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Abstract

Mutations in the DJ-1 gene can induce the development of early-onset Parkinson's disease
(PD) through a loss of protein function. Currently any possible role for DJ-1 in sporadic PD
remains undetermined. To address this, we have studied the characteristics and activities of
DJ-1 in post-mortem human brain tissue in order to gain insights into its contribution to the

development of PD and other neurodegenerative disorders.

Western blotting revealed DJ-1 protein expression to be reduced in several brain regions
associated with PD pathology including nigra, striatum and frontal cortex. Similarly levels of
DJ-1 mRNA were also shown to also be lower in PD striatum and frontal cortex suggesting a
transcriptional regulation of protein expression in human brain. Further analysis of DJ-1
gene expression showed PD related changes to be variable throughout the brain, with
regions like the amygdala and entorhinal cortex displaying an up-regulation. DJ-1 protein
was also shown to undergo increased oxidation in PD cases, highlighting the elevated

oxidative stress conditions in PD

By using immunoprecipitation to investigate a possible role for DJ-1 as an in vivo regulator
of translation, we found DJ-1 protein associates with RNA transcripts for selenoproteins,
PTEN/Akt pathway components and mitochondrial subunits of complex 1. Protein levels for
a number of these transcripts were altered in PD tissue without any parallel change in
MRNA levels. DJ-1 is reportedly involved in a diverse range of cellular activities and its
proclivity to associate with multiple RNA species provides a simple biochemical mechanism
for this. Moreover it demonstrates that under conditions of elevated oxidative stress, DJ-1
can instigate a rapid and compartmentalised up-regulation of pro-survival proteins in a

transcriptionally independent manner.

Analysis of DJ-1 in tauopathies showed co-localisation with 3R and 4R tau, implicating a
possible chaperone function for DJ-1. Unlike in PD, no altered expression of DJ-1 mRNA and

protein was observed.



Together, these findings suggest the neuroprotective activity of DJ-1 is compromised in PD
and delineates a role for DJ-1 as a rapid response protein that is crucial to maintaining

mitochondrial functioning and combating oxidative stress, two instrumental factors in the

development of neurodegenerative disorders.
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1.1. Parkinson’s disease

In 1817 James Parkinson, an English physician, published a monograph “An essay on the
Shaking Palsy” which eloquently described the clinical features of a disease he called
“paralysis agitans” based on his observations of 6 patients (see Parkinson, 2002 for latest
reprint). This medical classic contains chapters describing observed clinical symptoms, his
differential diagnosis and educated guesses as to its aetiology and possible treatments. He
wrote this in order to draw the attention of the scientific and medical community to what
he thought was a poorly characterised and often unrecognised disease in the hope that they
would investigate it further. Unfortunately it was only after the work of the famous French
neurologist Jean-Martin Charcot who named the disease after James Parkinson that
significant progress was made, enabling better diagnosis and treatment of patients. Today
Parkinson’s disease (PD) is acknowledged as the second most common human
neurodegenerative disorder after Alzheimer’s disease (AD). It affects 0.5-1% of the
population aged over 65, rising to 1-3% of those aged over 80 (de Lau and Breteler, 2006; de
Rijk et al., 2000). With the ever increasing aged population, particularly in the western
world, the incidence rate is steadily rising and thus furthering our knowledge of the disease
becomes ever-more important. With this in mind millions of pounds are currently being
poured into research to better our overall management of this phenomenon. It is nearly 200
years since James Parkinson started the journey towards understanding this disorder and
though initially others were slow to pick up the torch, our knowledge has progressed a great
deal particularly over the last 10-15 years and with the emergence of new technologies this
is sure to continue in leaps and bounds with the ultimate goal of creating novel treatments

becoming more plausible.

1.1.1. Clinical symptoms

Though only based on his observation of 6 individuals, 3 of whom were observed at a

distance, James Parkinson summed up the major symptoms of paralysis agitans as follows:

“Involuntary tremulous motion, with lessened muscular power, in parts not in action and
even when supported; with a propensity to bend the trunk forward, and to pass from a

walking to a running pace: the senses and intellects being uninjured.” (Parkinson, 1817)
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Thus he recognised that the pathognomonic symptoms of this disease were the gait
disorder and tremor and that the resting tremor could differentiate paralysis agitans from
other tremors (Finger, 1994). He describes the long duration and the progressive nature of
the ailment; starting with minor inconveniences before developing into major disabilities. So
detailed were his notes that sleep disorder, problems with speech and constipation were

also mentioned (Parkinson, 2002).

In the 1860’s, Jean-Martin Charcot, the famous French neurologist and professor of
anatomy, with the aid of his colleague Alfred Vulpian expanded and refined Parkinson’s
clinical description. Together they worked at the famous Salpétriere hospital in Paris, France
and sought to put an end to the clinical confusion between multiple sclerosis (MS) and
paralysis agitans, both of which featured prominent tremors. Using novel and ingenious
techniques Charcot was able to discern that tremors instigated by movement where
characteristic of MS whilst resting tremor alongside rigidity, slowness of movement and
balance difficulties described paralysis agitans. Through further work on tremors, Charcot
was able to show that resting tremors were often, though not always; a symptom of
paralysis agitans and that akinesia was not due to rigidity, tremor or muscle weakness. Thus
he felt the term ‘paralysis agitans’ was a misnomer and relabelled it ‘la maladie de
Parkinson’s’ (Parkinson’s disease) and detailed its cardinal features as tremor at rest,
rigidity, bradykinesia and stance, posture and gait abnormalities (Fig. 1.1) (reviewed in

