2 Advanced PD IPD neocortical
IPD10 F 77 ~80 6.53 Congestive heart failure IPD neocalti
IPD11 F 88 11.30 6.38 Chest infection IPD transitional
IPD12 M 70 61.20 6.29 Chest infection IPD transitional
IPD13 M 55 8.00 6.37 Progressive degenerative PD disordet IPD neocortical
IPD14 M 71 40.45 6.1 Chest infection IPD neocortical
IPD15 M 79 27.25 5.88 Sudden death IPD neocortical
IPD16 M 71 81.30 6.76 N/A IPD neocortical
IPD17 M 70 71.30 6.17 Coronary artery atheroma IPD transitional
IPD18 M 91 31.45 5.81 Congestive heart failure IPD netcalr
IPD19 F 81 57.30 N/A Heart failure IPD neocortical
IPD20 M 70 51.20 6.29 Gradual deterioration IPD neocattic
G2019S-1 F 81 15.00 6.53 Bronchopneumonia IPD (G2019S) N/A
G2019Ss-2 F 84 32.3 5.79 Congestive heart failure IPD (G2019S N/A
G2019S-3 F 80 44.4 6 Advanced PD IPD (G2019S) N/A
G2019s-4 F 72 24.55 N/A Pulmonary embolism IPD (G2019S) sitbonal

Table 5.2:Summary of IPD and G2019S positive PD cases usedtims study. M: male; F: female; PM delay: Post-mortem delayufisy IPD: idiopathic
PD; N/A: not available. Mean age at death = 75&&'y, mean PM delay= 49.48 hours, mean pH= 6.2%taf8s refers to transitional or neocortical Lewy
body status as described by the McKeith criteria.
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Age at Age at Duration Sex Duration of  Maximum dose dyskinesia after 1st 2 mths to dyskinesia
onset death of (1M/0F) I-dopa use I|-dopa (mg/day) years of disease onset post |-dopa initiation
disease (yrs)
IPD1 73.1 77.7 4.6 1 1.6 435.5 0 N/A
IPD2 65.2 73.8 8.6 1 6.3 500 0 N/A
IPD3 55.8 65.1 9.3 0 N/A N/A 0 N/A
IPD4 494 78.7 29.3 0 26.8 N/A 54
IPD5 73.9 88.2 14.3 0 12 500 0 N/A
IPD6 59 81.5 22.5 0 20.6 1300 205.2
IPD7 64.4 81 16.6 1 12.1 N/A 1 N/A
IPD8 58.4 73.2 14.8 1 12.8 N/A 1 N/A
IPD9 36.5 66.5 30 0 25.2 660 1 21.6
IPD10 53.1 77.1 24 0 235 580 222
IPD11 77.2 89 11.8 0 11 250 0 N/A
IPD12 45.9 70.1 24.2 1 13.4 750 N/A
IPD13 56.5 65.2 8.7 1 3.4 1000 0 N/A
IPD14 67 72.2 5.2 1 0.9 N/A 0 N/A
IPD15 73.8 79.9 6.1 1 3.9 N/A 0 N/A
IPD16 57.1 71.2 14.1 1 9.1 625 98.4
IPD17 50.4 788 22.9 1 21.6 1500 1 12
IPD18 82.4 92.1 9.7 1 4.9 750 0 N/A
IPD19 52.9 81.1 28.2 0 24.6 770 1 55.2
IPD20 59.5 70.5 11 1 10 870 1 54
G2019S-1 64.6 81 16.4 0 14.9 1000 1 90
G2019S-2 N/A 84.9 N/A 0 N/A N/A N/A N/A
G2019S-3 52 80.9 28.9 0 28 2000 1 37.2
G2019S-4 57.1 72.9 15.8 0 14 600 72

Table 5.3: A clinical summary of IPD and G2019S pdive PD cases used in this studylhis tissue was obtained from QSBB and the datcedected
by Dr. Sean O Sullivan at QSBB. I-dopa: levodops; years; mths: months; N/A: not available. Otig italicised samples in bold red letters were dsed

the L-DOPA induced dyskinesia correlation analgsiscribed in section 5.3.4.
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Cerebellum Medulla Putamen Amygdala Entorhinal Cingulate Frontal Ctx  Parietal Ctx
Citx gyrus

IPD1 N N N N N N N N
IPD2 \ N/A N v N \ N N
IPD3 \ \ \ \ \ \ \ \
IPD4 \ \ \ v N v N v
IPD5 \ \ \ \ \ \ \ \
IPD6 \ N/A \ \ \ v v v
IPD7 \ \ \ V \ v v v
IPD8 \ \ \ \ \ v v v
IPD9 v N/A v v v v v v
IPD10 \ \ \ N N N N N
IPD11 \ \ \ N/A \ \ \ \
IPD12 \ \ \ N N N N N
IPD13 \ \ \ \ \ \ \ \
IPD14 \ \ \ \ \ v v v
IPD15 \ \ \ v \ v v v
IPD16 \ \ \ \ \ v v v
IPD17 v v v N/A v v v v
IPD18 \ \ \ N N N N N
IPD19 v N/A N/A v v v v v
IPD20 v v v v v v v v
IPD21 N/A \ N/A N/A N/A N/A N/A N/A
G2019S-1 \ N/A N/A N/A N/A N/A N/A N
G2019S-2 v N/A N/A v v v v v
G2019S-3 v N/A N/A N/A v N/A N/A v
G2019S-4 v N/A N/A v v v v v

Table 5.4: Summary of the anatomical regions coll¢éed for IPD and G2019S positive PD case3his tissue was obtained from QSBB, and the table

provides a detail for the frozen post-mortem tisssed for the gPCR study and the availability @& #matomical regions. Ctx: cortex; N/A: not avdiab
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Sex Age PM delay pH Cause of death
(hours)
Conl F 77 23.00 5.60 Cancer (colon)
Con2 F 86 46.50 6.17 Cancer
Con3 F 84 81.45 6.28 Cancer, heart failure
Con4 M 85 43.35 6.68 Cancer (Oesophagus)
Con5 M 86 53.00 6.65 Bronchopneumonia,
heart failure
Con6 M 86 23.30 6.55 Myocardial infarction
Con7 M 81 40.00 6.48 N/A
Con8 F 53 29.50 6.64 Intra-cerebral haemorrage
Con9 M 91 48 6.54 Bronchopneumonia
Conl0 F 88 49.25 6.23 Chronic obstructive airway
disease
Conll F 85 34.00 6.31 Cancer (breast)
Conl2 F 89 77.3 6.49 Pneumonia
Conl3 M 83 117.05 6.81 Heart attack
Conl4 M 79 56.40 6.60 Cancer (prostate)
Conl5 M 75 64.50 6.18 Pulmonary embolism
Conl6 F 81 13.50 6.39 Cancer (colon)
Conl7 M 63 42.00 6.23 Congestive heart disease
Conl8 M 57 78.5 6.03 Adenocarcinoma
Conl19 F 78 23.30 N/A N/A
Con20 M 71 38.5 N/A Mesolithioma
Con21 F 83 20.00 6.55 Bowel resection with
complications

Con22 F 78 51.30 6.24 Cancer (colon)

Table 5.5: Summary of unaffected subjects used inhis study. This tissue was

obtained from QSBB. Con: control; M: male; F: femaPM: post-mortem; N/A: not

available. Mean age at death: 79 years, mean P&¥:.0€r.89 hours, mean pH: 6.38.
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Cerebellum Medulla Putamen Amygdala Entorhinal Ctx  Cingulate Frontal Parietal Ctx
gyrus Ctx

Conl \ \ N/A \ \ \ \ \
Con2 N v N N v N v v
Con3 \ N/A \ \ v \ v v
Con4 \ N \ \ N \ N N
Con5 N N/A N/A \ v \ v v
Coné \ N/A \ \ N \ N N
Con7 \ \ \ N/A \ \ \ \
Con8 N v N N v N v v
Con9 \ \ \ N/A \ \ \ \
Con10 \ N/A N N/A N \ N N
Conll \ N/A \ \ v \ v v
Con12 \ N \ \ N \ N N
Con1l3 \ v N/A \ v \ v v
Conl4 \ N \ \ N \ N N
Conl5 \ N/A \ N/A \ \ \ \
Conl6 N N/A N N v \ N N
Conl7 \ \/ \ \ \/ \ \/ \/
Con18 N N/A N N N \ N N
Con19 \ v \ \ v \ N N
Con20 \ v \ N v N N/A v
Con21 N/A v N/A N/A N/A N/A N/A N/A
Con22 N/A N N/A N/A N/A N/A N/A N/A

Table 5.6: Summary of anatomical regions collectefiom unaffected controls. This tissue was obtained from QSBB. This table joles a detail for the

frozen post-mortem tissue used for the gPCR stadytlze availability of the anatomical regions. Gtartex; N/A : not available.
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5.24 Immunohistochemistry

Immunohistochemistry (IHC) was performed on pama#mbedded tissue sections
from IPD and PD cases positive for G2019S mutasisrdescribed in section 2.5.2.
The subjects used are summarised in Table 5.2.ahlgomical regions obtained
were: medulla, putamen, amygdala, cingulate gyeagorhinal, frontal and parietal
cortices. The sections were cut at 8um and prodesseescribed in section 2.5.2 of
chapter 2. The tissue processing and visualisgtimtedure was carried out as
described in sections 2.5.2.2-2.5.2.4 of chaptéFh2 widely used monoclonal

synuclein antibody (VP-A106, Vector Laboratoriesphsvused as the primary
antibody for the IHC procedure in this study. Fasualisation with secondary
antibody, mouse immunoglobulins (Dako, UK) weredus¢ a dilution of 1:200A

corresponding haemotoxylin and eosin stain wasopeed for all the sections. The
antibodies and pre-treatments used in this studyligted in Table 5.7. The-

synuclein immunohistochemistry for cingulate gyrestorhinal, frontal and parietal

cortices was performed by Dr. Tammaryn Lashley (5B

Antibody Source Host Dilution for IHC Pre-treatments required
a-synuclein DAKO Mouse 1:75 pressure cooking and formic acid
(monoclonal) treatment (Chapter 2, section
2.5.2.5)

Table 5.7: Antibody used for expression oféi-synuclein immunohistochemistry.

5.2.5 LB counts and image processing

Upon a-synuclein immunoreactivity, the LBs within the mens were counted for
medulla, putamen, amygdala, cingulate gyrus, emakhfrontal and parietal cortices.
All the extra-cellular inclusions that displayedynuclein positive immunoreactivity
were ignored. The area containing LB inclusions vdestified under an Olympus
BX50 microscope and a photograph of the section wasitakang a Nikon Eclipse
E800. Image J (NIH) was used to mark the total afethe section to obtain the
pixels which were then converted into area per’rtsee section 2.8.4). The total
number of LBs was then divided by area perenobtain LBs per mf The LB
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counts for cingulate gyrus, entorhinal, frontal gadietal cortices were performed by
Dr. Tammaryn Lashley (QSBB)

5.2.6 Statistical analysis

The gPCR data was analysed using the statisticckagae SPSS version 14.0.
Parametric tests (student’s t-test) were condudted data that was normally
distributed and non-parametric tests (Kruskal-Walland Mann-Whitney or
Spearman’s correlation where stated) were usedhrdata that did not exhibit

normal distribution.

Outliers were identified using a box and whiskels,pand any data point that was
more than three standard deviations from the mesnexcluded from the subsequent
analysis. If tissue was available for all threejsabgroups (i.e. control, IPD and at
least three G2019S positive PD subjects), and #te did not demonstrate normal
distribution, then non-parametric test of Kruska&ilé (K-W) was used to determine
any significant difference. Any significance obsvfor the K-W test was further
refined by using a Mann-Whitney (M-W) test betwdaro groups at a time, i.e.
control- IPD, control- G2019S, and IPD- G2019S.sTallowed us to determine the
combination of subject groups that might contribtatehe significance observed in
the K-W test.

The LB levels for each region were counted twicaratependent occasions and an
inter-class correlation was performed to assessdhsistency between the two sets
of LB counts. For a correlation analysis betweerRKR mRNA levels and clinical
data or LB levels in the brain, Spearman’s non4patac test was used. Outliers
were identified using a scatter plaind a bivariate correlation was performed using
the Spearman’s rho which was set at 0.500 for &ip®<orrelation and -0.500 for

negative correlation between the parameters.

The tests were corrected using the step up Sirhesshold algorithm for multiple
comparisons as described in section 2.9.4.2. Taphgrwere plotted either in SPSS
version 14.0 or in Graphpad PRISM (for dot blots).
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5.3 Results

5.3.1 LRRK2 mRNA expression study in cerebellum of unaffected and
IPD subjects

A study was conducted using gPCR to measure theKZRRRNA expression levels

in post-mortem human brain cerebellum tissue of [EI) cases and 36 unaffected
controls. The mRNA expression data was normalissthgu two endogenous
reference gene$]PRT1andRPL13A A geometric mean of the two reference genes
was also used to normalise the mRNA expression. ddita data was checked for
normal distribution, and any outliers (three stadd#eviations from the mean) were
excluded prior to using student’s t-test to comparg potential differences between
control (= 35 and IPD f = 115) subjects.

The analysis revealed a significant difference RNA expression levels diRRK2

in IPD cases and unaffected controls when the wat normalised individually to
the two endogenous reference gertdBRT1and RPL13A (p = 0.001 and 0.003,
respectively), or with the geometric mean of the teference genep € 0.001). For
the purpose of simplicity, only data normalizedhie geometric mean is presented in
Figure 5.1 (control LRRK2 mRNA mean = 1.187 and IPRRK2 mRNA mean =
0.847, a mean difference of 0.340 in the LRRK2 mRRx¥els, 95% CI: 0.149881
and 0.530573).
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Figure 5.1: A preliminary study showing differencesin LRRK2 mRNA levels in the
cerebellum of unaffected controls and IPD case3he data was checked for any outliers
(three standard deviations from the mean) usingxeaind whiskers plot and removed prior to
the statistical analysis using a t-test. The datsgnted here reflects the LRRK2 mRNA
levels normalised using the geometric mean of wwedndogenous reference gend®RT1
andRPL13A. The dots show the mean of LRRK2 mRNA levels, #ralerror bars around
them represent standard error of the mean (+/- M)SElean LRRK2 mRNA levels for
controls is 1.187 and for IPD subjects is 0.847¢ Tiean difference in the LRRK2 mRNA
values for controls and IPD subjects is 0.340 (9&8ffidence interval of. 0.149881 —
0.53057). The decrease in the cerebellum LRRK2 mRNAPD cases versus unaffected

controls is significantg(= 0.001).

Following on from the results obtained from thelipneary study in cerebellum,
post-mortem tissue was collected from other bragians to determine a quantitative
regional map of LRRK2 mRNA levels in the human brarhe data in following
sections was produced using tissue from a maximiu®0 eontrols, 20 IPDs and four
G2019S positive PD subjects. Four endogenous refergenes were measured for

all the samples, and the data was analysed usmgpam@metric tests.
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5.3.2 Regional variation in LRRK2 mRNA levels in control human brain

A quantitative regional map of LRRK2 mRNA expressievels was determined to
complement the LRRK2 ISH results in chapter 4. @kt in this particular section
was only produced using LRRK2 mRNA levels from deetied controls (a
maximum of 20 samples). These samples were alsmatised using a geometric
mean of the four endogenous reference genes. Fig@reepresents the relative
LRRK2 transcript levels and demonstrates thatis data set medulla has the highest
MRNA levels of LRRK2, followed by entorhinal corteserebellum and amygdala.
The cortical regions of cingulate, frontal and ptai are slightly higher than
putamen, but overall Kruskal-wallis (K-W) test raled no regional differences in
LRRK2 mRNA levels.

=
g

P
<

o
T

0.0-

Relative LRRK2 mRNA levels

Figure 5.2: Regional expression of LRRK2 mRNA in te normal human brain. The
mean LRRK2 mRNA levels were normalised to the gdamemean of the four
corresponding endogenous references genes. Therdm@esent the standard error of the
mean, and indicate that overall regional levelsLBIRK2 mRNA are not significantly
different from each other. Although a slight desein LRRK2 mRNA levels is observed in
the putamen, overall the LRRK2 mRNA levels were pamable across the regions.
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5.3.3 Differential LRRK2 mRNA expression in multiple brain regions of
control, IPD, and G2019S positive PD subjects

Differences in LRRK2 mRNA levels were investigated a maximum of 20

unaffected controls, 20 IPD cases and four G20188ipe cases for various regions

across the brain. Due to limited tissue availapilanatomical regions for all the
G2019S positive PD subjects were not obtained gpleefer to Table 5.4 and 5.6)

Insufficient number of G2019S positive PD subjentsnedulla 6 =0), putamenr( =
0), amygdalar{ = 2), cingulate gyrusn(= 2), and frontal cortexn(= 2) meant that
only controls and IPD subjects were included in #tatistical analysis (Mann-
Whitney (M-W)) for these regions. However, the ttasf LRRK2 mRNA levels in
G2019S positive PD samples are represented ind-tGc

G2019S positive PD subjects were included in tla#istical analysis for entorhinal
cortex 1 = 3), cerebellum and parietal cortex (batk 4). Therefore, K-W test was
performed for these three regions to assess diifesebetween controls, IPDs and
G2019S positive PD subjects. If a statistical digance was achieved with the K-W

tests, then M-W tests were performed as describsddtion 5.2.6.

A general widespread decrease was observed in RiRKR mRNA levels in IPD

cases compared to unaffected controls in a majmftythe regions. This was
significant in amygdala, cingulate gyrus, frontallgarietal cortices and cerebellum
(see Figure 5.3). Medulla on the other hand, shoamdncrease in the LRRK2
MRNA levels in IPD subjects. Figure 5.3 represethis box and whiskers plot
detailing the interquartile ranges and minimal amaximal points of the data. Any
point that was three standard deviations away fthen mean was considered an
outlier and not included in the analysis. A dethispread of the individual points,
mean and standard error of the mean are representédure 5.4, Figure 5.5, and

Figure 5.6.
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Figure 5.3: Differential expression in LRRK2 mRNA levels in unaffected and IPD subjectsThe median in the box plot is represented by thizbotal line
inside the box and the interquartile range (IQR)dsveen the 25and 7' percentiles which are represented by the horitdwtalers of the box. The whiskers

show the minimal and maximal values of the mairadd® < 0.05 and **P < 0.01. Statistical tests ®2019S positive PD subjects are not shown on tlaiply
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5.3.3.1 LRRK2 mRNA levels are increased in the medulla of IPD cases but

remain unaffected in the putamen.
Mann-Whitney (M-W) tests were performed for medufiad putamen, and a
significant increase was observed in the LRRK2 mRbMels in the medulla of IPD
cases when compared to the contr@s=(0.027). No difference was observed in
LRRK2 mRNA levels in putamen of the two subjecteups, although there was a
trend towards a decrease in the LRRK2 mRNA levEIPD cases when compared to
the controls. The differential expression obsenmedmedulla and putamen is
represented in Figure 5.3, and the figure belowufé 5.4) represents the spread of
the individual points (control and IPD subjects yynlising standard error of the

mean.
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Figure 5.4: Mean LRRK2 mRNA levels in medulla and ptamen of unaffected and IPD
subjects. This figure represents the spread of individuahtmithe mean and standard error
of the mean (SEM). The number of sampl@sused for this study were: medulla- contrais,

= 15 and IPDsn = 16 and for putamen- controls,= 18 and IPDsh = 20. A significant
increase in the LRRK2 mRNA levels in IPD cases wlaserved in the medullp € 0.027).
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5.3.3.2 LRRK2 mRNA levels are decreased in the medial temporal regions and

neocortical regions of IPD cases
No significant difference was observed in the LRRKRNA levels of controls, IPD
and G2019S positive PD subjects for entorhinalesgralthough there was a trend
towards a decrease in the LRRK2 mRNA levels in RbDjects. Due to the low
number of G2019S positive PD cases in amygdala @), only controls and IPD
subjects were included in the statistical analysis this region. The M-W test
revealed a significant decrease in the LRRK2 mRa&Mels of IPD cases in amygdala
in comparison to unaffected controlp € 0.014). The differential expression

observed in entorhinal cortex and amygdala is sspred in Figure 5.3.

LRRK2 mRNA levels were also obtained for a maximwih 20 IPD and 20
unaffected controls for the cortical regions ofgtitate gyrus; frontal cortex; parietal
cortex and cerebellum. Statistical analysis dematext a decrease in the LRRK2
MRNA levels of IPD subjects in comparison to thaftected controls in cingulate
gyrus and frontal cortex. This was significantleg 5% levelp = 0.012 for cingulate
gyrus, anc = 0.035 for frontal cortex (see Figure 5.3).

The preliminary cerebellum data was only normalisethg, HPRT1 and RPL13A
(Figure 5.1). Therefore, to provide consistencydtieer two reference geneSgPD
and TBP) were also measured in cerebellum of 20 cont2s|PDs and 4 G2019S
positive PD cases. A significant decrease in th(RKR mRNA levels of IPD
subjects was again observed in comparison to taffeated controls in cerebellum
(p = 0.01). However, the most significant decreasthen LRRK2 mRNA levels of
IPD subjects was observed in the parietal cortex significance level of 1%p(=
0.004) (see Figure 5.3). The spread of the indadighoints (control, IPD and G2019S

positive PD subjects) using standard error of tleamris represented in Figure 5.6.
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Figure 5.5: LRRK2 mRNA levels are decreased in thenedial temporal regions and

frontal cortices of IPD cases.This figure represents the spread of individualingsithe
mean and standard error of the mean (SEM). The aumlbsamplesn) used for this study
were: entorhinal cortex- contrah, = 19 and IPDn = 20; for amygdala- controh = 18 and
IPD, n = 20;for cingulate gyrus- control = 19 and IPDn = 20; and for frontal cortex,-
control,n =19 and IPDn = 20.

5.3.3.3 Is there any difference between LRRK2 mRNA levels of IPD and
G2019S positive PD cases?

There was a trend towards a generalised decreabe mRNA levels of LRRK2 in

G2019S positive PD cases compared to the IPDsimidial temporal lobe regions
of amygdala and entorhinal cortex, and the nedeadrtegions of cingulate gyrus
and frontal cortex (Figure 5.3). The G2019S posifRD subjects were not included
in statistical analysis for these regions (apasfrentorhinal cortex), lest their low

number skewed the results. Despite no statistigaif&cance, the slight increase in
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the LRRK2 mRNA levels of G2019S positive PD casesamparison to IPD cases
for both cerebellum and parietal cortex is an gdgéng observation (see Figure 5.6.
However, when the individual samples are plotteyufe 5.6), the increase in
LRRK2 mRNA levels of G2019S PD compared to IPD seaty is only slightly

evident. However, the LRRK2 mRNA levels remain lowbkan the unaffected

controls in both set of PD subjects. It should bé&ed that cerebellum and parietal
cortex are the only two regions where post-mortessue from all the four G2019S
cases was available. Therefore, any trends wheverf&2019S positive PD cases

were used should be interpreted with caution.
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Figure 5.6: Relative LRRK2 transcript levels in ceebellum and parietal cortex of
controls, IPDs and G2019S positive PD subject3.his figure represents the spread of
individual points, the mean and standard errotefmean (SEM). The number of samples
(n) used for this study were: parietal cortex - colntn = 20; IPD,n = 20 and G2019S) = 4.
For cerebellum: controh = 20; IPD,n = 20 and G2019%\ = 4.
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5.3.3.4 Multiple test Correction

During hypothesis testing, even if all the null byfpeses are true, there is a 1 in 20
chance that at a significance leveloof 0.05, a statistically significant finding will
be observed, thereby increasing the risk of fatsgtives (see 2.9.4.2 for details).
Therefore, in order to avoid spurious results (e to reject a correct null

hypothesis), it is essential that all the dataoiserted for multiple comparisons.

The comparisons being carried out in this particidtudy related to regional
differences in LRRK2 mRNA levels of unaffected, IRIDd G2019S positive PD
subjects. As described in section 5.3.3, K-W tes$ werformed when samples were
present for all three groups (3 tests: entorhimattex, cerebellum and parietal
cortices). M-W test was performed for two groupsdatme (12 tests). Taking into
account the initial student’s t-test performed thoe preliminary cerebellum data set,
this puts the total number of comparisons up toTh& data was corrected using the
step-up Simes’ algorithm for multiple testing bykang theP -values from the 16
tests in an ascending order, and setting a threshohlue depending on its position
within the order. As described in section 2.9.402 step-up Simes’ algorithm is an
extension of the Bonferroni procedure, althougis # little less conservative on the
data.

The P -value obtained using the student’s t-test forghaiminary cerebellump(=
0.001) data survived the step-up Simes’ threshofdnfiultiple testing. Table 5.8
shows the multiple test correction for all the o that had 20 unaffected, 20 IPD
and G2019S positive PD subjects. As can be seehable 5.8, the differences
observed between IPD and unaffected subjects foletph cortex, cerebellum,
cingulate gyrus, amygdala, frontal cortex and mleduémained significant after
being corrected for multiple testing with the stgpSimes’ threshold.
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Kruskal-Wallis step-up Simes’ outcome  Mann-Whitney step-up Simes’ Simes’ outcome

Test for IPD- Simes’ threshold < 0.05, Test- IPD- threshold threshold< 0.05, reject
G2019S- threshold rejectH,, Control Ho, threshold > 0.05,
Control threshold > 0.05, acceptH,
acceptH,
Parietal cortex 0.012 0.022 RejectHq 0.004 0.011 RejectHo
Cerebellum 0.031 0.044 RejectHq 0.011 0.016 RejectHq
Cingulate gyrus X X X 0.012 0.027 RejectHy
Amygdala X X X 0.014 0.03 RejectHq
Medulla X X X 0.027 0.038 RejectH,
Frontal cortex X X X 0.035 0.05 RejectHy
Entorhinal 0.126 0.061 Accept K X X X
cortex
Putamen X X X 0.579 0.077 Accept §

Table 5.8: P- values corrected using step-up Simes' thresholdruskal-wallis was performed for parietal corterrebellum and entorhinal

cortex only. The preliminary cerebellum study (stoids t-test) is not represented here but was dedun the overall multiple comparisons. A
significantP-value for K-W test meant that the groups (conti®Ds and G2019S PD subjects) were then compareddo other using M-W test.

In order for the null hypothesis to be rejected, ttireshold value set up by the step-up Simesecton had to be < 0.05. Only tRe-values for

the M-W tests between control and IPD subjectshosvn in this tablddg : null hypothesis.
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5.3.4 LRRK2 mRNA expression and clinical data
LRRK2 mRNA levels were correlated with gender analation of iliness for IPD
and G2019S positive PD subjects. Spearman’s ctioeleevealed no association of

LRRK2 mRNA levels with either of the parameters.

Subjects with clinical history reporting levodopgalPOPA) induced dyskinesia were
identified amongst the IPD group € 8) and G2019S subjects £ 3) (see Table 5.3
for details on the subjects). The effects of L-DORAuced dyskinesia on regional
LRRK2 mRNA levels were then investigated. Spearmaorrelation was performed
to investigate association between regional LRRK2NA levels and maximum L-

DOPA dose (mg/day) or with cumulative L-DOPA dosalgeing the duration of the
illness for these subjects. No correlation was olegk for maximum dose of L-
DOPA and LRRK2 mRNA levels, but positive trends ev@bserved for amygdala
(Spearman’s rho= 0.65p= 0.156) and medulla (Spearman’s rho= 0.§086;0.200).

Weak correlations were observed for cumulative dokd-DOPA and LRRK2

MRNA levels in cingulate gyrus (Spearman’s rho 8,f1= 0.047) and entorhinal
cortex (Spearman’s rho 0.68% =0.042) of subjects with L-DOPA induced
dyskinesia. Even though the effects of L-DOPA iretliadyskinesia on LRRK2
MRNA levels would have been most relevant to thieupen, no correlations were

observed with maximum L-DOPA or cumulative dosgumamen.

5.3.5 LRRK2 mRNA expression and LB pathology count

A correlation between LRRK2 mRNA levels and thdexive LB load described as
transitional or neocortical (according to the MdKetriteria) was performed and no
association was observed. The LB counts per fsee section 5.2.5) in medulla,
putamen, amygdala, entorhinal cortex, cingulataugyfrontal and parietal cortices
were also correlated to the normalised LRRK2 mRMx@els of the corresponding
regions. No correlation was observed between thabeu of LB inclusions and

LRRK2 mRNA levels for any of the regions.
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5.4 Discussion

This study demonstrates a widespread dysregulatiche LRRK2 mRNA levels
between unaffected and IPD subjects in variousoamatl regions across the brain.
Trends towards decreased LRRK2 mRNA levels were alsserved in G2019S
positive PD subjects in comparison to the unaftktctigbjects. This overall decrease
in LRRK2 mRNA levels in PD subjects used in thisidst suggests a shared
mechanism is contributing to the PD pathogenespemenced by IPD and G019S
positive PD subjects. Following on from the idanttion of LRRK2 protein in LBs
(as demonstrated in chapter 4), the effects of LRRIRNA on the eventual LB load

in different anatomical regions were also inveséda

A preliminary study comparing LRRK2 mRNA levelstime cerebellum of 115 IPD
cases and 35 unaffected controls suggested a mddadase in LRRK2 mRNA in
IPD cases. This was of interest since a decread®imRNA levels of the PARK9
(ATP13A2 locus in the cerebellum has previously been tego¢Vilarifio-Guell et
al. 2008), despite cerebellum not being immediasélgcted in the PD pathogenesis
like the brainstem. Therefore, further quantitatioh LRRK2 mRNA levels was
performed in regions more directly implicated in ,Piamely, medulla, putamen,
cingulate gyrus, frontal cortex, entorhinal cortaxd parietal cortex. 20 unaffected
cases, 20 IPD cases, and where available, tissaefour G2019S positive PD cases

were chosen for this purpose.

A total of four endogenous reference genes weresuaned for each sample and for
every anatomical region. Whilst performing a quatittn of the regional mRNA
expression of LRRK2 in unaffected subjects, thengetoic mean of all the four
endogenous reference genes was used to normalRE2ZRRNA data. However, a
slightly different methodology was taken to norrealthe data when the affected and
unaffected were compared. This was done becauseotihealisation by endogenous
reference genes works on the premise that theytldiffer between the affected and
unaffected. However, it cannot be assumed for icefti@at the reference genes

themselves are not affected during the diseas®gaiiesis. Therefore, to account for
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this anomaly, the software NormFinder was usedelecs a combination of the
reference genes with the least amount of estimasdhtion in unaffected and
affected subjects for each region. Once these wselexted, a normalisation factor
was calculated using the geometric mean of theeefe genes recommended by
NormFinder, and this factor was then used to ndemdahe LRRK2 mRNA levels for

affected and unaffected before any further analysigd be undertaken.
Regional expression of LRRK2 mRNA in normal human brain

This chapter demonstrates a quantitative regioastrgption of LRRK2 mRNA in a
maximum of 20 unaffected subjects, which to ourvkiedge is the largest number of
samples examined to estimate the LRRK2 trans&yal$ in post-mortem human brain.
Overall there was no statistically significant difnce in the regional levels of LRRK2
MRNA, but as demonstrated in Figure 5.2, the high®&RK2 mRNA levels were
identified in medulla and cerebellum. This corretatvell with the semi-quantitative
results for LRRK2 protein in chapter 4 of this tkewhere medulla followed by
cerebellum was consistently shown to have high LRRkKotein levels. Similarly, the
medial temporal regions of amygdala and entorhgnakex, and neocortical regions of
cingulate gyrus, frontal and parietal cortices Haghtly lower levels of LRRK2 mRNA
compared to medulla and cerebellum which also lewegwell with the LRRK2 protein
data in chapter 4. The moderate to high LRRK2 mRiNA protein (chapter 4) levels in
the limbic regions of amygdala, entorhinal corta® aingulate gyrus, indicates that this
protein might play a role in other neurodegeneeatiiseases or possible late stage

cognitive decline associated with PD.

The lowest LRRK2 mRNA levels in this study wereareted for putamen, however,
these mMRNA levels were still comparable to othgrars, and no significant difference
was observed as is demonstrated by the errordigure 5.2. This is of interest as in
chapter 4 the lowest LRRK2 protein levels were testly recorded for the striatal
neurons. Previous studies have reported higher LRRIRNA levels in striatal
putamen as compared to substantia nigra (SN) (Zemgat al. 2004b; Melrose et al.
2006), but due to a lack of nigral tissue we weskable to make such a comparison,

[185]



and this obviously remains a limitation of our studowever, a quantitation of LRRK2
MRNA levels in the putamen as presented in thiptehh@oupled with data from chapter
4, lends further support to the recommendationltR&RK2 protein has a high turnover
in the striatal regions, and as such could playingoortant role in the nigrostriatal

dopamine system.
Widespread reduction of LRRK2 mRNA in IPD cases

As demonstrated in the results section (Figure, v8h an exception of an increase
in the medulla, LRRK2 mRNA levels were shown to da@/generalised decrease in
all other anatomical regions of IPD cases examineldis study. Apart from putamen
and entorhinal cortex, these trends of decreaddRRRK2 mRNA were statistically

significant and all survived the step up Simesésinold for multiple comparisons.