Factor and Weiner, 2008)

Almost 150 years later these same motor symptoms are crucial to the diagnosis of PD,
however they are the foundation and by no means make up the whole picture. With the
complexity of PD better understood a wide range of secondary symptoms are today taken
into consideration. These include autonomic symptoms: sexual dysfunction, constipation
and various sleep disorders as well as neuropsychiatric symptoms like dementia and
depression (discussed in Chaudhuri KR and Y., 2008). A number of these non-motor
symptoms such as depression, anxiety, anosmia and sleep disturbances have been shown to
precede the onset of motor symptoms. It is thought that alterations in the sense of smell
are one of the earliest indicators of PD and occur years before any clinical diagnosis

(Berendse et al., 2001; Tissingh et al., 2001). The importance of non-motor symptoms is
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reflected in their inclusion in the Movement Disorder Society’s unified Parkinson’s disease
rating scale (Goetz et al., 2007). With PD now encompassing a broader and more diverse
range of symptoms greater emphasis is being placed on studying its pathogenesis in order

to decipher the underlying mechanisms.

S Rigidity and
F 49 trembling of head
Forward tilt
of trunk
Redu:ced_ arm
swinging Rigidity and
trembling of
extremities
Shuffling gait
with short
steps

Figure 1.1: Cartoon illustrating a selection of Parkinson’s disease motor symptoms

(reproduced from http://www.enza-kr.com/nzaierbb/system/img_files/parkinsonsdisease.jpg)

1.1.2. Understanding PD: a history

In James Parkinson’s original paper he hypothesized that PD was a disease of the central
nervous system (CNS), particularly of the brainstem and upper cervical spine. As he saw no
changes to his patients senses or intellect, he reasoned that any damage did not extend to
the cerebral cortex (Parkinson, 2002). Even Charcot found no basis for the disorder and
considered it a neurosis i.e. a disorder that possesses no proper lesions, brought about from
exposure to excessive damp, cold and emotions. A link to the basal ganglia was suggested by
Theodor Meynert who showed in 1871 a case where shrinkage of the corpus striatum and
lenticular nucleus on one side of the brain accounted for severe tremors on the other side of
the body. This was narrowed down in 1894 when Edward Brissaud, a former student of

Charcots, stated that the “the locus Niger might well be its anatomical substratum”. He
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reached this conclusion after carrying out a post-mortem on a PD patient who had a

tuberculoma in the substantia nigra (reviewed in Finger, 1994).

The next major breakthrough arrived in 1912 when Frederic Lewy initially described
spherical intracytoplasmic eosinophilic inclusion bodies in the dorsal motor nucleus of vagus
and substantia innominata of Meynert in the basal forebrain (reviewed in Holdorff, 2002).
He later found these pathological inclusion bodies throughout the CNS, but predominantly
in basal ganglia and brain stem. His original description of these inclusion bodies was as a
‘dense core’ enveloped in a ‘glassy transparent and lighter stained cytoplasmic sheath’ now

commonly referred to as the body and halo structure (Gibb et al., 1991).

Frederic Lewy was unable to initially find lesions in the substantia nigra of his cases and it
was left to Konstantin Trétiakoff in 1919 to report the presence of inclusion bodies he called
‘Corps de Lewy’ (Lewy bodies) in this region (Holdorff, 2002). For a while the importance of
the substantia nigra in PD was debated. However the majority of evidence produced post
1925 supported the strong association between lesions of the substantia nigra and PD. This
included work demonstrating shrinkage of the pigmented cells, chromatolysis and the
almost exclusive termination of nigral processes in the lenticular nucleus of corpus striatum
meaning any nigral damage would diminish the influence the striatum had on corticospinal
pathways resulting in the clinical signs of rigidity and tremor (Finger, 1994). Lesions in the
nigra and the presence of Lewy bodies (LBs) were soon listed as the definitive criteria for the

definition of PD (Factor and Weiner, 2008; Greenfield and Bosanquet, 1953).

Since its discovery the LB remains a focal point in understanding PD and it was hypothesised
that they form from altered neurofilaments when ultrastructural studies revealed it was
composed of a dense granular centre and a radially arranged fibrillary periphery (Roy and
Wolman, 1969). Interestingly, staining of cortical LBs reveal that they lack the characteristic
halo of their brainstem counterparts (Fig. 1.2). Immunohistochemistry has shown
neurofilaments and ubiquitin to be consistently present within LBs (Goldman et al., 1983;
Kuzuhara et al., 1988). However it was not until 1997 that the main component of LBs was
found to be a-synuclein (Spillantini et al., 1998; Spillantini et al., 1997). To date over 70

proteins have been identified to reside within LBs (Wakabayashi et al., 2007). LBs are
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generally restricted to the somata of nerve cells, but thread like inclusions termed Lewy

neurites (LN) can be found within the cellular processes.

Figure 1.2: Lewy bodies stained with a-synuclein. A) Classic lewy body with core and halo

from PD midbrain. B) Cortical lewy body from frontal cortex of PD patient.

The link between the nigral pathology and PD symptomology was cemented in the 1950s
and 60s with the identification of dopamine (Carlsson et al., 1958; Raab and Gigee, 1951). It
was demonstration to be highly concentrated in the striatum (Bertler and Rosengren, 1959;
Carlsson et al., 1958; Sano et al.,, 1959) and that its levels are decreased in the caudate
striatum of PD patients positively correlating with nigral cell loss (Ehringer and
Hornykiewicz, 1960). From these findings the nigrostriatal dopaminergic pathway was

established and became the primary focus for PD research.