Taking the Braak staging into account, medulléhesfirst region to be vulnerable to
a-synuclein PD pathology in comparison to the otlegiions examined in this study.
The increase in the LRRK2 mRNA levels in the mealdf IPD cases is different
from the generalised decrease observed in the o#iggsns (Figure 5.3 and Figure
5.4). Tissue effect on genetic control of trandcigoform variation has previously
been reported in human osteoblasts (Kwan et aR)200is feasible that the LRRK2
MRNA increase in the medulla of IPD cases is duantaipregulation of a region
specific isoform(s) of LRRK2 transcript as a comganry mechanism during initial
stages of PD progression in the medulla. Howeves, is purely speculative and
further experiments aimed at measuring not only région specific isoforms of
LRRK2 transcripts, but also their half-lives areeded before inferring that this
increase in the LRRK2 mRNA levels of medulla midig an early compensatory

mechanism in response to PD progression.

The putamen shows no significant change in LRRK2NARevels despite there
being a widespread decrease in all other regiohs. i$ in agreement with previous
studies that also reported no difference in thatsirLRRK2 levels in IPD cases and

unaffected controls (Melrose et al. 2006; Hurleyakt2007), although a trend in
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decreased levels was observed in IPD cases ase@sled by Galter and colleagues
(Galter et al. 2006). The loss of dopamine depfheiio the striatum results in a
clinical phenotype which is treated using L-DOP/Alaeeement therapy. L-DOPA
replacement therapy was administered to the IPBsc@sl but one) used in this study
and L-DOPA induced dyskinesia was also reportesbine IPD and G2019S positive
PD subjects (see Table 5.3). Previously L-DOPA asdl dyskinesia has been
suggested to increase striatal LRRK2 mRNA levelanarmosets (Hurley et al.
2007). Clinical history detailing L-DOPA inducedsknesia was only available for
half of the cases and no correlation between LRRIRNA levels with maximum L-
DOPA dose and cumulative dose was observed in mutamlthough a previous
study that reported increased LRRK2 mRNA levelsmarmosets (Hurley et al.
2007), it should be noted that a detailed retraspea@nalysis of dyskinesia levels in
post-mortem human tissue is not possible. Morediverclinical data for L-DOPA
induced dyskinesia was only available for a miryooit cases, therefore not allowing
for an accurate correlation analysis between L -BORduced dyskinesia and
putamen LRRK2 mRNA levels.

Pallor of substantia nigra (SN) is a pathologida¢motype associated with both IPD
and G2019S positive PD cas@$ie absence of SN is a limitation of this studyt bu
the data resultant from whole nigral tissue thaghhibe severely degenerated in
affected subjects cannot be easily interpreteds Tibecause a decrease in the
MRNA could be associated with extensive cell l@ssl a lack of change (or an
increase) could be due to compensatory mechanishishwmight result in a
transcriptional upregulation in the surviving newsan a region that is critical to PD
pathogenesis. The best way to capture transcrgdtiprofile for SN is to obtain
individual DAergic neurons using laser capture witssection, which we were
unable to do. Thus, no whole nigral tissue was lire@ in this study, but a recent
study has showed a decrease in LRRK2 mRNA levelasefr capture microdissected
DAergic neurons from IPD patients (Simunovic et 2008), raising the question of
whether LRRK2 is essential for the survival of D&ierneurons or whether reduction
in mMRNA levels is just an effect of the overallldeks in SN?
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LRRK2 expression in numerous brain regions suchthes hippocampus and
amygdala which are the key structures of the lingytem has led to suggestion that
LRRK2 plays a physiological role not only in the tmobut also in certain cognitive
elements associated with the PD pathogenesis andfamal aging(Giasson et al.
2006). The presence of LRRK2 has been reportecimafibrillary tangles (NFTs)
and the pleomorphic pathology related to LRRK2 mioms certainly suggests an
important upstream role for this gene in other odegenerative disorders (Giasson et
al. 2006). It would have been interesting to cateelLRRK2 mRNA levels in these
regions to mini mental state examination (MMSE)rescof the patients used in this
study. However, a lack of detailed information dM8E scores for these subjects used
in this study, made a correlation analysis unfdasiblonetheless, the significant
guantitative difference reported in the LRRK2 tamng levels in amygdala and
cingulate gyrus, both of which form an importanitt d the limbic system does lead to

the suggestion that LRRK2 might also play a rolhecognitive related decline in PD.

The reduction of LRRK2 mRNA in the cortical regioissalso of interest, as even
though the biggest impact of PD is felt on the fiors of the nigrostriatal dopamine
system, PD is a systemic disease of the nervousmydVhether this reduction in
cortical regions represents an end-stage involvemenains to be determined but
various metabolic defects such as mitochondrialoabalities, oxidative stress,
protein aggregation and abnormal gene regulative baen suggested to result in the
early involvement of cerebral cortex in PD (reviemia (Ferrer 2009)). The multi-
domains of LRRK2 have been suggested to play a irolsignal transduction,
apoptosis, vesicle trafficking, neuronal maintergrand axonal transport (reviewed
in (Greggio & Cookson 2009)). As such a reductionthe LRRK2 mRNA levels
could have drastic effects on any number of thesetions resulting in various

metabolic defects that might contribute to PD pesgion.
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Could dysregulation of a shared auxiliary mechanism contribute to the

indistinguishable phenotype of IPD and G2019S positive PD subjects?

The LRRK2 mRNA levels were also investigated in #matomical regions for the
four G2019S positive PD cases obtained from the R&Rhive. Despite the low
number of G2019S positive PD subjects, there waersistent trend towards low
LRRK2 mRNA levels in G2019S positive PD subjects domparison to the
unaffected subjects. This is interesting as theedydation of LRRK2 mRNA in
G2019S positive PD subjects is in the same dinectie observed in IPD cases
without the G2019S mutation.

For a majority of the regions (cingulate gyrus, gadela, frontal and entorhinal
cortices), lower levels of LRRK2 mRNA were recorded G2019S positive PD
subjects in comparison to IPD subjects. Howeves,ahly regions where the trends
in LRRK2 mRNA levels of G2019S positive PD subjeatsre comparable to IPD
subjects were in the cerebellum and parietal corféxs is because cerebellum and
parietal cortex are the only two areas where tisgag available for the maximum
number of G2019S positive PD subjecais=(4) in this study. It should be noted that
the sample G2019S-2 that was available for allrégeons (not including medulla
and putamen) also displayed low levels of mRNA tlee endogenous reference
genes, indicating that tissue from this subjecthiigt be well preserved. Therefore,
all the regions that display low mRNA levels in G828 positive PD samples in
comparison to IPD cases (Figure 5.3) could haven lsewed by this particular
sample. Regardless of this, LRRK2 mRNA levels wdeereased in all G2019S

positive PD subjects when compared to the unaffiecoatrols.

A previous study that examined the phosphorylasiciivity of LRRK2 in leucocytes
of unaffected, IPD and G2019S positive PD subjeetrted a reduced LRRK2
protein activity in G2019S positive PD and IPD sdb$ in comparison to controls,
but a slight increase in LRRK2 phosphorylationattiof G2019S positive PD in
comparison to IPD subjects (White et al. 2007).réhs also a slight increase in the

LRRK2 mRNA levels of the G2019S positive PD casesgared to the IPDs in this
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study (as presented in cerebellum and parietaicesttFigures 5.3 and 5.6), but the
low numbers of G2019S positive PD subjects in $higly does not allow us to make
any statistical inferences. Therefore, tissue feolarger numbers of G2019S positive

PD subjects is needed in order to accurately asisissguestion.

In addition, chapter 4 of this thesis demonstratedlifference in the morphological
profile of LRRK2 mRNA and protein in IPD and G201@®sitive PD subjects.
Collectively, these data suggest that the widesbmecrease in LRRK2 mRNA
levels of IPD as well as G2019S positive PD casescgmparison to unaffected
subjects) might be a shared auxiliary mechanism toatributes to the purely
idiopathic PD as well as PD resultant from the matel insult of G2019S.

No correlation between LRRK2 mRNA and a-synuclein immunoreactivity to

LBs

In-vivo substrates of LRRK2 have not yet been identifird,it was recently shown
that LRRK2 phosphorylates -synucleinin-vitro (Qing et al. 2009). Moreover,
LRRK2 has also been shown to phosphorylate ERKulebal. 2008) which itself
has been implicated in a MAPK pathway phosphonmytatincreased levels ai-
synuclein in response to MPP+ administration irearablastoma cell line (Gomez-
Santos et al. 2002). Increased levelsoedynuclein have shown to be toxic in
DAergic neurons both in MPTP administergdvitro and in-vivo models neurons
(reviewed in (Goldberg & Lansbury 2000)). Increas®@®NA levels ofa-synuclein in
DAergic neurons of PD patients have been identifi€tiindemann et al. 2008), and
more recently a decrease in LRRK2 mRNA levels ofefic neurons were also
reported (Simunovic et al. 2008). Taking the curfgerature into account, one could
make a conceptual argument that LRRK2 is an aatieenber of the MAPKKK
pathway that might play a part in the modulation-afynuclein by phosphorylation.

The presence of LRRK2 protein in a small proport@inLBs was confirmed in
chapter 4 of this thesis, and as such a correlatias performed to investigate the
effect of LRRK2 mRNA levels on the number of LB lmsions, if any at all. No
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correlation was observed between the levels of LRRRNA and LB inclusions in
IPD or G2019S positive PD subjects. However, thaler of IPD (20) and G2019S
positive PD (4) subjects in this study could be léav an accurate correlation
analysis. Therefore, a higher number of sampleshaegeled for a robust correlation
analysis between the levels of LRRK2 mRNA leveld &B inclusions in IPD and
G2019S positive PD subjects.

A major contribution to this investigation wouldysabeen an accurate quantitative
measurement of both LRRK2 andsynuclein proteins. However, current lack of a
robust ELISA assay for LRRK2 makes it hard to perfoaccurate quantitative
analysis for the LRRK2 protein levels. Alternatiyelif LRRK2 does indeed
modulate phosphorylation efsynuclein in LBs, assessing the levels of phospho-
synuclein in the LBs might provide a better parandor a correlation with the
LRRK2 mRNA and protein levels in IPD and G2019Sitns PD subjects.

Conclusion

This study describes a quantitative regional exgioesof LRRK2 mRNA in the
human brain. The widespread reduction of LRRK2 mRIE¥els in various limbic
and neocortical regions across the brains of IP@R019S positive PD subjects in
comparison to the unaffected controls, suggests dbailiary mechanisms might

make an important contribution to PD pathogenesis.

Although the function of LRRK2 remains debatables multiple domains it contains
suggest a possible involvement in various upstreagmalling events. Subtle
guantitative changes in the LRRK2 transcription Idoaffect its kinase activity
(amongst other functions), and have unfavourableseguences on subsequent
signalling pathways. It is feasible that the brdadrease in LRRK2 mRNA levels in
the brains of IPD subjects is an indication of mmnplex interactions between many
cells types across different regions might be &#@en addition to the characteristic
loss of nigral neurons, thereby resulting in PDgpession. Alternatively, if LRRK2

is indeed involved in neuronal maintenance, thereduction of LRRK2 mRNA
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levels in PD brains, providing that it results imegluction of LRRK2 protein levels
might contribute to the characteristic loss of aigreurons in both IPD and G2019S

positive PD subjects.
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Chapter 6
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6 The effects of cis-acting variation on LRRK2 mRNA levels

6.1 Introduction

Differences in interspecies gene (transcriptionpregsion profile suggest that the
regulation of the transcriptome has been an esdetiving force for the phenotypic
evolution of humans (Gilad et al. 2006). Despitarsig 98.7% of their genomic
sequence, marked variations in the gene expressibnman and chimpanzees have
been reported, especially in the central nervowsdeay (Enard et al. 2002). The
human genome has a lower number of protein encodamges than previously
expected, and the precise regulation of these kas kuggested to result in the

physiological complexity of humans (Pastinen & Hud2004).

The process of transcription, where DNA is trarssuli into mMRNA is a carefully
regulated mechanism that results in a quantitghenotype. This mechanism can be
affected by cis-acting (genetic variation) factors, or Hyansacting regulatory
elements, such as transcription factors that réguj@ne expression by inducing
DNA-protein interactions (reviewed in (Knight 2003Yhe cis-acting genetic
variation can be present in regulatory regionshagpromoters and enhancers, or as
exonic (or intronic) variants that alter transcrgglicing and stability, and thereby
produce various alternatively spliced isoforms le# tnRNA. Genetic variation also
has the ability to act inrans if present on a different chromosome. All these
regulatory factors can affect the delicate procdédsanscription, and result in altered

levels of the nascent mMRNA (reviewed in (Knight 200

Genetic variation that is involved in regulation gkne expression (MRNA

transcription) is difficult to identify, as it came located within the promoter, the 5’
upstream region (5-UTR), the transcript, or thérans. Enhancers or silencers,
upstream or downstream of the transcribed regiso @bntain regulatory sequences.
Thus, accurate identification of putative regulgtsequences is highly dependent on
how well the genomic sequence has been annotatsevér, large scale genome
wide expression studies have demonstrated thatedltgene expression due to
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genetic variation is a common phenomenon, and riiakgd loci work together in
cisto exert regulatory influences (Morley et al. 2084ickland 2004a; Cheung et al.
2005; Dixon et al. 2007; Goring et al. 2007; Stemet al. 2007). Variations in gene
expression have been extensively demonstrateceiniman brain (Bray et al. 2003;
Buckland et al. 2004b). Studies suggest that quadiné trait loci for expression
(eQTL) are correlated with the transcript abundaaod could work together to have
a cumulative effect on gene expression (Myers.e2@07). These large scale studies
that correlate global gene expression levels tcegervariation have identified a

regulatory role for a significant proportion of then-coding variation.

A popular hypothesis about risk of common, complseases is that the causation is
due to a small collection of variant loci (eQTL#cl of which contributes a little to
the ultimate complexity of the disease phenotypgdid et al. 2007). Investigation of
common genetic variation that might produce a raguy effect on the gene
expression is fast becoming an approach that cém vag¢h the understanding of
disease pathogenesis when a mutational insult is ahways apparent. This
phenomenon has already been shown to have an effietihe catechol-o-methyl
transferase (COMT) expression in schizophreniaeptdi (Bray et al. 2003), and
apolipoprotein E (APOE) expression in Alzheimersedse (Bray et al. 2004).
Therefore, the concept that gene expression difte are influenced by variants in
regulatory elements has become increasingly pogualanvestigation of complex
disorders (Pastinen & Hudson 2004; Pastinen @08I6).

Whole genome expression studies provide the mésinration for the transcriptome
profile. However, the effects dafis-genetic variation on inter- and intra-individual
differences in the gene expression can also bectdeteusing technologies that
measure the relative abundance of mRNA transcdptdaining each allele. These
technologies include a single base extension (SB&hod (Yan et al. 2002), an
oligo array method (Lo et al. 2003), RT- coupleduglease assays (Zhu et al. 2004),
haploCHIP assays (Knight et al. 2003), or purelyhamatical algorithms (Teare et
al. 2006). However, these methods usually focubetarozygous individuals, as it is

assumed that in the absence of aisyacting variation, both the alleles of a gene will
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be equally expressed. Therefore, if an individsahéterozygous for a variant that
regulates expression itis then the mRNA from each allele will be differelfijia
expressed. Such allelic imbalances, known as difteal allelic expression (DAE)
are a widespread occurrence and can be used tifydeis-acting factors that modify
disease risk. These can then be functionally asdassing a variety of techniques,

such as instro promoter luciferase assays.

The effects otis-acting variation on mRNA levels have previouslgb&ocumented
in PARK loci associated with autosomal dominant aedessive forms of PD.
Variation in the 5’UTR regions ddNCAand PRKN have been shown to affect the
transcriptional activity of these genes. The polyphec microsatellite repeat NACP-
Repl is located 10 kb upstream3MICAtranscription start site, and its alleles have
frequently been show to produce differing risk$8f by modulating the transcription
of SNCA(Chiba-Falek & Nussbaum 2001; Maraganore et al6R00he variant -
258T/G in the cor®RKNpromoter has been demonstrated to affect the ssipreof
the gene by binding to nuclear protein in subsganigra (SN)in-vitro, (West et al.
2002). The wild type allele -258T was shown to hawein-vitro increase in the
transcriptional activity of thdPRKN gene under oxidative stress or proteasomal
inhibition (Tan et al. 2005b). Furthermore, theiamat -258G allele was shown to be
significantly associated with PD risk in Caucasiem Chinese populations (West et
al. 2002; Tan et al. 2005). These results demaestin@ importance of investigating

non-coding genetic variation and their regulatate in PD pathogenesis.

Thus far no reports have been published on genmatiation in 5° UTR ofLRRK2
affecting its transcriptional activity. A widespregeduction oLRRK2mRNA in the
brains of IPD cases versus unaffected subjectd&as demonstrated in chapter 5.
Therefore, the study described in this chapter wasigned with a view to
investigating whether LRRK2 mRNA expression, likee tPARK loci, SNCAand

PRKN can also be regulated by genetic variation i®'itfTR sequence.
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6.1.1 Hypothesis and specific aims

In this chapter, | wished to investigate the hypothsis that the alterations in
LRRK2 mRNA expression between IPD cases and controls demonstrated in
chapter 5 of this thesis is a quantitative phenotyp that can be attributed tocis-

acting genetic variation in putative regulatory elenents of theLRRK2 gene.

To address this question, a study was designed avithew to investigating the
regulatory variation in the regions upstream of kiRRK2 gene. A 10 kb region
upstream of th& RRK2transcription starsite was investigated for genetic variation
and four tag SNPs (tSNPs) were identified. iArsilico analysis with the genotype
information and the results of the gPCR study foe terebellum (section 5.3.1,
chapter 5) was then performed to identify whethey af the four tSNPs were
involved in the mRNA regulation of tHERRK2gene. Assays were then designed to
ascertain whether differences in DNA:protein intéin due to the variation in the
putative regulatory sequence could modulate LRRKRNA levels. A genetic
association study was also performed to identify tisk posed by the tSNP in

guestion.
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6.2 Methods and Materials

6.2.1 LD analysis and tagging SNPs
A LD map 10 kb upstream (38,895,080-38,905,380he LRRK2transcription start

site was generated to select SNPs that were repatise of the common genetic
variation in that region. Caucasian HapMap Dateast 21/phase 1l Jul06, on NCBI
B35, dbSNP bl25, available through InternationddlapMap Project

(www.hapmap.orpwas used to calculate the LD metrietaploview was used to

select the SNPs that could ‘capture’ up to 95%h&f tcommon genetic variation
acrossthe region (= 0.80). These are termed tag SNPs (tSNPs). Theta
function in Haploview generated four tSNPs for fiiekb 5-UTR of LRRK2.The
tSNPs identified weres10878224, rs2708435, rs1472117 and rs7294619%(gaee
6.1). All of these four tSNPs were shown to be eovsd in the primates, and
rs1472117 and rs7294619 were also conserved in wtti@mals (see Figure 6.2).

6.2.2 Genotyping
Genomic DNA was genotyped either using standard RG@&R RFLP assays or the

tagman technology as described in section 2.3 apteln 2. The DNA for section
6.3.1 was obtained from tissue acquired by the Q&R appendix 1 for a clinical
summary of these samples). The mean age of thesiiBigcts was 77 years and for
the control subjects was 78.4 years. The DNA far 2800 unaffected controls in
section 6.3.1.3 was obtained through collaboratidth Prof. Steve Humphries
(Rayne Institute, UCL). These controls were allenaith a mean age of 56 years and
an age range of 49-64 years. These samples hauedbseribed in a previous study
(Miller et al. 1996).

6.2.2.1 Restriction fragment length polymorphism
Following on from chapter 5, the genomic DNAs fd51IPD cases and 35 controls
(cerebellum tissue used in the preliminary RNA m&s)dwas obtained as described in

section 2.2.1 of chapter 2. The primers for ther i@NPs, annealing temperatures
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and restriction enzymes used to genotype genomié @M summarised in Table
6.1.
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Figure 6.1: Graphical representation of LD map fora 10 kb region upstream of
the LRRK2 gene.The f parameter is used to calculate the pairwise LDieslwith
black boxes showing complete L30..0) between the two loci. The lighter shading
denotes a lower LD value’(r 1.0), and the numbers in the boxes represenitihe
measure oft Red arrows represent the tSNPs chosen by Haplotderepresent

95% of the common genetic variation acribesregion (*> 0.80.
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Figure 6.2: Variation in upstream regions of LRRK2 and the levels of conservationThis was obtained using UCSC Genome browser on
rs10878224ple arrow indicates tSNP2

Human March 2006 assembly of chrl2:38,900,340-38%/. The blue arrow indicates tSNP1
rs2708435, red arrow indicates tSNP3 rs147211 feeeh arrow indicates tSNP4 rs7296419.
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tSNP Position Primer sequence Amplicon Tm Alleles & Restriction Type

5-3 size (bp) MAF Enzyme

tSNP1: 38,900,86 F: CTTCCAGCCTATGGTCATC 265 58°C T/C Smili Common varian
rs10878224 R: GGAGTTATAGGTTACACTGAGC C=0.35 cutter

tSNP2: 38,900,923 F: CTTCCAGCCTATGGTCATC 361 58°C G/A HinF1 Rare variant
rs2708435 R: GGTGGGAGGCTTACTTGAGG A=0.35 cutter

tSNP3: 38,902,484 F: TCACTCATGTTTAGGAACAC 239 55°C G/A BstN1 Common variant
rs1472117 R: GAAACTAGAAGTCAAACGGC A= 0.067 cutter

tSNP4: 38,903,46 F: CATATTATCTTCAACAAT@A 11¢€ 48.3°C T/C Dpnll Artificial site for
rs7294619 R: GTTGAAATGGTTAGGATTTC' C=0.103 common variant

cutter

Table 6.1: PCR primer sequences and restriction egmes used for genotyping genomic DNATm: Annealing temperature at 30 seconds;
tSNP: tag SNP; bp: base pair; MAF = minor allekqfrency. Since the tSNPs floRRK2were genotyped using restriction assays, an @alifi
restriction site was created faRRK2rs7294619 by changing a base on the forward pr{lmghlighted ‘g"). All the restriction enzymes veer
provided by New England Biolabs
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6.2.2.2 Tagman

The tagman assay-by-design service for SNP genwypassays (Applied
Biosystems, UK) was used to design probes for titnic SNP rs4567538. The
probes were dye-labelled with FAM and VIC;
5’AGGAGTTCAGATATATCTTTGATATACTGATGTTCTTTTTTTGGNTATAT
ACCCAGC/T]|GATGAGATTACTGGATCATATGAAAATTCTCTTTTTAGTTT
TTTAAGATACCTCCA 3

The allele discrimination PCR components are diesdrin section 2.3.5 of chapter 2

and the PCR cycling conditions used were as follows
95° for 10 minutes,
(92° for 15 seconds, 60°for 1 minute) X 40 cycles

4%

6.2.3 LRRK2 mRNA guantitation

LRRK2 mRNA levels from section 5.3.1 of previousapter was used to assess any
correlations between the LRRK2 tSNP genotypes arRRNAn levels in the
cerebellum. It should be noted that unlike chapterhere the NormFinder software
was used to estimate the variation in the endogereference genes, the same could
not be done to this data. NormFinder needs data fnore than three reference genes
to estimate variation, and only two reference gemee measured in this relatively
large number of samples for cerebellum (see se&idrl). Therefore, the LRRK2
MRNA data presented in this chapter was either alised to two independent
reference gene$]PRT1landRPL13A,or normalised to the factor calculated using a

geometric mean of the two reference genes.

6.2.4 Statistical analysis

The statistical significance was setPak 0.05, and one way ANOVA analysis was
used to determine differences between genotyped BRK2 mRNA levels. Please

refer to sections 2.4.2.3 and 2.4.2.4 of chaptdor2data normalisation with the

endogenous reference genes. Any sample that waswitbin three standard

deviations (SD) of the overall mean was regardecdra®utlier and subsequently
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omitted from the analysis. Any deviations from tHardy Weinberg equilibrium
(HWE) in the case and control populations wereetethirough a chi-squared test. For
the genetic association study, calculations of HWEnotype-specific Odds ratio
(OR), and 95% CI were carried out using an onlow, tFINETTI (section 2.9.1 and
2.9.3 of chapter 2).

6.2.5 Transcription regulation procedures

The virtual laboratory software PROMO (refer totget 2.8.3) was used to identify
putative transcription factor binding sites (TFB®S)yx 25mer DNA sequences around
the SNP of interest in tHeRRK2upstream region. A dissimilarity margin of less or
equal than 5 % was indicated for the predictedofact

6.2.5.1 Electrophoretic mobility shift assay (EMSA)

Please refer to section 2.7.1 for details on pegpmar of nuclear lysates from SH-

SY5Y neuroblastoma cell line. The oligonucleotid®hes used for EMSAs are

detailed in Table 6.2. The procedure for the anngabf these probes to generate
double stranded DNA (dsDNA) as well as the EMSAt@eol is described in section

2.7.2 of chapter 2.

SNP EMSA double stranded probe sequenc
rs2708435 (5’ — 3’ direction)

A allele

Forward Biotin-CACAGTGGAATCAAGTGATCC ACAG

Reverse CTGTGGATCACTTGATTCCACTGTG
G allele

Forward Biotin-CACAGTIGGGATCAAGTGATCC ACAG

Reverse CTGTGGATCACTTGATCCCACTGTG

Table 6.2: Oligonucleotide sequences for EMSA$he oligonucleotide probes representing
the forward strands were labelled with biotin & 81 end. The bases highlighted in yellow
represent the alleles A and G. Prior to the EMSA hifotinylated probes were annealed to
their complementary strands as described in se2tib@.1 to generate dsDNA.
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6.3 Results

6.3.1 LRRK2 mRNA expression and genotypes

The IPD and unaffected subjects were genotypedofar tSNPs. These tSNPs were
selected from a 10 kb upstream region of tR&RK2start site that was shown to be
conserved in the primates (s€gure 6.3. The results for these genotypes were

checked for deviations from HWE are summarisethisie 6.3

tSNPs tSNP1- tSNP2- tSNP3- tSNP4-
rs1087224 rs2708435 rs1472117 rs7294619
n n n n
Cases
Wild- type Homozygote 23 65 115 102
Heterozygote 70 47 13 24
Rare Homozygote 32 13 0 1
P-value 0.16 0.31 0.54 0.75
Deviation from HWE No No No No
Controls
Wild- type Homozygote 9 12 29 18
Heterozygote 21 18
Rare Homozygote 2 2 0
P-value 0.03 0.16 0.93 0.27
Deviation from HWE Yes No No No

Table 6.3: Genotype information for the four tSNPsupstream of LRRK2 transcription
start site. n represents the number of samples genotyped. IBEsand unaffected controls
were genotyped for the four tSNPs using restriceomymes, and the deviation from HWE
was assessed. Apart from the control genotype fdateSNP1 (rs1087224), all other data
displayed HWE.
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An in-silico analysis was then performed to determine whethé& genotype
information could affect the LRRK2 mRNA expressidata from the cerebellum of
IPDs f =115) and controlsn(=35) as described in section 5.3.1 of chapterie T
reference gene$jPRT1andRPL13Awere measured for this large set of cerebellum
post-mortem tissue (section 5.3.1). A significaiftedence was not observed for the
LRRK2 tSNP genotypes and mRNA expression. There wasrad ta marginal
significance) towards a difference in genotypest&\Ps rs10878224 and rs2708435
and mRNA levelsg = 0.042 and 0.057, respectively) when the datamveashalised

to the housekeep&PL13A

The mRNA expression levels for the rare variant oggme (CC) for tSNP1
rs10878224 showed a decreage (0.042) when compared to the wild-type
homozygote and the heterozygote (see Table 6.4).t®the deviation of rs1087224
control genotype data from HWE, this result wasripteted with caution and was not
included in further analysis. The variant genot{#A) for tSNP2 rs2708435 showed
a trend towards increased LRRK2 mRNA levels in cangon to the other groups
(p=0.057). Nothing significant was observed for tSN{@81472117) and tSNP4
(rs7294619) (see Table 6.4).
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LRRK2 tSNPs Genotype n Mean LRRK2 Standard P-value
MRNA levels deviation

rs10878224 | TT 26 1.001 0.510 0.424
TC 82 0.919 0.517
cC 30 0.831 0.348

r510878224_R T 26 1.110 0.578 0.042
TC 80 0.928 0.551
cC 29 0.758 0.278

rs2708435 H GG 69 0.870 0.425 0.238
GA 58 0.892 0.522
AA 11 1.135 0.593

r52708435_R GG 68 0.859 0.411 0.057
GA 56 0.912 0.589
AA 12 1.247 0.642

rs1472117 H GG 127 0.909 0.473 0.794
GA 13 0.946 0.606

rs1472117 R GG 124 0.919 0.525 0.682
GA 13 0.981 0.504

rs7294619 H TT 103 0.904 0.501 0.988
TC 30 0.897 0.437
CccC 4 0.938 0.423

rs7294619_R T 102 0.911 0.514 0.642
TC 29 0.885 0.496
CccC 4 1.141 0.494

Table 6.4: Effects ofLRRK2 tSNPs on mRNA levelsThis table represents the effects of
LRRK25-UTR tSNPs genotypes (rs10878224, rs270843%3,72117 and rs7294619) on the
meanLRRK2mRNA levels in the post-mortem cerebellum tisdNe.'‘AA’ samples were
identified for rs1472117. These descriptive stimbsivere calculated using one way ANOVA.
tSNP_H and tSNP_R refers to the LRRK2mRNA data ratisad using the reference genes
HPRT1landRPL13A,respectively. Dissimilar genotype numbemn} for the same tSNP are
due to different outliers being excluded during éimalysis of the LRRK2 mRNA levels
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The effects of rs2708435 genotypes on the LRRK2 wRIBvels were also

normalised using the geometric mean of the tworeefee genes. A similar trend as
displayed in Table 6.4 was observed with AA genesygisplaying increased LRRK2
MRNA levels in the subjects, and GG or GA genotygleswing decreased LRRK2

MRNA levels.
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Figure 6.3: The effects of rs2708435 genotypes orRRK2 mRNA expression in
cerebellum. This figure represents a trend towards higher LRRM2NA expression levels
in subjects with the AA genotype in comparison 8 @& GA genotype. The LRRK2 mRNA
levels were normalised using the reference g¢RRT1 (blue bars)RPL13A(green bars),
and a geometric mean of the two reference gendlewybars). This box and whiskers plot
was determined using the data from the unaffeateldiD subjects. The median in the box
plot is represented by the horizontal line inside box and the interquartile range (IQR) is
between the 5and 74' percentiles which are represented by the horitdmalers of the
box.

[207]



6.3.1.1 A 5’- UTR SNP regulating LRRK2 mRNA expression

As can be seen in Figure 6.3, only weak trends wéserved for the rs2708435
genotypes and LRRK2 mRNA expression levels. Howetes data was analysed in
both unaffected and IPD subjects. Therefore, ineor determine whether the
disease pathogenesis itself has an effect on tR&F08435 genotypes and
subsequently on the LRRK2 mRNA levels, IPD and few®d subjects were

analysed separately using the Mann-Whitney tesiceSthe genotypes GG and GA
were showing a trend in the same direction, thabgsts were combined to observe
any potential allelic effects.