1.1.3. Modern day neuropathology of PD

1.1.3.1. Neuropathology of nigrostriatal dopaminergic pathway

Dopaminergic neurons of the substantia nigra have a characteristically black appearance
macroscopically (Fig. 1.3), due to the intracellular presence of melanin which in Greek
means black. It is this substance which gives the substantia nigra its name: meaning black
substance in Latin. By the time the clinical symptoms of PD manifest, approximately 50% of

these neurons in the nigra are lost, with the pattern of cell death specific to PD pathology
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(Fearnley and Lees, 1991). Neuronal loss is more concentrated within the ventro-lateral
regions of the nigra compared to the dorsal-medial areas and this pattern is mirrored in the
appearance of LBs (Gibb et al., 1991). Processes from the ventrolateral regions of the nigra
extend into the dorsal putamen and in line with the increased degeneration, a greater
degree of dopamine depletion is observed here when compared to the caudate, which
receives projections from the medial nigra. Reasons for the increased susceptibility of
ventrolateral nigral dopaminergic neurons to cell death have been suggested to include
higher cell density (Gibb, 1992) and levels of dopamine transporters (Gonzalez-Hernandez et
al., 2004). One interesting difference between the two is that the neurons in the
ventrolateral areas contain smaller amounts of neuromelanin though it remains to be seen

whether neuromelanin is protective or toxic (Gerlach et al., 2003; Zecca et al., 2008a).
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Figure 1.3: Loss of pigmented neurons in PD substantia nigra. A) Cross section of midbrain
showing substantia nigra. B) substantia nigra from control and PD individual showing severe
loss of pigmented dopaminergic neurons.

(Image kindly provided by Dr Mark Cookson, NIH)

1.1.3.2. Neuropathology of other brain areas

Though the nigra seems to have stolen the spotlight with regards to PD pathology, lesions

are seen in multiple brain areas. The discovery of a-synuclein within PD inclusions has
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enabled neuropathologists to map out a route for PD pathology progression. Based on the
presence of LBs and LNs, Braak and colleagues have proposed that PD neuropathology
exhibits a caudorostral spread with the earliest pathological changes occurring in the
anterior olfactory, locus ceruleus and dorsal motor nuclei (seen as preclinical symptoms). It
then progresses up the brainstem into the medulla and pons (associated with rapid eye
movement disorder) before revealing itself as classical motor symptoms via damage to the
nigra/striatum (Braak et al., 2003). These encompass the first three phases of Braaks stages
of PD-related pathology (Fig. 1.4). The remaining three deal with the spread of the
degenerative process into the higher order centres of the mesocortex and neocortex (Braak

et al., 2004)

Cerebral cortex (5 & 6)

Substantia
nigra

Midbrain (3 & 4)

Pons

Lower brain stem (1& 2)

Figure 1.4: Braak staging of PD based on appearance of Lewy body pathology. Stages 1 and
2 describe early pathology in lower brainstem regions including dorsal motor nucleus, locus
ceruleus and anterior olfactory nucleus. Pathology then ascends into the midbrain with the
substantia nigra affected in stage 3 before spreading into the amygdala and basal forebrain
(stage 4). The limbic cortices and frontal cortex become afflicted in stage 5 and stage 6 sees
the pathology affect the parietal cortex (primary motor and sensory cortex).

(Reproduced from Abbott, 2005)
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1.1.3.2.1. Braak stages 1-3: subcortical neuropathology

Within the CNS, the first inclusion bodies occur in the dorsal motor nucleus of the vagus
nerve, the olfactory bulb and the anterior olfactory nucleus (Braak et al., 2004).
Degeneration of the olfactory bulb is likely to be behind the impairment of smell that afflicts
PD patients (Shah et al., 2008). The dorsal motor nucleus is connected to autonomic
function and pathology in this area probably gives rise to the clinical manifestations of
drooling and swallowing difficulties. Stage 2, sees the degenerative process spread to the
areas that work together to form the “gain/level setting” system including the locus
ceruleus, the lower raphe nucleus and the magnocellular portions of the reticular formation
(Braak et al., 2004). The level setting system receives inputs from limbic and motor systems
and is able to limit the sensation of pain during times of stress and places the motor
neurons in a heighten state of preparedness for action (Braak and Del Tredici, 2009).
Damage to these areas may therefore disconnect the patients actions from their emotional
state. Stage 3 sees the pathology enter the substantia nigra giving rise to the typical features
of PD. Other areas affected include the tegmental peduculopontine nucleus and the
magnocellar nuclei of the basal forebrain, both of which contain cholinergic neurons (Braak
et al., 2004). Together with the serotonergic neurons of the raphe nuclei, they may account

for the sleep disturbances associated with PD (Braak and Del Tredici, 2009).

1.1.3.2.2. Braak stages 4-6: limbic and cortical neuropathology

Following on from stage 3, Lewy pathology ascends into the amygdala and other regions of
the limbic system like the entorhinal cortex and hippocampus (Braak et al., 2004). These
mesocortical regions also experience a decrease in cholinergic innervation due to the severe
cellular loss in the basal nucleus of Meynert (part of magnocellular nuclei). Collectively,
these regions are associated with cognitive function and memory and the emergence of
pathology her provides a rationale for the cognitive decline, dementia, hallucinations and
autonomic dysfunction experienced by patients (Braak et al., 2003; Chaudhuri KR and Y.,
2008; Factor and Weiner, 2008). It is not uncommon for AD pathology to be found in these
regions which would further contribute to the development of these clinical features (Braak

and Del Tredici, 2009; Jellinger, 2006).
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In stages 5 and 6, PD pathology extends into the cingulate gyrus and frontal cortex before
spreading into the primary motor and sensory cortex (Braak et al., 2003; Braak et al., 2004).
Given time pathology spreads throughout the neocortex in an anterior to posterior
direction, with the least pathology in the occipital cortex. By this stage, the full scope of

clinical symptoms is expressed by the patient.

1.1.3.2.3. Limitations of Braak’s staging system

Though a number of independent groups have verified the caudo-rosteral progression of LB
pathology in PD (Halliday et al., 2008; Jellinger, 2004), a number of other studies have
reported that not all cases follow this pattern (Attems and Jellinger, 2008; Kalaitzakis et al.,
2008b). According to Braak and colleagues, LB pathology begins to appear in the dorsal
motor nucleus of the vagus nerve (Braak et al.,, 2003), however between 7-10% of cases
show no evidence of staining in this region (Kalaitzakis et al., 2008a). Furthermore some
cases such as homoxygous Parkin mutations do not display LB pathology in the substantia
nigra or locus ceruleus (Pramstaller et al.,, 2005). There is also increasing evidence
suggesting that LB pathology begins in the spinal cord or even in enteric nerve cell plexuses

(Hawkes et al., 2007; Kalaitzakis et al., 2008a).

Another staging system that is commonly used alongside Braak staging is the McKeith
protocol (McKeith et al., 2005). Like Braak’s staging system, this does not take into
consideration pathology within the peripheral nervous system. It does however recognise
that LB pathology is not always found in every region described by Braak and instead looks
at a-synuclein pathology across larger anatomical areas. Thus cases are simply labelled as

possessing pathology in Brainstem, Limbic or Neocortical areas.

1.1.3.3. Neuropathology of glial cells

In addition to neurons, glial cells can also exhibit various degrees of pathology in PD brain.
All three types of glial cells: astrocytes, oligodendrocytes and microglia are likely to be

involved in one of two ways; either reacting to existing pathology or being directly affected
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by the pathology themselves with evidence to support both (for review see McGeer and

McGeer, 2008)

With the seclusion from the rest of the body by the blood-brain barrier, the CNS is protected
from the majority of infectious agents that enter the rest of the body. For any that do cross
the blood-brain barrier (BBB), it is the role of the microglia to act as the first and main line of
defence. They are constantly active, scanning their extracellular environment within the CNS
for infectious agents, cytokines, signalling molecules, damaged neurons and plaques
(Nimmerjahn et al., 2005). In PD, activated microglia have been found in multiple regions,
including the nigra (Wilms et al., 2003). Neuromelanin has been shown to attract microglia.
This suggests that microglia act as a protector to dopaminergic neurons in the nigra under
normal conditions (Wilms et al., 2003). However in the presence of aggregated a-synuclein
activated microglia and their inflammatory components could actually be neurotoxic to
dopaminergic neurons (Croisier et al., 2005; Zecca et al., 2008b; Zhang et al., 2005b). This
may explain why the typical age of onset for PD in patients who have 3 copies of a-synuclein
gene is in the fifties (Chartier-Harlin et al., 2004) whilst it is in the thirties for those that
express 4 copies (Singleton et al., 2003). Regular consumption of ibuprofen and anti-
inflammatories has been shown to be associated with a 35% lower risk of developing PD
(Chen et al., 2005a), possibly by curbing the inflammatory action of microglia. Thus the

precise role of microglia and any contribution to PD pathogenesis remains to be clarified.

Astrocytes characteristically thought of as support cells, can also partake in immune/pro-
inflammatory responses within the CNS (McGeer and McGeer, 2008) and are then known as
reactive astrocytes. Staining of astrocytes with a-synuclein has revealed the presence of
positive inclusion in PD brain, though surprisingly a minimal level of reactive astrocytosis is
seen within the substantia nigra (Mirza et al., 2000). Like microglia, astrocytes may have a
dual role in PD. They have been reported to secrete a number of dopaminergic neurotrophic
factors such as glial cell-line-derived neurotrophic factor (Chen et al., 2006; Lin et al., 1993)
and brain-derived neurotrophic factor (Knott et al., 2002). Other neuroprotective activity
may include increasing the activity of glutathione peroxidise (Ishida et al., 2006) and
instigating antioxidant enzymes through expression of NF-E2 related factor (Nrf2) (Jakel et

al., 2007). On the other hand, reactive astrocytes can also attract microglia to sites of injury
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via the production of interleukin-6 and intracellular adhesion molecule-1 (Klegeris et al.,

2008) exacerbating any present inflammatory reaction.

Oligodendrocytes (ODC), the cells that form the myelin sheath around axons have also been
found to contain a-synuclein inclusions showing they can be affected by PD pathology in
some manner (Shoji et al., 2000; Wakabayashi et al., 2000). There remains little literature on
the involvement of ODCs in PD but interestingly ODC pathology is clearly seen in multiple

system atrophy; another synucleinopathy (McGeer and McGeer, 2008).