Reference gent Genotype:! n Mean Significance
normalisation rank (2-tailed)
IPD LRRK2_HPRT1 GG+GA 102 55.81 0.241
AA 11 68
LRRK2_RPL13A GG+GA 98 52.79 0.029
AA 11 74.73
LRRKZ_Geometric GG+GA 102 54.99 0.047
Mean AA 11 75.64
Control LRRK2_HPRT1 GG+GA 30 16.50 1.00
AA 2 16.50
LRRK2_RPL13A GG+GA 31 16.61 0.417
AA 2 23
LRRKZ_Geometric GG+GA 30 16.27 0.629
Mean AA 2 20

Table 6.5: rs2708435 genotypes have an effect orethRRK2 mRNA levels in IPD subjects n
refers to the number of samples, and the meanrsdates to a mean of the LRRK2 expression levels
in these subjects as calculated by the Mann-Whitestgs. The 2-tailed significance in this test show
that there is a marked difference in the mean gatiid RRK2 mRNA levels in subjects who have the
GG or GA genotype versus the AA genotypes in IPDBjeats when normalised according to the
reference genBPL13Aor to the geometric mean BPRT1andRPL13A
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As can be seen in Table 6.5, the rs2708435 gemot@ie and GA are associated
with decreased levels of LRRK2 mRNA, whereas theotype AA increases the
LRRK2 mRNA levels in IPD subjects. This result wagnificant at the 5% level
when the mRNA data was normalised to RPL1BA: (0.029), and also when the data
was normalised to the geometric mean of the tweregice genegp (= 0.047). The
spread of the data is represented in Figure 6.4veier, for the purpose of clarity
only LRRK2 mRNA data normalised to the geometricamef the two reference

genes is displayed.
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Figure 6.4: The rs2708435 variant genotype AA is asciated with higher LRRK2 mRNA
levels in the cerebellum of IPD subjectsThe box and whiskers plot demonstrates the effafcts
rs2708435 genotypes on LRRK2 mRNA levels normalisedhe geometric mean of the two
reference genes. The median in the box plot iseegmted by the horizontal line inside the box
and the interquartile range (IQR) is between tHe&%d 78' percentiles which are represented by
the horizontal borders of the box. The differerncéhie mRNA levels for the AA genotype versus

the GG+GA genotype is marginally significant at 8% level 0 = 0.047).
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6.3.1.2 Functional significance of rs2708435

The difference in the rs2708435 genotypes and #féicts on the LRRK2 mRNA
expression in the cerebellum of IPD subjects wasgdeed to be an interesting result.
Therefore, further investigations were carried toutletermine what might contribute

to this differential allelic expression.

The SNP rs2708435 has been shown to be conseryetnates (rhesus monkey, see
Figure 6.2). Its position in the upstream sequensicERRK2 transcription site, in
addition to the data in 6.3.1.1 suggests a possigelatory role for this tSNP.
Analysis of 25mer DNA sequence around the rs2708#@slicted TFBS for this
particular DNA sequence. The PROMO database pestlittat the ‘A’ allele of the
variant creates a putative transcription factodhig site (TFBS) that interacts with
the transcription factor GR-beta, a glucocorticeedeptor, whereas the presence of

the ancestral allele ‘G’ was suggested to oblieetiais DNA:protein interaction.

Allele A
TATAACTCCTGG AATCAAGTGATCC

n} IGR-betaIIRF-ZIC/EBPbeta
Allele G

TATAACTCCTGG GATCAA GTGATCC

r IIRF-Z I C/EBPbeta

Figure 6.5: Prediction of putative transcription factor binding sites in 25mer DNA
region surrounding rs2708435 by PROMOUsing a matrix dissimilarity rate of < 5%, the
region is predicted to bind to the transcriptioctéas IRF-2 and C/EBPbeta. The allele ‘A’ is
predicted to create a TFBS for GR-beta, whereas'@eallele lacks this DNA:protein
interaction.
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In order to establish whether rs2708435 was in@e€BBS as predicted by PROMO,
and as such could regulate LRRK2 mRNA levels, EM&&se performed on nuclear
lysates from SH-SY5Y cells. Figure 6.6 demonstratesommon DNA:protein

interaction for both ‘G’ and ‘A’, but an extra imgetion can be observed for the ‘A’
allele as was predicted by PROMO (Figure 6.5). @ligh initially promising, these
results could not be reproduced or tested on nudiesates stressed with PD
mimetics.
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Figure 6.6: EMSA results with a set of rs2708435G/Aiotinylated probes. Positive controls
are 1) Biotin + control DNA, 2) Biotin + control DN+ control extract; 3) Biotin + control DNA

+ control extract + 200 fold molar excess of unlabecontrol DNA. The positive control 1
demonstrates that there is no protein extract fdADRo bind and therefore no shift is observed
whereas control 2 contains sufficient target profieir biotin-control DNA. Control 3 shows a
shift resultant from a specific DNA:protein extriact, and demonstrates that the signal shift
observed in control 2 can be prevented by competiiom an excess of unlabeled DNFhe
free probe at the bottom of the blot shows equadileg of the probes representing the two alleles.
The negative controls (G- and A-) did not contairclear extract, and as such no shift was
observed. The blot demonstrates that the DNA poalogaining théA’ allele undergoes an extra

DNA:protein interaction compared to th&' allele in three independent reactions.
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6.3.1.3 Is rs2708435 representing an eQTL that might be a risk factor for PD

A genetic association study was performed to deternwhether the 5’UTR SNP
rs2708435 represents non-coding common genetiatia@ari An appropriate tagman
assay was not available for rs2708435. Therefor@saay was instead designed for a
surrogate SNP that displayed strong LD with rs2388¢D’ =1 and 7= 0.98). The
surrogate SNP was rs4567538 at position 38,908(ihfrbnic) in theLRRK2gene.
Genotype data from 109 subjects for both rs270&4®8brs4567538 was compared to
establish the LD pattern between the two. Haploweas used to generate the LD
metrics, and an®rof 0.95 was obtained after taking into account tieor allele
frequencies of the two SNPs (rs2708435 and ts45)1s8e Figure 6.7).

SNP Position Obs. Pred. HWpval MAF Alleles
HET HET

rs2708435 3890092 0.37¢ 0.40¢ 0.547:  0.28: G:A

rs4567538 38908171 0.368 0.393 0.5897 0.269 C:T

A)

1) =]
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Figure 6.7: LD structure between rs2708435 and rs47538 as constructed by HaploviewA)

In the table, Obs.HET and Pred.HET refer to obskmed predicted heterozygosities for 109
subjects. HWpval describes deviations from HWE BWAF refers to minor allele frequency of
the two SNPs. ‘A’ is the minor allele for rs27084&3d ‘T’ is the minor allele for rs4567538. B)
The LD pattern between the two SNPs provides’ar ©.95. The frequencies of haplotypes GC
and AT within these dataset are established atl(aridl 0.279, respectively.
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The tagman assay for rs4567538 was used to gen@&igpelPD cases and 2800
unaffected controls (collaboration with Prof. SteMeimphries, Rayne Institute,
UCL). The case-control associations were assessied EINETTI (see 6.2.4 for a
description of the statistics used). However, icage control association study it is
reasonable to only use controls when checking fonsistency with HWE
proportions, as under the assumption of a rareasisecontrols represent the
population well. If genotypes are associated wiiffecent disease risks then
genotypes of cases may not be in HW equilibriume Tést statistics show that the
controls (Pearson’s goodness of chi-squarepfit 0.148), and cases (Pearson’s

goodness of chi-square fii,= 0.058) are in HWE (see Figure 6.8).

The odds ratio (OR) tests were performed to see¢hgh¢his SNP acts as a risk factor
to the disease. The most important OR tests inr@dethe allele OR; Homozygous
OR; and Heterozygous OR (see Figure 6.8). Allelei@d®ms whether the SNP is a
risk factor for disease or not (95% CI boundariastmot cross the null line of 1),
with OR < 1 — giving protective and OR > 1- prowidirisk. In this instance, B
value of 0.00112 would suggest that the SNP rs483%45 a risk factor for the
disease. Depending on the genetic model this vaukld be improved with either the
1) Homozygous OR (recessive) or 2) Heterozygous (@dtninant). For allele 1
(major allele), the OR improves with the homozygtast ([22] <-> [11]),p = 0.030,
and for allele 2 (minor allele) the OR improveshwibhe heterozygous test ([11] <->
[12]), p = 0.0018. In other words, the major allele is regtas a risk to disease
recessively, or perhaps additively, and allele tx@mallele) is acting dominantly as a
protective factor (OR heterozygoBs= 0.00184 > OR homozygoys~ 0.03017).

The allele positivity test is also a useful test fienctional variants. An OR of < 1
under a dominant model for allele 2 (minor alleg@yes a significantP-value of
0.00063, suggesting that the minor allele for th#>Snight function as a protective

factor against IPD.
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Tests for deviation from

Hardy-Weinberg Tests for association (C.1.: 95% confidence interva
equilibrium
Controls Cases allele freq. difference heterozygoug| Homozygous allele positivity Arm'ta?eif trend
Risk allele 2 ‘Minor allele’
n11=1310 n11=334 common odds
(1293.36) (324.69) [1]<->[2] [11]<->[12] [11+]<->[22] [11]<->[12+22] ratio
n12=1186 n12=225 Py Py
(1219.28) (243.61) Odds_ratio=0.796 Odgsl—_r?ot'gig'_m Odgsl__r[egug;g._n Odds_ratio=0.737 Odds_ratio=0.811
n22=304 n22=55 C.1.=[0.694-0.913] : 6_857] : 6_969] C.1.=[0.619-0.878]
i2= . y hi2=11.69 i2=
(287.36) (45.69) EhIZ 10.61 chi2=9.70 chi2=4.70 C_I cr1|2 10.24
f a1=0.68 +/{|f_a1=0.73 +/{ p=0.00112(P) 0=0.00184 0=0.03017 p=0.00063 p=0.00138
0.006 0.013 : '
Risk allele 1 ‘Major allele’ |
p(=0-14866)2 p(=0-05834)7 [2]<->[1] | [221<>[12] || [22]<->[11] || [11+12]<->[22] || conmon odds ratio|
Pearson Pearson — — —
p=0.149699 || p=0.061297|  Odds_ratio=1.256 Odgsl—:r ?0“%1'-04 Odgsl—:rf‘l“ggé'_“o Odgsl—:rfg'gié'_g Odds._ratio=1.220
~ ECLIr) . (LIr) c.|.:[1.c195-1.442] 1.445] 1.924] 1673] .
p=inf (Exact)|| p=0.066623 chi2=10.61 chi2=0.08 chi2=4.70 chi2=1.93 chi2=10.24
(Exact) p=0.00112(P) p=0.77173 p=0.03017 p=0.16466 p=0.00138
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Figure 6.8: rs4567538 an LD partner of rs2708435 peesents a risk factor for IPD. The statistical package FINETTI was used to assess
deviations from HWE and also to test for case-adntissociation for rs4567538. The package can besaed fromhttp://ihg2.helmholtz-

muenchen.de/cqi-bin/hw/hwa?2 .@hd uses association tests adapted from Sasiefli%®) which include the Pearson's goodness-affisquare
(P), Log Likelihood ratio chi-square (LIr) and txact test. Allele 1 is major and allele 2 is minbt: wild-type, 12 heterozygous and 22

homozygous rare variants and n (11), n (12) an2h epresent the respective genotypic numberg; i ¢he frequency of allele 1 +/- standard
deviation.



6.4 Discussion

A widespread reduction of the LRRK2 mRNA in theibsaof IPD subjects was
previously demonstrated in chapter 5 of this theBdlowing on from that, this
chapter demonstrates that a SNP in the 5’- UTRoregif theLRRK2 gene could

potentially act as a regulatory SNP for the LRRKRMA levels in the cerebellum of
IPD subjects.

A systematic search and LD analysis revealed f8MPts; (rs10878224, rs2708435,
rs1471127 and rs7294619) in a 10 kb region upstrefithe LRRK2 transcription
start site. These tSNPs were genotyped in cont@llBD subjects that were used to
produce the preliminary cerebellum data for thded#ntial expression in LRRK2
MRNA in section 5.3.1 of chapter 5. A marginal gigance P-value = 0.042) was
observed for rs10878224 (tSNP1) variant genotyp€)(@nd decreased LRRK2
MRNA expression levels (when mRNA levels were ndised to the reference gene,
RPL13A. However, the control genotype data for this tSM#s found to deviate
from HWE. This could be a result of population stigation (differences in allelic
frequencies in sub-populations). Due to the faat thwas the control population that

deviated from HWE, this tSNP was not included irttfar analysis.

A trend towards increasing mRNA levels with theiaar genotype AA was observed
for rs2708435 (tSNP2)p(= 0.057). No significant effect on LRRK2 mRNA
expression was observed for tSNP3 (rs1472117) 8N&4 (rs7294619). Therefore,
no subsequent analyses were performed on these. SN®$SNP3 (rs1472117) has
previously been shown to be in LD with2201144, a SNP in the promoter region
that has been predicted to create a transcriptiotiriy factor site depending on its
allelic state (Paisan-Ruiz et al. 2006). Howeueg, minor allele frequencies (MAF)
frequencies for rs1472117 and rs7294619 were lo@6{@and 0.103, respectively),
and this coupled with a small sample set could npas&ntially regulatory influences

on the LRRK2 mRNA expression levels.
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rs2708435 genotypes affect LRRK2 mRNA expression levels in IPD subjects

The in-silico analysis revealed a marginal but promising trend the tSNP2
(rs2708435)R-value = 0.057). Therefore, IPD and unaffected ectisjwere split and
analysed separately to determine whether the @digesthology itself could be having
an effect on the LRRK2 mRNA levels. The GG and Géatypes showed similar
levels of LRRK2 mRNA levels, and were thereforepled together to identify
potential allelic effects on the whole genotype. @ be seen in Table 6.5 and
Figure 6.4, there was a difference in the LRRK2 mRBVels of GG+GA genotype
in comparison to AA in IPD subjects. This significe was observed for the
reference genBPL13A(p= 0.029) but not foHPRT1(although the trend was in the
same direction). However, the difference was sigaiift when the LRRK2 mRNA
data was normalised to a geometric meaHPRT1andRPL13A(P- value = 0.047).
Such variation in data further establishes the né&wda careful selection of
endogenous reference genes whilst dealing with mRIdfa obtained from post-

mortem human tissue.

The difference in the LRRK2 mRNA levels of GG+GAdaAA subjects was more
pronounced in IPD subjects, although a similar drevas seen in the unaffected
controls too. Alternativelytransacting or norcis mechanisms (e.g., epigenetic
events, chromatin condensation, or environmentdbfa) can also have an effect on
the cis-variation (Pastinen et al. 2004). Therefore, itlikely that the significant
difference in the genotypic impact on LRRK2 mRNAd#s in the IPD subjects and
not in the unaffected controls is a downstreamceftd the disease pathogenesis,
which in combination with other factors (environrtenstresses or epigenetic
events), results in decreased LRRK2 mRNA expresksvels that have been well
documented in the previous chapter. However, taouieaffected subjects, especially
the AA genotypes could have masked any potentiabtypic influence on the
LRRK2 mRNA levels in unaffected controls. It shoalldo be noted that this-silico
data was produced using a small number of homoeygatiant (AA) samples in

comparison to the wild-type homozygotes (GG) antkrioezygotes (GA) samples.
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This could skew a statistical artefact towards ificgnce in the PD subjects.
Therefore, further work testing tha-vitro effects of rs2708435 on LRRK2
transcriptional activity is warranted to firmly ass whether the results observed in
this study are due to disease pathogenesis.

Does rs2708435 represent an eQTL that might also be a risk factor for IPD?

Support to the notion that rs2708435 might be gcéism an eQTL or regulatory SNP
for LRRK2 mRNA levels was provided by the genetgsaciation study and the
EMSA results. Unfortunately, a tagman assay cowoldbe designed for rs2708435.
Therefore, a genetic association study was caaigdising a surrogate intronic SNP
rs4567538. The study identified rs4567538 to beslk factor for IPD cases, and
demonstrated that the major allele (ancestral) acéisng as a risk factor whereas the
minor allele (variant) was protective against PIDc8 rs4567538 displays strong LD
with 5'- UTR SNP rs2708435 %0.95), it is not implausible that rs2708435 does

indeed represent common genetic variation withgalegory function.

Furthermore, the variant ‘A’ allele for rs270843%svpredicted to be a TFB8&{
silico analysis, see Figure 6.5). This was demonstratedhaving an extra
DNA:protein interaction not seen with the ‘G’ alelThis was an interesting result as
the IPD subjects with the ‘A’ allele show increaseRRK2 mRNA levels in
comparison to the IPD subjects with the ancest&ldllele. This suggests that a
transcription factor binds to the variant ‘A’ aklelind increases the LRRK2 mRNA
levels. Although initially promising, the lack oéproducibility of the EMSA data
was a major setback to this study. The crude seitgiof the assay resulted in a
number of technical difficulties, which meant tregt the data was not replicated
consistently enough, b) could not determine thestaption factor that was actually
responsible for the shift observed in EMSA blotg] &) could not determine whether
the use of PD mimetics would produce an effect wes consistent with the LRRK2
MRNA data. A new method of multiplexing EMSAs haseb developed, where
assays containing different transcription factoes added to the nuclear lysates, and
then selectively removed to determine the appropriaNA:protein interaction(s)
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(Smith & Humphries 2009). This is a promising agmio that could be used in the
future to determine the DNA:protein interactiorfw)the rs2708435 alleles.