1.1.4. PD aetiology

For the majority of the last century the risk of developing PD was thought to be influenced
by environment factors. One of the earliest thoughts was that PD resulted from viral
infection. This was based on a number of cases where parkinsonian symptoms were caused
by a viral infection and similarities between inclusion bodies with PD patients and those
caused by rabies virus (Holdorff, 2002). Since then a number of epidemiological studies have
shown that environmental factors such as exposure to well water, rural living and certain
chemicals are associated with an increased risk of developing PD (Firestone et al., 2005;
Tanner and Langston, 1990). On the other hand caffeine and vitamin consumption and
smoking have been shown to have an inverse correlation with PD through as yet unknown

means (Allam et al., 2004; Baron, 1986; de Lau and Breteler, 2006; Ross et al., 2000).

However, it is thought that environmental factors are unable to solely contribute to the
development of PD with many believing that the genetic make-up of an individual has some
role to play. Indeed since 1880 inheritance has been touted as a possible cause of PD when
2 of Jean-Martin Charcot students, Leroux and Lhirondel, recorded a familial component to
PD. Since then numerous reports have arisen detailing hereditary parkinsonism including
the work of Henry Mjones who in the 1940s studied familial parkinsonism in Sweden and
suggested PD was inherited in an autosomal dominant fashion with reduced penetrance
(Gosal et al., 2006). Despite this, genetic research in PD remained controversial with some
twin studies showing low concordance in mono and dizygotic twins (Marttila et al., 1988;

Ward et al.,, 1983). It was only in the latter part of the last decade that the genetic
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component of PD was thrown into the limelight with the discovery of the first form of
familial PD caused by a missense mutation in the SNCA gene (Polymeropoulos et al., 1997).
Shortly after this the protein a-synuclein which is encoded by the SNCA gene, was found to
be the major component of LBs (Spillantini et al., 1997). Since then further evidence has
been collected to suggest that numerous genetic loci (termed PARK loci) contribute to the
aetiology of PD (Healy et al., 2004). Despite this, around 85% of all PD cases lack any genetic
cause and are termed sporadic or idiopathic cases. The cause of idiopathic PD (IPD) remains
for the most part unknown. But by studying the few documented cases where a cause can
be identified and genetic models, it is hoped a mechanism may be identified and potential

risk factors determined.

1.1.4.1. Environmental factors

1.1.4.1.1. Infectious causes of parkinsonism

A number of disorders leave people suffering from parkinsonian neurological like conditions
suggesting that some infections may cause PD in at least a few cases. The basis for this
includes Briassauds description of tuberculoma in the substantia nigra of a patient and the
post world war one enchepalitis lethargic epidemic where thousands of survivors developed
acute parkinsonism. More modern day examples include movement disorders in subsets of
AIDS patients, possibly due to HIV infection of nigra and Japanese B encepalitis, which
affects around 50,000 people a year in south Asia (for review see Jankovic and Tolosa,
2002). Any possible role for viral/bacterial infection in PD aetiology remains unknown and
under debate (Mattson, 2004) though an animal model where viral infection results in PD-

like symptoms may shed some light on this (Ogata et al., 1997).

1.1.4.1.2. Toxic causes of parkinsonism

A number of epidemiological studies have reported that use of pesticides and herbicides
may be a risk factor of PD and that farming, rural residence, well water drinking and chronic
low exposure to agricultural chemicals are all linked with an increased risk of PD (Brown et
al., 2005). Additionally exposure to a number of exogenous toxins may be connected to the

development of parkinsonism including trace metals, notably manganese and lead, lacquer
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thinner, cyanide and organic solvents (reviewed in Watts and Koller, 2004). However any
relationship between toxic exposure and the development of PD remains poorly defined
and in many cases the clinical picture is not typical of LB PD. Furthermore, no specific toxin

has been identified in the brain of PD patients.

Possibly the most compelling and conclusive evidence for an environmental component was
discovered purely by chance in 1982. In the San Francisco Bay area, a group of young heroin
addicts suddenly developed Parkinsonian symptoms (Langston et al., 1983). The source was
soon identified as a contamination of a street drug with unintentionally manufactured
pyridine 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Though the numbers were
low, all who had consumed it developed a progressive Parkinsonian disorder that has been
replicated in monkeys (Burns et al., 1983). Once it crosses the BBB, MPTP is taken up by
astrocytes and oxidised to its pyridinium derivative 1-methyl-4-phenylpyridine (MPP+) by
glial monoamine oxidase B. This metabolite is then absorbed into dopaminergic neurons by
the specific dopamine transporter (DAT). The mechanism of cell death associated with
MPTP toxicity is thought to be via the inhibition of complex | of the mitochondrial
respiratory chain (Watts and Koller, 2004). Thus not only did MPTP provide a link between
environmental exposure and PD development, it also implicated mitochondrial dysfunction
in the development of the disease. Histopathological examination of the brains of humans
and primates exposed to MPTP showed severe cell loss within the substantia nigra with
other regions including the striatum seemingly unaffected (Burns et al., 1983). Additionally

neither showed signs of LB development; meaning they are not an accurate reflection of PD.

Interestingly another complex | inhibitor, rotenone, has been shown to induce parkinson
like syndrome with both nigral degeneration and a-synuclein containing inclusion bodies
when chronically administered (Betarbet et al., 2000). Rotenone is a pesticide that invokes
apoptosis in low doses and necrosis in high doses when applied to rat pheochromocytoma
cell lines (Hartley et al., 1994). When systemically administered, it has the ability to
uniformly decrease the activity of complex |, as it does not have to rely on any specific
uptake transporters (Betarbet et al., 2000). The fact that nigral dopaminergic neurons are
selectively vulnerable to neurodegeneration suggests they are particularly sensitive to

complex | inhibition (Betarbet et al., 2002). The presence of inclusion bodies reminiscent of
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LBs in rotenone models may be due to another mechanism separate to its inhibition of
complex |. Rotenone has been shown to hinder the polymerisation of tubulin into
microtubules which may disrupt the clearance of other aggregated proteins like a-synuclein

(Sherer et al., 2002).