Common genetic variation ibRRK2has been shown to increase the risk of IPD in
the Chinese population (Skipper et al. 2005), bas found not to be associated with
IPD risk in a German population (Biskup et al. 200Bnother case-control
association study in Europeans (Finnish and Grabjests) also did not produce any
convincing associations fWdRRK2and IPD, and the only SNP typed by them to have
a moderately good LD with rs2708435 displayed %anfr0.838 (Paisan-Ruiz et al.
2005). The two SNPs reported to have a mild assogiavith IPD does not have
strong LD with rs2708435 or to its LD partner rs4588 (HapMap data, dbSNP
build 125). The authors did observe that the LOriflistion across the Greek and
Finnish population varied considerably from thathe European populations used in
the human diversity series for HapMap data (Pai®aiz- et al. 2005). A UK based
cohort was genotyped in this chapter, and it isefioee likely that the result being
observed is specific to the UK population. Howeitbe result in this study needs to
be replicated in another UK based cohort or pogséden in other European
populations before it can be conclusively said tthegt intronic rs4567538 or its
potentially regulatory LD partner rs2708435 isskrfiactor for IPD.

Conclusion

This chapter demonstrates that the ‘non-coding DNWAS’ UTR of LRRK2 gene
harbours important regulatory elements in the fafmeQTL that might affect the
LRRK2 mRNA levels in IPD subjects. The notion ths270435 represents an eQTL
was supported by the EMSA results, and its LD @arts4567538 was shown to be a
risk factor in IPD. This suggests that rs2708435hniplay a role in the PD
pathogenesis. It is likely that rs2708435 is wogkaumulatively with other variants,
to exert its regulatory effects on the LRRK2 mRNA@ls. Future investigations into

its role as a regulatory SNP for LRRK2 transcriptaye therefore warranted.
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Chapter 7
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7 General discussion

Parkinson’s disease (PD) is a progressive neurodegeve disorder that affects
approximately 1-2 % of the population over the af§®&5 years (Lees et al. 2009).
Mutations inLRRK2gene, which resides in the PARKS8 locus (Funayanad. &002;
Zimprich et al. 2004b; Paisan-Ruiz et al. 2004)ehbeen identified as a common
genetic cause of familial and idiopathic PD (IPBlély et al. 2008). G2019S is the
most commorLRRK2mutation, and results in a clinical and pathologmtzenotype
indistinguishable from IPD cases (Di Fonzo et 802 Gilks et al. 2005; Nichols et
al. 2005; Aasly et al. 2005; Ross et al. 2006). G2©19S mutation has consistently
been shown to increase the kinase activity of LRRRKRein (Jaleel et al. 2007; Imai
et al. 2008; Parisiadou et al. 2009; Gillardon 2@09mar et al. 2010), and has also
been suggested to generate inclusion bodies ahdacdbxicity in vitro (West et al.
2005; Smith et al. 2005a; Gloeckner et al. 2006&d@io et al. 2006; Smith et al.
2006). Autopsy reports investigating LRRK2 protégtalisation to pathological
inclusions in G2019S PD cases have been publisBekgon et al. 2006), but the
rarity of post-mortem tissue from G2019S PD casesans that the expression of
LRRK2 mRNA and protein, both in terms of localisatiand quantitation, have not
been described in such individuals. The anatondsttibution of wild-type LRRK2
MRNA and protein in human and rodent brain has Ipetished, but the literature is
still lacking a broad evaluation of hoWRRK2 expression might be altered in
response to idiopathic &WRRK2linked PD (Galter et al. 2006; Melrose et al. 2006
Simén-Sanchez et al. 2006; Miklossy et al. 2006ynTans et al. 2006; Zhu et al.
2006a; Zhu et al. 2006b; Higashi et al. 2007a; shgat al. 2007b; Melrose et al.
2007; Westerlund et al. 2008a; Alegre-Abarrateguale 2008; Perry et al. 2008;
Santpere & Ferrer 2009; Higashi et al. 2009). Hettue central theme of this thesis
focussed on the morphological and quantitative &sgion of LRRK2 mRNA and
protein in the brains of control, IPD and G2019f¢@@kd PD cases, and on assessing
the influence of genetic variation ohRRK2 expression in these subjects.
Additionally, G2019S mutation was also screenedPd unaffected members of

various populations in sub-Saharan Africa, MiddlasEand Eastern Europe to
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expand our understanding of the predicted originthis mutation. The aim of the
following discussion is to present a critical revief the different studies presented

in this thesis.

7.1 Screening of G2019S mutation
The LRRK2 G2019S mutation is common in Middle Eastern andopfean

populations with the highest frequencies reportedNorth African Berbers and

Ashkenazi Jews (Ozelius et al. 2006; Lesage e2(f)6; Healy et al. 2008). It has
been predicted that the G2019S mutation arose én Bbrbers, but there are
suggestions that the mutation may have arisen amemtly on more than one
occasion (Lesage et al. 2005b; Kachergus et ab;Zb@betian et al. 2006a; Warren
et al. 2008; Bar-Shira et al. 2009; Pirkevi et2409; Lesage et al. 2010). However,
the carrier rate frequency of this mutation has Ib@én investigated in detail in
neighbouring populations, for example sub-Sahar#ita (Lesage et al. 2006). In

chapter 3, | investigated the frequency of G20198ation in unaffected subjects
from populations with a potentially higher chandecarrying the mutation, due to

possible genetic admixture with North African Baband Ashkenazi Jews.

The G2019S mutation was screened in a sample s2t486 subjects without a
clinical diagnosis of PD. These subjects were @erifrom populations of sub-
Saharan African, Middle-Eastern, non-Ashkenazi dbwiand Eastern European
origins. Only two subjects were identified as pwsitfor G2019S mutation,
suggesting that the mutation is not common amomgsinbers of the selected
populations. The two samples that tested positore 32019S mutation were of
Syrian and Moroccan Jewish ancestry, respectivélgcording to the exact
hypothesis test (for binomial random variablesk tbserved proportion is not
different from the expected proportion (see 3.8yanp = 0.827; Moroccan Jewish
p = 0.444), but this is likely to represent a statéd fluctuation due to the small
sample sizes of these two populations (Syna, 75; Moroccan Jewn= 186).

Therefore, these data do not clarify the curremteustanding regarding the origins of

this mutation. No examples of G2019S mutation webserved in sub-Saharan
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Africans in this study which suggests that it it nommon amongst PD-unaffected
members of the Bantu speaking and Ethiopian papukatinvestigated, but the
sample size is not large enough=731) to evaluate whether the mutation arose afte
the early migrations out of Africa. Similarly, tidata suggests that G2019S mutation
is not common in Ukrainian and Belarusian poputegion Eastern Europe, but does
not allow us to comment on whether the G2019S nautah Ashkenazi Jews could

have been acquired from neighbouring populations.

The worldwide frequency of G2019S mutation in PDaftected subjects has been
suggested to be <1% (Healy et al. 2008), and whétigesample sizes available for
this study had enough power to detect a mutatiequiency of <1% is a matter of
concern. For example, if worldwide frequency of G28 mutation is set at 1%, then
using an estimated proportion of 0.00080548 (2 aiu?485) for G2019S positive
subjects in this study, suggests that a sampleo$izal for sub-Saharan Africans and
531 for eastern Europeans has >80% power, and aleasize of 335 for non-
Ashkenazi Jews has >50% power to detect a frequehdpb in this sample set.
However, the negligible proportions estimated f&0E9S positive subjects in this
study (section 3.3.1), in addition to the predictddo worldwide G2019S mutation
frequency (Healy et al. 2008) results in such em&redata that any estimation of
power for the sample sizes used in this study nudyba reliable. To the best of our
knowledge, we could not find a method to reliablstimate power for these
proportions that are close to zero. Overall, tlozga suggest that G2019S mutation is
not common amongst PD unaffected members of thaelabpns investigated in this
study, but we cannot make any definitive statisticferences as to the frequency of
G2019S mutation in these subjects. A substantiallge number of subjects are
needed before we can definitively estimate G20188ier rate frequency in PD
unaffected subjects of these populations. Expanttiagstudy to include PD cohorts
from the populations presented in this study waddtribute to our understanding of
the genetic origins of the mutation, and help usageess whether the mutation in
North African Berbers and Ashkenazi Jews could hagealted from admixture with

their neighbours.
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7.2 LRRK2 mRNA and protein expression in the human brain

Investigation olLRRK2expression in the brain is the major focus ofittvestigation
recounted in this thesis, the hypothesis being that anatomical and cellular
expression profile of LRRK2 mRNA and protein maffeti between control and PD
cases. A combination of morphological and quamigatechniques was used to
address this. The strength of this approach bewag morphological techniques
demonstrated the cellular expression of LRRK2 mRaé protein in a large number
of brain regions, whereas quantitative mMRNA methpdsvided a more accurate
indication of LRRK2 mRNA expression levels, albeita lower number of regions.
LRRK2 protein levels were also compared using sgumaintitative
immunohistochemistry (IHC) analysis in differentlor regions. Post-mortem tissue
from G2019S positive PD cases is limited; henceethere few descriptions of
LRRK2 mRNA and protein localisation in such cagesaddition to investigating the
morphological differences in LRRK2 mRNA and prot&xpression in control and
IPD cases, this study took advantage of the raseuree at QSBB to describe the

LRRK2expression profile in G2019S positive PD cases.

7.2.1 Morphological findings and regional quantitation of LRRK2

mRNA in the human brain

In chapter 4 of this thesig-situ hybridisation (ISH) study demonstrated ubiquitous
neuronal LRRK2 mRNA expression in post-mortem br#sue from 2 control, 1
IPD and 3 G2019S positive PD cases. The localisaib LRRK2 mRNA to
dopamine synthesising as well as dopamine innatveggions of the brain is in
contrast to the original studies performed in radeand humans (Galter et al. 2006;
Melrose et al. 2006). Our results concur with thdsequent findings of a more
widespread evaluation of LRRK2 mRNA expressionhia brain (Simon-Sanchez et
al. 2006; Higashi et al. 2007a; Higashi et al. 2))0The original findings reported by
Galter and colleagues were based on a higher sampider (4 controls and 5 PD)
than the 6 cases we have used, but PCR studiesiremgm.RRK2 mRNA in
dopaminergic (DAergic) neurons (Han et al. 2008n@8iovic et al. 2009) and
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striatum (Zimprich et al. 2004b; Melrose et al. @0Dachsel et al. 2010) support the
morphological findings in this study. ISH is a ta@ally demanding procedure that
is sensitive to various factors such as tissuegsedjon, tissue pH, probe labelling
method (radioactive versus non-radioactive; choieradioactive isotope) and
hybridisation protocols, all of which can contributo discrepant results between
studies (Harrison et al. 1991; Barton et al. 1998gsbury et al. 1995). For example,
the original studies that investigated LRRK2 mRNo&dlisation using“P labelled
oligonucleotide probes did not identify LRRK2 mRNADAergic neurons (Galter et
al. 2006; Melrose et al. 2006), whereas the sulesggstudies that used non-
radioactive riboprobe (Simén-Sanchez et al. 2006)%°S labelled oligonucleotide
probes reported a more widespread LRRK2 mRNA Isatibn (Higashi et al. 2007a,;
Higashi et al. 2007b)SH is particularly challenging on post-mortem tissdue to
variable RNA preservation, therefore to validate I8H procedure in this study, the
MRNA integrity was assessed using a positive corB®l2 mRNA), and the
specificity of the LRRK2 ISH probe was demonstratsthg an excess of unlabelled
probe, as previously described (Lashley et al. 2008

Chromogenic digoxigenin ISH has previously beerdusequantitate LRRK2 mRNA
in the brain (Simén-Sanchez et al. 2006). Howeualike radioactive ISH where
silver emulsion grains can be counted to provideNhRjuantitation, non-radioactive
ISH cannot accurately measure mRNA signal. As desdrin section 4.3.1.1, the
high background intensity associated with radie&ctemulsion autoradiography
required the use of non-radioactive ISH for LRRKRMNA localisation. Therefore,
having demonstrated the distribution of LRRK2 mRNA the brain using non-
radioactive ISH, the mRNA levels were quantitatesing a more sensitive qPCR
based strategy utilising a large number of samfdsmpter 5, section 5.3.2). The
gPCR results do not demonstrate regional variatiatRRK2 mRNA levels in control
human brain (Figure 5.2). Although regional vaoias in LRRK2 mRNA levels in the
human brain have previously been reported usin@R Pased strategy, tissue from
only one case was used to quantitate mRNA levethase studies (Zimprich et al.
2004b; Dachsel et al. 2010). The LRRK2 mRNA quatitih data presented in chapter
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5 are likely to be more robust as a sample numb&bs-@0 cases was used (Table 5.6),
which to our knowledge is the largest number ofdamexamined to estimate relative
LRRK2 transcript levels in post-mortem human brélaving determined the cellular
localisation and relative regional levels of LRRKIRNA, a future measurement of
MRNA expression in laser capture microdissectedM)-@eurons would refine the
guantitation of LRRK2 mRNA in specific cellular palptions of the brain.

7.2.2 Morphological findings and regional semi-quantitation of

LRRK?2 protein in the human brain
Analogous to the morphological findings of LRRK2 MR, the IHC study in chapter

4 demonstrates a ubiquitous neuronal expressidrtR&K2 protein in 4 control, 2

IPD and 4 G2019S positive PD cases. This confirmetd only the cytoplasmic

distribution of the protein but also its extensipeesence in the axons, apical
dendrites and the neuropil (Biskup et al. 2006;adig et al. 2007b; Melrose et al.
2007; Alegre-Abarrategui et al. 2008). LRRK2 immuewxtivity was occasionally

identified in reactive astrocytes (Figure 4.51)f hbRRK2 mRNA was not otherwise

observed in glial cells, although the small amaointytoplasm in oligodendrocytes
could make it difficult to detect LRRK2 mRNA in tbe cells (Biskup et al. 2006;
Miklossy et al. 2006). We also confirm the detettad LRRK2 mRNA and protein

in vascular smooth muscle cells (Zhu et al. 2006a).

Using IHC, the presence of LRRK2 protein was dertrated in the halo of a small
proportion of Lewy bodies (LBs). However, ident#ton of LRRK2 protein in LBs

has been shown to be highly dependent on the alytibeed, therefore it remains
uncertain whether LRRK2 is an obligate componerthese inclusions (Miklossy et
al. 2006; Zhu et al. 2006a; Zhu et al. 2006b; Hgas al. 2007b; Melrose et al. 2007,
Alegre-Abarrategui et al. 2008; Perry et al. 2088ntpere & Ferrer 2009; Higashi et
al. 2009). Differences in tissue fixation, protgireservation and antigen retrieval
procedures (not all antibodies recognise proteimaitive conformations) can result in
variability in immunolabelling (Williams et al. 199. For example, the only antibody

that reportedly labels a large proportion of LBstlre brainstem and neocortical
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regions is the commercial antibody NB300-268 (sebld 4.2), although previous
observation in our group suggested that NB300-268schot label LBs (Dr. Ann
Kingsbury, unpublished findings), implying that ttNB300-268 antibody may be
sensitive to tissue fixation or protein preservatio

LRRK2 immunoreactivity in this study was demongtatusing the previously
published polyclonal EB06550 antibody (Alegre-Aladegui et al. 2008). The
EB06550 antibody recognises LRRK2 amino acids 280% which also includes
the site for the G2019S mutation (Santpere & FEZ6€9). Since glycine and serine
are both polar and hydrophilic, the extent to whtbis substitution changes the
native conformation of LRRK2 in a way that mighflience the antibody binding
has not been documented in immunohistochemicalctiete Although antibodies

that recognise specific mutational isoforms havevipusly been reported (e.g.
P102L substitution in the prion protein (Wadswagttal. 2006)), they are technically
demanding to produce, and it is unlikely that tlmygonal EB06550 is specific

enough to discriminate between proteins that diffiea single amino acid site. The
specificity of EBO6550 has not been tested ohRRK2 knockout model, but it

recognises a ~250KDa band corresponding to endogemaman LRRK2 protein in

post-mortem tissue, (Figure 4.3), biopsy materdegre-Abarrategui et al. 2008),
and also labels recombinant LRRK2 protein (Dr. itlattewis, unpublished data)
which covers the LRR-WD40 domain (previously ddsed in Anand et al. 2009).
The specificity of the EB06550 antibody was furtilemonstrated in this study by
obliterating the signal using a pre-absorption ya¢Baure 4.3).