Paraquat, a herbicide structurally similar to MPP+, can also cause dopaminergic cell loss
(Brooks et al., 1999). Its mode of action however differs from MPTP in that it induces a
specific loss of tyrosine hydroxylase (TH) positive neurons in the substantia nigra (Ossowska
et al., 2006). The effects of paraquat are more severe when administered with the fungicide
manganese ethylenebisdithiocarbamate (maneb). Maneb which can also induce
nigrostriatal damage on its own through mitochondrial dysfunction and increased free
radical formation via auto-oxidation of dopamine (Watts and Koller, 2004). 6-
hydroxydopamine (6-OHDA), a hydroxylase analogue of dopamine, can also produce
degeneration of the nigrostriatal system due to its preferential uptake by dopamine
transporter molecules. Once inside the cell it results in the rapid depletion of dopamine and
the formation of toxic quinones and reactive oxygen species (ROS) in the presence of iron
(Betarbet et al., 2002). In some instances dopamine itself may be neurotoxic as its catalysis

by monoamine oxidases produces hydrogen peroxides.

A number of other reports exist detailing the association of other toxins with the
development of parkinsonism symptoms. Examples include exposure to carbon disulphide,
carbon monoxide, cyanide and solvents such as methanol and lacquer thinner which have all
been associated with the development of parkinsonism symptoms e.g. rigidity, shuffling
gait, resting tremor etc (Jankovic and Tolosa, 2002; Watts and Koller, 2004). The mechanism
of toxicity for these compounds include mitochondrial dysfunction, chelating to metal ions
like copper and zinc and deprivation of oxygen to the brain producing anoxic injury to which

the globus pallidus is particularly vulnerable (Watts and Koller, 2004).

1.1.4.2. Genetic causes of parkinsonism

Since the discovery of the first PD linked gene, a-synuclein (Polymeropoulos et al., 1997)

studies of familial PD i.e. where a clear history of the disease is present within a family, have
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become more rigorous. With the aid of family based linkage analysis, positional cloning and
genome-wide association analysis this has resulted in the identification of 12 genetic loci,

termed PARK loci and 7 genes being associated with the disorder (table 1.1).

Locus Gene Inheritance Chomosomal Onset Reference

location
PARK 1 SNCA AD 4921 Mid-late  Polymeropoulos et al., 1997
PARK 2 Parkin AR 6q25.2-q27 Early Kitada et al., 1998
PARK 3 N/K AD 2q13 Late Gasser et al., 1998
PARK 4 SNCA AD 4921 Late Singleton et al., 2003
PARK 5 UCLH1 AD 4p13 Mid-late Leroy et al., 1998
PARK 6 PINK1 AR 1p36 Early Valente et al., 2004
PARK 7 DJ-1 AR 1p36 Early Bonifati et al., 2003
PARK 8 LRRK2 AD 1212 Late Paisan-Ruiz et al., 2004
PARK 9 ATP13A2 AR 1p36 Juvenile Ramirez et al., 2006
PARK10 N/K AD 1p Late Hicks et al., 2002
PARK11 N/K AD 2q36-q37 Late Pankratz et al., 2002
PARK 12 N/K X-Linked Xq21-g25 N/K Hicks et al., 2002
PARK 13 Htra2 AD 2p12 Late Strauss et al., 2005

Table 1.1: Gene loci associated with PD. AD = autosomal dominant, AR = autosomal

recessive and N/K = not known.

The familial cases are rare and account for approximately 5-10% of all cases (Dauer and
Przedborski, 2003). A family history of PD is second only to age as a predictor of increased
risk of the disease (Gosal et al., 2006). Both autosomal dominant and autosomal recessive
along with X-linked modes of inheritance have been described (Toulouse and Sullivan,
2008). A dominant mode of inheritance describes the ability of an allele express its
phenotype in both the homozygous and heterozygous state, meaning inheritance from a
single parent is sufficient for the offspring to be affected. They often result in a “toxic gain of
function” and resulting in protein aggregation. Autosomal recessive inheritance means that
the offspring will be healthy provided that one normal allele is present i.e. both parents
must pass on the mutated variant for the person to be affected. In this situation, it is
common for both parents to have a healthy phenotype and they are termed carriers. These
mutations lead to a loss of some form of neuroprotection against proteosomal or

mitochondrial dysfunctions.

37



1.1.4.2.1. Autosomal dominant genes
The genes that fall under this category include SNCA, UCHL1 and LRRK2. Generally the

clinical features of these cases match those presented in sporadic PD cases.

SNCA

In 1997, the SNCA 209G>A autosomal point mutation and subsequent A53T missense
mutation in the transcribed a-synuclein proteins were identified following genome-wide
linkage studies in families expressing autosomal dominant parkinsonisms (Polymeropoulos
et al.,, 1997). The chromosomal position of the SNCA gene is 421 at the locus named
PARK1. Since then, the following point mutations; SNCA 88G>C and SNCA 188G>A have
been found to cause two missense mutations, A30P and E46K respectively (Kruger et al.,
1998; Zarranz et al., 2004). It was the discovery of mutations in the a-synuclein gene that
lead to the identification of a-synuclein being a major constituent of LBs (Spillantini et al.,
1997). In addition to the missense mutations, genomic multiplications have also been
identified recently. In 2003 Singleton et al. reported a genomic triplication of SNCA in an
autosomal dominant early-onset PD family (Singleton et al., 2003) where four copies of the
wild type (WT) SNCA gene was found, effectively doubling the amount of protein produced
(Miller et al., 2004). Since then a number of a-synuclein duplications containing 3 copies of
WT SNCA gene, have been found (Chartier-Harlin et al., 2004; Ibanez et al., 2004). Mutations

resulting in extra copies of SNCA gene are labelled as PARK4.

a-synuclein is a 140 amino acid, natively unfolded protein that is expressed throughout the
brain, but particularly enriched within presynaptic compartments (Clayton and George,
1998). Its exact function remains unknown, though it has been implicated in synaptic
plasticity, vesicle dynamics and dopamine vesicular trafficking amongst other things (Farrer,
2006). The duplications and triplication mutations demonstrate that simple over-expression
of WT a-synuclein is enough to induce PD in a dose-dependent manner with triplication
cases displaying an earlier age of onset and severity. Over-expression promotes aggregation
of a-synuclein protein and the formation of insoluble protein polymers known as fibrils as
seen in LBs. Both A53T and E46K also encourage fibril formation (Choi et al., 2004) whilst the

A30P mutation promotes the formation of oligomers. (Giasson et al., 1999). It remains
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unclear how a-synuclein fibrils and oligomers lead to cell death. Indeed the camp remains
divided over whether it is the fibrillar a-synuclein found in LBs or the oligomers that are

neurotoxic or whether it depends on the disorder (Cookson, 2005; Xu et al., 2002).

UCHL1

A year after the identification of SNCA mutations, the second autosomal dominant familial
PD gene, ubiquitin C-terminal hydroxylase L1 (UCHL1), was discovered (Leroy et al., 1998).
The gene located at chromosome 4pl4 has been designated PARK5 and encodes for a
deubiquitinating enzyme that cleaves ubiquitin-peptide conjugates freeing monomeric
ubiquitin which are necessary for the degradation of abnormal proteins via the ubiquitin
protease system (UPS) (Pickart, 2000). The missense mutation identified in the PARK5 locus
produced a 193M substitution in two German siblings (Leroy et al., 1998) No additional
mutations have been reported in PD patients and the initial findings have yet to be
replicated casting some doubt on the role of these mutations in PD (Healy et al., 2006;
Maraganore et al., 2004). In any case if UCHL1 is a PD gene, then PARK5 mutations are an

extremely rare cause of familial PD (Bertoli-Avella et al., 2004).

UCHL1 mutations reduce deubiquitinating activity in E. coli (Leroy et al., 1998) and lead to
the death of cultured dopaminergic neurons and formation of a-synuclein positive
inclusions (McNaught et al., 2002). Another mutation in the UCHL1 gene has been reported
to be inversely related to PD, suggesting a protective effect (Maraganore et al., 1999)
though studies regarding its association with PD remain inconclusive (Healy et al., 2006). As
no post-mortem brain tissue is available the role of UCHL1 in PD pathology remains

undetermined.

LRRK2

The leucine-rich repeat kinase 2 (LRRK2) gene situated at the PARK8 locus 12q12 was
recently identified as the third autosomal dominant familial PD gene (Paisan-Ruiz et al.,
2004; Zimprich et al., 2004). The LRRK2 6099 G>A (G2019S) mutation accounts for roughly
5% of familial PD and 1-1.6% idiopathic cases in the Caucasian population (Di Fonzo et al.,

2005; Gilks et al., 2005; Nichols et al., 2005). In Jewish and North African Arabic population
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this rises to 18-30% of PD cases (Lesage et al., 2006; Ozelius et al., 2006). To date a number
of mutations have been identified including 12020T, R1441C, R1441G, T1348N and Y1699C
(Morris, 2007). The occurrence of LRRK2 mutations in sporadic cases and the high incidence

and late age of onset in familial cases has made it very appealing to researchers.

The LRRK2 protein, also known as dardarin is a large 280kDa protein made up from 2527
amino acids and in sequence contains leucine-rich repeats, GTPase domain known as a ras
of complex protein (ROC), a carboxy-terminal of Ras (COR), a mitogen-activated protein
kinase kinase kinase (MAPKKK) domain and a WD40-repeat domain (Thomas and Beal,
2007). Its physiological role remains unknown but the variety of domains present suggests
involvement in multiple functions. The point mutations that have been identified give some
clue to its operations. Both the G2019S and 12020T mutations are situated at the N-terminal
segment of the activation loop in the kinase domain and are associated with an increase in
LRRK2 kinase activity (Greggio et al., 2006; West et al., 2005). Whilst over-expressed mutant
LRRK2 led to the formation of inclusion bodies suggesting that kinase activity is needed for
protein aggregation and cellular toxicity (Greggio et al., 2006). LRRK2 has been shown to
reside in LBs (Zhu et al., 2006). It is thought that LRRK2’s kinase activity is regulated by the
GTPase ROC domain and is supported by the suppressed kinase activity due to GTP binding
and hydrolysis as seen in the presence of R1441C and T1348N mutations (Ito et al., 2007;
Lewis et al., 2007). Thus mutations in LRRK2 provide evidence of increased kinase activity

being a major pathogenic factor in PD, but its in vivo substrates are yet to be identified.

1.1.4.2.2. Autosomal Recessive Genes
These genes include Parkin, PINK1, DJ-1 and ATP13A2. Clinically recessive forms of PD are
characterised by early age of onset, slow progression and show a good response to L-Dopa

(Farrer, 2006).