An established 4-tiered grading method was usedséani-quantitation of regional
LRRK2 immunoreactivity in post-mortem tissue frohet10 cases (Melrose et al.
2007; Alegre-Abarrategui et al. 2008). Variabiliz  LRRK2 immunoreactivity
between different brain regions was a consistemtirfig (Table 4.9), and confirmed
the previously reported EB06550 findings in norradllt brain (Alegre-Abarrategui
et al. 2008). It was of note that in the nigrosédi@opamine system the cell bodies of
striatal neurons were consistently recorded aslalispy the weakest LRRK2

immunoreactivity. However, no difference had bedsesved in striatal LRRK2
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MRNA levels compared to other regions (Figure S\@&vertheless, the weak LRRK2
immunoreactivity in striatal neurons (Figure 4.481)n contrast to the intense striatal
neuropil staining, suggesting that LRRK2 proteircalises to neuronal processes
rather than the cell body in this region (Figurékdand L). This is supported by
western blot data indicating high LRRK2 proteindisvin striatum (Biskup et al.
2006; Taymans et al. 2006; Melrose et al. 2007) .

The LRRK2 immunoreactivity data reported in thisudst (Table 4.9) do not
demonstrate an overall difference in LRRK2 immuaotwrity between the 4 control
and 6 PD cases (2 IPD and 4 G2019S positive PD)r&ults do not concur with a
previous study that reported intense LRRK2 immuactigity in neuronal cell bodies
and axons of PD casen € 6) compared to controlsr (= 4) (Zhu et al 2006a).
Additionally, we also did not observe a decreasd RRK2 immunoreactivity in
nigral neuronal processes in our PD cases as has eviously reported for a
smaller number of PD caseas% 2) when compared to controls£ 2) (Higashi et al.
2007b). Differences in tissue fixation, proteingaevation, and antibodies could have
contributed to the discrepant results between tilndiess. For example, a recent study
using a different antibody reported punctate stgjrmf LRRK2 positive structures
within cells (Higashi et al. 2009), whereas we obsé a more diffuse pattern of

LRRK2 immunoreactivity.

Western blots provide an alternative method to gtade protein rather than the 4-
tiered IHC grading system presented in this stiitywever, western blots are semi-
guantitative in nature, and unlike IHC procedureannot determine the cellular
localisation of a protein. It has been shown thastern blotting with EBO6550

antibody produces the best result on biopsy mateampared with post-mortem

tissue likely due to the superior protein preseovatn biopsy material (Alegre-

Abarrategui et al. 2008). A more accurate methaglplo quantitate protein levels is
an ELISA. However, lack of an available LRRK2 sfiedELISA prevented the use
of this method in my study. For this reason, a igeecorrelation between LRRK2
MRNA (Figure 5.2) and protein levels could not fgrmed, and this remains a

major limitation of the current study, and an af@afuture development. Moreover,
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EB06550, like a majority of other LRRK2 antibodias, polyclonal, and future
replication of this morphological data using spiecrhonoclonal LRRK2 antibodies

is warranted.

The morphological findings in this study descrilbe tanatomical distribution of
LRRK2 mRNA and protein in a substantial numberades, in addition to presenting
novel data relating to LRRK2 mRNA and protein lagation in the rarely available
G2019S positive PD cases. The descriptive natutieeomorphological data does not
allow us to comment in detail on the physiologicaportance of the widespread
LRRK2expression, but within the limitations of the neth used, suggests that there
is no major variation iInLRRK2 expression resulting from the G2019S mutation.
Future investigations into accurate quantitation L&RK2 protein levels would
address whether there are subtle variations in LRRKotein expression in PD

compared to controls that cannot be assessed Bi@echnique used in this study.

7.2.3 Aninvestigation into LRRK2 mRNA dysregulation in IPD

cases compared to controls

Having quantitated LRRK2 mRNA levels in severalioag of the normal human

brain (Figure 5.2), gRT-PCR was further used to aestrate statistically different

LRRK2 mRNA levels in a number of cortical and suttical regions of IPD cases
compared to controls in chapter 5 of this thesiguie 5.3). The regions used in this
study were chosen due to their selective vulnatgltd a-synuclein pathology in PD

(Braak et al. 2004). In order to determine whetbhbanges in LRRK2 mRNA

expression could also be identified in a brain oagihat is not vulnerable ta-

synuclein pathology in PD, tissue from the cerelmlivas included in the study.

Region specific expression of reference genes akentinto account by measuring
four endogenous reference genédPRT1, RPL13A, G6PIand TBPJ) for each

sample. Variation in reference genes in the datasat estimated using the
NormFinder software (Andersen et al. 2004), andggwmetric mean of the two most
stable reference genes as predicted by the softmesaised to normalise the LRRK2

MRNA data (Bengtsson et al. 2005). The use of pustem tissue is associated with
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many confounding factors, e.g. variability in c&dlustress and loss, response to
disease, cause of death, and medication (Kim & Yéel#09). Cases in this series
were collected so as to minimise these limitatiopsonsidering factors such as age,
gender, brain pH, post-mortem delay (Tables 5.2 adjl Despite this approach a
series of 20 IPD and 20 controls may be consideyedmall a number to accurately
account for many of the variables associated with dtudy of post-mortem brain
tissue (Harrison et al. 1991; Barton et al. 199%gkbury et al. 1995; Kim &
Webster 2009).

7.2.3.1 LRRK2 mRNA is reduced in limbic and several neocortical regions but

increased in medulla of IPD cases in comparison to controls
Reductions of LRRK2 mRNA in parietal cortex, ceribe, cingulate gyrus,
amygdala and frontal cortex, and increases in LRRKRNA in medulla were
observed in IPD cases compared to controls but ifferehce was observed in
entorhinal cortex or putamen (Figure 5.3). Althowagtifference of less than 0.5 fold
in LRRK2 mRNA levels between IPD cases and conti®lsxtremely modest, each
sample was measured in triplicate and these difte® in LRRK2 mRNA levels
remained significant after multiple test correct{@able 5.8). Additionally, this level
of < 0.5 fold reduction was also observed in adamgumber of cerebellum samples
(IPD, n = 115; controln = 35; Figure 5.1), suggesting that in cerebelludeast, this

observation is robust.

Furthermore, we also observed a reduction of LRRHKRNA levels in G2019S
positive PD cases compared to controls (Figure &ltBpugh, the small number of
cases and restricted tissue availability of suchpdas does not allow us to make any
statistical inferences. In view of the scarcity@®@2019S PD cases coming to post-
mortem, a collaborative international effort betwdeain banks would be needed to
make available a larger cohort of G2019S positivecBses, to confirm the suggested
decrease in LRRK2 mRNA levels in G2019S positive P&ses compared to
unaffected cases. This would provide an indicatdna biochemical mechanism
common to IPD and G2019S linked PD (White et a07)0
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No change was observed for LRRK2 mRNA levels inamén in IPD, and this
concurs with a previous ISH study which also regwbmo significant differences in
the striatal LRRK2 levels between IPD cases andfextad controls (Galter et al.
2006). Previously, L-DOPA induced dyskinesia hagnbesuggested to increase
striatal LRRK2 mRNA levels in marmosets (Hurley &t 2007). As clinical
information detailing treatment, dosage and theuoence of dyskinesia was only
available for a small number of samples (Table,5t3yas not possible to accurately
correlate these data with LRRK2 mRNA levels. RelgetRRK2 was suggested to
be involved in striatal dopamine transmission (Liaé 2010), and in this study
unaltered striatal LRRK2 mRNA levels in PD braime seported. This finding is in
contrast to a reduction of LRRK2 mRNA in other g of IPD brains, and may
indicate that maintenance of LRRK2 mRNA is of soif@s yet unidentified)
significance in striatum where altered functionygla key role in contributing to the
clinical symptoms in PD. LRRK2 mRNA was also repdty reduced in DAergic
neurons of a small number of IPD cases (Simunavat. 2009), however, it was not

possible to address this in the current study ghiissue was unavailable.

Whole tissue lysates were used to quantitate LRR¥ZNA levels, therefore we
cannot be sure what cell type the observed changght be associated with.
However, the findings in chapter 4 demonstrate LRIRK2 mRNA and protein is
largely found in neurons, therefore the quantigtigduction in LRRK2 mRNA is
likely to reflect reduced expression by neuronse Widespread reductions could be
attributed to neuronal loss in IPD cases, howether,reduction in LRRK2 mRNA
was also observed in cerebellum which does notiaispvert neuronal loss in PD.
Although four endogenous reference genes were asethternal controls, laser
capture microdissection (LCM) of neurons is a maceurate method to account for
neuronal loss. Replication of these data in a laggort of samples as well as
refinement by LCM to analyse isolated neurons, woclarify how these results
contribute to our knowledge of PD development. Hosve even the use of LCM
cannot account for the biggest confounding factbenvusing diseased post-mortem

tissue, which is the accurate interpretation ofilteast data as to whether the changes

[230]



observed in mMRNA levels contribute to the diseasxgss or whether the disease
itself results in mMRNA expression dysregulation.dAidnally, we do not know
whether this LRRK2 mRNA dysregulation is speciftc RD or neurodegenerative
process in general. Investigation of LRRK2 mRNA post-mortem tissue from
neurodegenerative diseases, such as etfsgnucleinopathies, Alzheimer’s disease
or progressive supranuclear palsy could ascertdietiver the LRRK2 mRNA

dysregulations observed in this study are indele® apecific phenomenon.

The autosomal dominant transmissiorL&RK2mutations in familial PD cases, and
the in-vitro mutant toxicity together suggest gain-of-function’model forLRRK2-
linked PD (Funayama et al. 2002; Paisan-Ruiz e2@04; Zimprich et al. 2004b;
Funayama et al. 2005; West et al. 2005; Gloecknat. £006; Greggio et al. 2006;
Smith et al. 2006; Liu et al. 2008). Additionallg, lack of phenotype inLRRK2
knockout mouse models that report no major abnatiewland an unaltered number
of DAergic neurons (L. Wang et al. 2008; Andres-&tet et al. 2009; Lin et al.
2009), further suggests that LRRKIBss of function'does not have a marked effect
(although it is possible thatRRK2disruption in the developmental phase could be
compensated for by another gene, for exany®&®RK21 in constitutive knock out
models (Biskup et al. 2007; Westerlund et al. 2008&erefore, in light of such data
which recommends aain of function’'model forLRRK2 and given that ablation of
LRRK2 does not have a detectable effect, the maeelictions of LRRK2 mRNA
levels in IPD cases observed in this study aregmimdicative of a cellular response

to PD as opposed to it being a causative factor.

In contrast to these reductions, our findings asggest an increase in LRRK2
MRNA levels in the medulla of IPD cases (Figure).5Ihe dorsal motor nucleus of

the vagus (DMNV) in the medulla is affected in galier stages of PD (Braak et al.
2004), and the disease duration of the subjecthisnstudy (4.6-29.3 years, Table
5.3) suggests that we may be observing an end-stéags in medulla. This could be

supported by investigation of other CNS areas tdteearly in the disease process,
such as olfactory bulb, locus coeruleus (Braak.e2@4), and the intermediolateral

nucleus of the thoracic cord (Kalaitzakis et al020 The data presented are derived
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from tissue containing various nuclear groups irdufl@, such as the inferior olive
that is not a target foa-synuclein pathology in PD. Further analysis by LGM
determine the contribution of different nuclei teetobserved increase in LRRK2
MRNA is warranted. Interestingly, IPD cases beloggio this particular sample
series, also exhibit increased levels of DJ-1 (PARKRNA levels (Dr. R. Kumaran,
unpublished findings). DJ-1 has been shown to l@axeuroprotective roléTaira et
al. 2004; Inden et al. 2006), but its physiologicaéraction with LRRK2 remains to
be confirmed (Venderova et al. 2009; Heo et al.020Additionally, a protective role
for wild-type LRRK2 in cellular (Liou et al. 20084ilosevic et al. 2009), transgenic
worm (Wolozin et al. 2008; Saha et al. 2009; Ohtale 2010), andDrosophila
models (Lee et al. 2007; D. Wang et al. 2008) hasnbproposed, but their
contradictory phenotypes suggest that further asibeh of the protective role of
LRRK2 is needed (Imai et al. 2008; Liu et al. 208&mann et al. 2009; Venderova
et al. 2009; Ng et al. 2009; Heo et al. 2010; Ytaale2010). Therefore, whether an
increase in LRRK2 induces cell toxicity or a deseaffects cell protection or

perhaps both events contribute to PD remains &eban-vivo.

LRRK2 has been suggested to be involved in varifwstions, such as cell

signalling, cellular stress and neuronal mainteaawgtoskeletal dynamics, vesicle
transport, apoptosis, mitochondrial dysfunctiord agellular scaffolding (reviewed in

(Greggio & Cookson 2009)). Although physiologicabstrates of LRRK2 have been
suggested, currently the most efficiently phosplategl substrate of LRRK2 (apart
from the generic substrate MBP) remains LRRK2 fiteMest et al. 2005; Gloeckner
et al. 2006; Smith et al. 2006; Greggio et al. 20Q@émar et al. 2010). However, the
potential pathological role of LRRK2 autophosphatign is not well understood, but
it is suggested to regulate LRRK2 GTPase activityictv in turns regulates this
protein’s kinase activity (Greggio et al. 2008; Gg® et al. 2009). A dysregulation in
LRRK2 protein levels could affect any of the abdwections, but a lack of accurate
guantitation of LRRK2 protein levels prevents usnir commenting on how a
dysregulation in LRRK2 mRNA might influence the @ levels. Although we

present a semi-quantitation of LRRK2 protein levielchapter 4, a more sensitive
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technique detecting differences in LRRK2 proteigels between control and PD
cases, subtle or otherwise, would elucidate thaifsignce of LRRK2 mRNA
dysregulation in these IPD cases, and could peaigniead to testable hypotheses
that can be examined in model systems. We canmoimamt on whether the modest
LRRK2 mRNA dysregulations in selected cortical aubcortical regions of IPD
cases in this study are a contributory factor celtular response to the disease, but
these data describe a novel alteration in the LRRIRINA expression profile of PD

affected versus unaffected cases.

7.2.3.2 LRRK2 mRNA and Lewy bodies

Similar to the findings of others, we demonstratt L RRK2 is present in the core of
a small proportion of LBs in chapter 4 of this tkse@-igure 4.7) (Zhu et al. 2006a,;
Zhu et al. 2006b; Miklossy et al. 2006; Higashiaét2007b; Melrose et al. 2007;
Alegre-Abarrategui et al. 2008; Santpere & Fer@09. The infrequent presence of
LRRK2 in brainstem LBs and absence in cortical LBsich like the product of the
PARKG6 locus, PINK1 (Gandhi et al. 2006), suggebktt t RRK2 is not an obligate
component of the LBs. However, if LRRK2 is presepstream ofi-synuclein in the
PD pathway as a signalling molecule (Qing et al@arballo-Carbajal et al. 2010;
Hsu et al. 2010; Gloeckner et al. 2009), and isduectly involved ina-synuclein
aggregation, then the lack of detection in LBsah surprisingAdditionally, the core
of classical LBs is mainly composed of vesicle &nes (Takahashi & Wakabayashi
2001). Electron microscopy would be required teedewhether the limited LRRK2
immunoreactivity in LBs is a result of its localiga to vesicular structures (Biskup
et al. 2006; Hatano et al. 2007; Shin et al. 2B08ashi et al. 2009).

LRRK2 has been shown to phosphorylateynucleinin-vitro, but the likelihood that
there are other endogenous kinases in crude celoex indicates that this result
should be treated with caution (Qing et al. 2008jhough a-synuclein-induced
neuropathology was recently shown to be enhancea double mutant transgenic
mouse overexpressingsynuclein and LRRK2 (Lin et al. 2009), whetlxesynuclein

is a true physiological substrate of LRRK2 remambe seen. We did not observe
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any correlation between LRRK2 mRNA levels and LBds in chapter 5 of this

thesis. LB numbers were assessed in individualbrsgon independent occasions,
and an inter-class correlation was performed teessssntra- and inter-observer
variability (section 5.3.5). However, the numberaaises (20 IPD and 4 G2019S
positive PD cases) in this study is likely to b® temall to permit an accurate
correlation between LRRK2 mRNA angsynuclein positive LBs.

7.3 Genetic variation in LRRK2 5’-UTR regions and its effect on

LRRK2 mRNA levels

In chapter 6 of this thesis, | hypothesised thategje variation in the 5’UTR region
of LRRK2 could influence LRRK2 mRNA levels. Cerebellum LRRKhnRNA data
(section 5.3.1) were chosen for this correlatioe tluthe higher sample number of
IPD (n=115) and controln=35) subjects. The tag SNP (tSNP) rs2708435 upstcéa
LRRK2transcription start site (Figure 6.2) exhibitedakellele specific expression
of the cerebellar LRRK2 mRNA levels in IPD casesHE 6.5). Based on the-
silico data, EMSA was used to demonstrate that alleleofA52708435 undergoes an
additional DNA:protein interaction in comparison tiee ‘G’ allele (Figure 6.6).
Variation at intronic tSNP rs4567538 which is inkage disequilibrium (LD) with
rs2708435 = 0.95, Figure 6.7) demonstrated association with (Pigure 6.8).
Previous studies examiningRRK2 variation have not observed this association
(Biskup et al. 2005; Skipper et al. 2005; PaisaizRat al. 2006; Paisan-Ruiz et al.
2008; Sutherland et al. 2009b; Pankratz et al. 0f¥¢d recent GWA studies have
identified LRRK2 SNPs that might be associated with PD, none othvhare in LD
with the tSNP rs4567538 genotyped in this studin(®i-Sanchez et al. 2009; Satake
et al. 2009). Population specific differences aathgle humbers can contribute to
differing associations, but it is most likely thhe association reported in this chapter

is a false-positive result.

The initial statistical evidence presented for lallgpecific expression of rs2708435
was extremely weak (Tables 6.4 and 6.5), and uiisgresult as a foundation for

subsequent experiments (EMSA and association stisdg) major criticism of my
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work. The geometric mean of the reference gerd*R(1and RPL13A, indicates
that the association between variation at rs2708485L RRK2 mRNA levels in IPD
cases is marginally-significanp € 0.047, Table 6.5). However, individual analysis
with the two endogenous reference genes both o€thwhive different statistical
values HPRT] p = 0.241 andRPL13A p = 0.029, Table 6.5) does not clarify the
effects of the tSNP on cerebellar LRRK2 mRNA levélkhough in chapter 5, four
reference genes were measured for a subset ofetlereldPD § = 20) and controlr(

= 20) subjects, only two reference genes were mnedstor this larger set of
cerebellum samples (IPD,= 115; controln = 35), and this is a big drawback of this
particular study. Furthermore, analysis with ANOVa#ssumes homogeneity of
variance, therefore it is likely that the markediatility in sample numbers (35
control and 115 IPD cases), may have contributetiéadiscrepanP-values for the
two reference genes. Before performing the EMSherassociation study, it would
have been preferable to confirm the weak findingalidle specific expression for
rs2708435 (Tables 6.4 and 6.5) with a more robssay Although not reported in
this thesis, various attempts were made to clorelfkb 5’'UTR region o RRK2
gene to a) assess whether rs2708435 alleles aatettilio regulation of LRRK2
transcriptional activityin-vitro; and b) to define a minimal core promoter region f
LRRK2 However, this was unsuccessful. Although thispterawas presented last, it
was also the first to be undertaken, and transeriptsequencing has since become a
robust technology to assess differential allelipression. Overall, due to the tenuous
statistical evidence no inferences can be madetab®r08435 and its allelic specific

expression on LRRK2 mRNA in IPD cases.

7.4 Future of LRRK2 and its role in PD

It has become increasingly evident that mitochaaddysfunction may play a
major role in PD pathogenesis (reviewed in (Bu2i@d9)). Moreover autophagy,
a catabolic process that results in degradatiocetitilar components through the
endosomal-lysosomal machinery, has also been iatglicin PD (reviewed in
(Dagda et al. 2009)). The physiological function IRRRK2 is still far from

understood, but its enzymatic activity and potdntide in cell signalling events
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has led to suggestions that it may play be involvedmitochondrial and
autophagic dysfunction in PD (West et al. 2005;8kner et al. 2006; Biskup et
al. 2006; MacLeod et al. 2006; laccarino et al. Z0Batano et al. 2007; Shin et
al. 2008; Plowey et al. 2008; Saha et al. 2009;aslg et al. 2009; Alegre-
Abarrategui et al. 2009; Ohta et al. 2010; Mutealet2010). Although LRRK2
has been suggested to mediate mitochondrial kisgg®lling via its interaction
with extracellular signal regulated protein kinage®RK) and c-Jun N-terminal
kinases (JNK), it remains to be confirmed whethkese are physiological
substrates of LRRK2 (White et al. 2007; Plowey et2808; Liou et al. 2008;
Gloeckner et al. 2009; Carballo-Carbajal et al. @0dsu et al. 2010). A lack of
consensus regarding the physiological substratesLRRK2 has created a
bottleneck in our understanding of the true natafethe in-vitro and in-vivo
effects of the intrinsic LRRK2 kinase activity (s@éue 2009; Hu & Tong 2010)
for review) Although LRRK2 kinase activity has been the majocus of
investigation intoLRRK2linked PD, there is increasing interest in thesrof the
kinase regulating GTPase domain in PD (West e@07; Jaleel et al. 2007;
Greggio et al. 2008; Greggio et al. 2009; Yao eall0). The toxicity associated
with mutations in other LRRK2 domains (LRR, COR amiD-40) (MacLeod et
al. 2006; laccarino et al. 2007; Jaleel et al. 200argensen et al. 2009) also
suggests thatRRK2mediated toxicity might not be limited to its ksgactivity,
and perhaps requires dysregulation of the complex bnely balanced
interactions between LRRK2 domains. Hence, befohgition of LRRK2 kinase
activity can be confidently postulated as a theutigetarget for PD (Covy &
Giasson 2009; Hu & Tong 2010), identification of RR2 substrates and
interactors, in addition to an extensive comparisbthe pathogenic role of wild-
type LRRK2 and PD linked mutations is needed in mmatan models.
Furthermore, confirmation of LRRK2 interaction withe encoded proteins of
other PARK loci that have been implicated in mitoctrial-related oxidative
stress (reviewed in (Dagda et al. 2009), such &KP] parkin, DJ-1, and-
synuclein(Smith et al. 2005a; Venderova et al. 2009; Qingle2009; Lin et al.
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2009; Carballo-Carbajal et al. 2010)), would be ercouraging step towards
elucidating a putative convergent pathway for défeg PARK loci and should
contribute to the study of both familial and ididipia PD.
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Appendix

Summary of IPD and control subjects used for the cerebellum study in chapter 5

(section 5.3.1). Samples IPD1-IPD20 and Con1-Con22 have been previously described

in Tables 5.2 and 5.5, respectively. M: male; F: female, PM: post-mortem delay.

Sex Age PM delay pH Cause of death

IPD1 M 77 46.20 6.73 Heart failure

IPD2 M 73 11.20 6.32 CVA

IPD3 F 62 46.20 5.88 gradual deterioration

IPD4 F 78 75.45 6.46 Advanced PD

IPD5 F 87 47.45 6.62 IPD, slow deterioration

IPD6 F 81 24.25 N/A IPD, congestive heart disease

IPD7 M 81 103 6.15 Bronchopneumonia

IPD8 M 73 20.30 6.22 PD, malignant melanoma,

IPD9 F 66 125.30 6.2 Advanced PD

IPD10 F 77 ~80 6.53 Congestive heart failure

IPD11 F 88 11.30 6.38 Chest infection

IPD12 M 70 61.20 6.29 Chest infection

IPD13 M 55 8.00 6.37 progressive degenerative PD

IPD14 M 71 40.45 6.1 Chest infection

IPD15 M 79 27.25 5.88 Sudden death

IPD16 M 71 81.30 6.76 N/A

IPD17 M 70 71.30 6.17 Coronary artery atheroma

IPD18 M 91 31.45 5.81 Congestive heart failure

IPD19 F 81 57.30 N/A Heart failure

IPD20 M 70 51.20 6.29 gradual deterioration

IPD21 M 68 39.35 N/A N/A

IPD22 M 69 57.20 N/A Left ventricular failure

IPD23 M 82 26.50 N/A Bronchopneumonia

IPD24 M 83 66.00 N/A Chest infection

IPD25 F 84 26.45 N/A IPD

IPD26 M 78 79.33 N/A IPD + dementia
bronchopneumonia, heart and ren

IPD27 M 77 51.20 6.16 failure

IPD28 M 66 54.30 6.17 Cancer (prostate), chesttide

IPD29 M 72 25.45 N/A IPD

IPD30 M 78 80.35 6.31 IPD + dementia

IPD31 M 77 40.30 N/A Bronchopneumonia
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PM

5€

Sex Age delay pH Cause of death
IPD32 M 78 52.40 N/A IPD
IPD33 F 73 18.00 6.11 PSP
IPD34 F 84 36.00 6.4 PD and trans-ischaemic disea
IPD35 M 78 38.35 6.2 PD, dementia and chest irdacti
IPD36 F 81 68.30 6.03 N/A
IPD37 F 79 27.20 6.68 IPD
IPD38 M 77 58.45 cardiac arrest
IPD39 F 71 36.00 6.25 N/A
IPD40 M 85 48.15 6.38 Chest infection
IPD41 F 79 24.20 6.39 PD, gradual death
IPD42 M 63 69.00 6.59 Heart failure
IPD43 F 71 50.10 6.38 Aspiration deterioration
IPD44 M 73 25.20 7.18 N/A
IPD45 F 73 70.00 6.63 PD, gradual decline
IPD46 F 79 49.30 6.07 pulmonary embolism
IPD47 M 66 56.00 6.49 heart attack
IPD48 F 80 27.10 5.62 PD/AD
IPD49 F 92 45.15 6.13 gradual deterioration
IPD50 M 76 51.15 5.77 bronchopneumonia
IPD51 F 73 40.15 6.44 bronchopneumonia
IPD52 M 84 47.00 6.11 bronchopneumonia
IPD53 F 69 52.45 6.14 bronchopneumonia
IPD54 M 87 76.10 6.01 bronchopneumonia
IPD55 F 68 77.35 6.05 bronchopneumonia
IPD56 M 79 22.05 6.27 bronchopneumonia
IPD57 F 86 43.45 6.27 gradual deterioration
IPD58 F 80 13.05 6.39 Haemo-pericardium
IPD59 F 73 45.00 5.86 multi organ failure
IPD60 M 76 35.3 N/A N/A
IPD61 M 76 71.30 6.5 Chest infection
IPD62 M 66 21 N/A N/A
IPD63 M 70 46.15 6.54 bronchopneumonia
IPD64 M 80 30 6.07 bronchopneumonia
IPD65 F 77 48 6.98 N/A
IPD66 M 77 23.35 6.26 bronchopneumonia
IPD67 F 73 50 6.44 bronchopneumonia
IPD68 F 81 29 5.59 N/A
IPD69 M 75 44.15 6.73 bronchopneumonia
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Sex Age PM pH Cause of death
delay
IPD70 F 74 82.05 5.92 N/A
IPD71 M 79 71.15 6.5 bronchopneumonia
IPD72 F 74 35.05 6.11 pulmonary embolism
IPD73 F 89 47.1 6.47 Terminal PD
IPD74 F 77 N/A N/A N/A
IPD75 F 85 22.5 N/A N/A
IPD76 F 71 34 6.37 N/A
IPD77 F 66 55.3 6.27 PD
IPD78 F 85 46.4 6.45 PD, Old age
IPD79 F 84 18 6.64 bronchopneumonia
IPD80 M 70 115 6.35 bronchopneumonia
IPD81 M 66 40 6.65 coronary artery disease
IPD82 M 69 N/A N/A N/A
IPD83 M 78 45.45 N/A N/A
IPD84 M 76 4.5 6.32 Cancer (prostate), bronchoprogtian
IPD85 F 81 43 N/A N/A
IPD86 M 71 28.5 6.23 N/A
IPD87 M 92 17.15 N/A N/A
IPD88 F 69 46 N/A N/A
IPD89 M 80 N/A N/A N/A
IPD90 M 76 38 N/A N/A
IPD91 M 86 49.3 N/A N/A
IPD92 M 74 32 N/A N/A
IPD93 M 73 10 N/A N/A
IPD94 M 71 7 N/A N/A
IPD95 M 73 18 N/A N/A
IPD96 M 75 17 6.44 lymphoma
IPD97 M 78 7.1 6.06 CVA
IPD98 M 79 2.55 N/A N/A
IPD99 M 73 70 N/A N/A
IPD100 M 75 4.3 N/A N/A
IPD101 M 66 36.45 N/A N/A
IPD102 M 84 6.55 N/A N/A
IPD103 M 94 8.43 N/A N/A
IPD104 M 71 N/A N/A N/A
IPD105 F 79 14.15 N/A N/A
IPD106 F 83 1.38 N/A N/A
IPD107 F 76 20 N/A N/A
IPD108 F 81 23.3 N/A N/A
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PM

Sex Age delay pH Cause of death
IPD109 F 81 N/A N/A N/A
IPD110 F 83 73.15 N/A N/A
IPD111 M 70 73 N/A N/A
IPD112 F 79 14.15 N/A N/A
IPD113 F 78 6.05 N/A N/A
IPD114 M 62 34 N/A N/A
IPD115 M 77 53.15 N/A N/A
IPD116 F 84 24.13 N/A N/A
IPD117 F 77 16.15 N/A N/A
IPD118 F 90 26.15 N/A N/A
IPD119 M 84 11.3 N/A N/A
IPD120 M 73 55.55 N/A N/A
IPD121 M 86 18.4 N/A N/A
IPD122 M 75 23.15 N/A N/A
IPD123 F 77 3.3 N/A N/A
IPD124 M 74 12.3 N/A N/A
IPD125 M 83 3.3 N/A N/A
IPD126 F 82 24.3 N/A N/A
IPD127 M 79 23.55 N/A N/A
IPD128 M 79 28 N/A N/A
IPD129 M 84 17.55 N/A N/A
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Summary of unaffected subjects used in cerebellum study in chapter 5.

PM

Sex Age delay pH Cause of death
Conl Female 77 23 5.6 Cancer (Colon)
Con2 F 86 46.5 6.17 Cancer
Con3 F 84 81.45 6.28 Cancer and heart failure
Con4 M 85 43.35 6.68 Cancer (Oesophagus)
Conb M 86 53 6.65 Bronchopneumonia, heart failure
Con6 M 86 23.3 6.55 Myocardial infarction
Con7 M 81 40 6.48 N/A
Con8 F 53 29.5 6.64 intra-cerebral haemorrage
Con9 M 91 48 6.54 bronchopneumonia
Conl0 F 88 49.25 6.23 chronic obstructive airwagdse
Conll F 85 34 6.31 Breast cancer
Con12 F 89 77.3 6.49 Pneumonia
Conl3 M 83 117.05 6.81 Heart attack
Conl4 M 79 56.4 6.6 Cancer (prostate)
Conl5 M 75 64.5 6.18 Pulmonary embolism
Conl6 F 81 13.5 6.39 Cancer (Colon)
Conl7 M 63 42 6.23 congestive heart disease
Con18 M 57 78.5 6.03 Adenocarcinoma
Con19 F 78 23.3 N/A N/A
Con20 M 71 38.5 N/A Mesolithioma
Con21 F 83 20 6.55 Bowel resection with compliaagio
Con22 F 78 51.3 6.24 Colon cancer
Con23 F 64 79 5.88 Bowel and liver cancer
Con24 F 85 73.3 5.98 N/A
Con25 F 77 79.5 6.46 chronic obstructive airwapaée
Con26 M N/A N/A N/A N/A
Con27 F 83 22 6.25 Cancer (lung)
Con28 M 67 22 6.55 Myocardial infarction
Con29 F 73 28 6.38 bronchopenumonia
Con30 F 80 28 6.08 myocardial infarction
Con31 M 72 13 6.16 N/A
Con32 M 74 5.5 6.51 left ventricular failure
Con33 M 76 16 6.71 ruptured thoracic aneurysm
Con34 F 77 18 6.7 N/A
Con35 F 73 15 6.68 congestive heart failure
Con36 M 71 17 6.74 ruptured thoracic aortic aneurys
Con37 F 85 37.1 N/A Liver and bone cancer
Con38 F 88 11.1 N/A Myocardial infarction, resjpiny failure
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