Parkin
Mutation at the PARK2 locus, 6g25.2-q27, led to the finding of the first gene associated with
autosomal recessive familial PD, the parkin gene in a Japanese family (Kitada et al., 1998).

To date more than 100 parkin mutations have been reported consisting of deletions,
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duplications, exonic rearrangements and point mutations, with the latter being the most
common (Bonifati, 2007). Up to 50% of all early onset (<45 years) familial cases may be
attributed to PARK2 mutations (Mata et al., 2004). In cases where there is a complete loss of
parkin due to a homozygous mutation, selective loss of dopaminergic neurons within the
substantia nigra and locus ceruleus is evident without the presence of LBs (Hattori et al.,
2000; Pramstaller et al., 2005). In the presence of compound heterozygotic mutations, cases
with LB pathology have been described (Hattori et al., 2000; Pramstaller et al., 2005). These
both suggest that parkin function is involved in LB formation and raises the question of

whether LBs are vital for the definition of PD.

Parkin is a E3 ubiquitin ligase that catalyzes the covalent attachment of ubiquitin to target
proteins thus marking them for proteosomal degradation via the UPS (Shimura et al., 2000).
This activity is abolished by many PARK2 mutations and supports the notion that
accumulation of misfolded parkin substrates results in neuronal cell death in PD (Shimura et
al., 2000). Identification of substrates is still ongoing but today includes a glycosylated
isoform of a-synuclein, the a-synuclein interacting protein synphilin-1, the synaptic vesicle
associated protein CDCrel-1 (cell division control-related protein 1) and the Pael receptor
(parkin-associated endothelin-like receptor) (Chung et al., 2001; Imai et al., 2001; Shimura
et al., 2001; Zhang et al., 2000). Parkin mutations have also been identified in roughly 15%
of early onset sporadic PD cases (Bonifati, 2007). Thus PARK2 mutations appears to be a
major cause of early onset familial and sporadic PD and together with UCHL1 provide strong

evidence for UPS involvement in PD pathogenesis.

PINK1

Two homozygous mutations at the PARK6 locus on chromosome 1p36 led to the
identification of the PTEN-induced kinase 1 (PINK1) gene being associated with early onset
familial PD (Valente et al., 2004a). Both the identified G309D missense and the nonsense
truncating mutation occur in the kinase domain coding region. Thereafter a number of other
homozygous and heterozygous mutations have also been identified (Abou-Sleiman et al.,
2006a; Hatano et al., 2004; Rohe et al., 2004). PINK1 mutations have also been identified as

a rare cause of early onset sporadic PD with approximately 5% of cases being due to a single
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heterozygous mutation despite its recessive nature (Bonifati et al., 2005; Valente et al.,

2004b).

PINK1 is a ubiquitously expressed 581 amino acid protein containing both a mitochondria
targeting motif and a highly conserved serine-threonine kinase domain (Silvestri et al.,
2005). The PINK1 kinase is localised at the mitochondrial membrane (Gandhi et al., 2006)
and plays a role in mitochondrial biogenesis. The majority of mutations occur in or around
the kinase domain making it reasonable to postulate that loss of kinase activity results in PD
development (Kubo et al., 2006). The serine-threonine kinase activity of recombinant PINK1
has been shown in vitro and this is down-regulated by the G386A and G409V mutations (Sim
et al., 2006). Loss of PINK1 function in vivo, through expression of disease causing mutations
or siRNA knockout results in mitochondrial dysfunction and consequently dopaminergic
neuronal death in flies, which is interestingly saved by over-expression of parkin (Clark et al.,
2006; Yang et al.,, 2006). This suggests an interaction and possibly a common pathway
shared by two AR familial PD genes. It has also been reported that the PINK1 locus is
regulated in vivo by non-coding naturally occurring RNA implicating them for the first time in

regulating familial PD genes (Scheele et al., 2007).

DJ-1

Mutations in the DJ-1 gene were identified in an Italian and Dutch family displaying early
onset PD (Bonifati et al., 2003b). The DJ-1 gene was labelled as PARK7 and has the same
chromosome location as PINK1 (1p36). A homozygous mutation L166P and deletion of exons
1-5 in the DJ-1 gene are responsible for the development of PD in Italian and Dutch families
respectively (Bonifati et al., 2003b). Other missense, truncating, splice site and large
deletion mutations have been reported to date including a novel single heterozygous
mutation in both the DJ-1 gene and PINK1 gene in a Chinese early onset PD family (Tang et
al., 2006). This suggests a digenic inheritance and a possible functional interaction between
the two PD proteins. Generally speaking, mutations in DJ-1 are quite rare and account for

less than 2% of all early onset PD cases (Bonifati, 2007).
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The precise function of DJ-1 remains unclear however evidence suggests it works as a
chaperone (Shendelman et al., 2004) and/ an oxidative stress response protein (Mitsumoto

and Nakagawa, 2001).

ATP13A2

A homozygous and compound heterozygous mutation were identified in the ATP13A2 gene
from a Jordanian and Chilean family diagnosed with Kufor-Rakeb Syndrome, a juvenile onset
parkinsonism (Ramirez et al., 2006). The ATP13A2 gene is located in the vicinity of DJ-1 and
PINK1 on chromosome 1p36 and its loci has been designated PARK9. ATP13A2 is a large
lysosomal transmembrane protein with putative ATPase activity (Bonifati, 2007). The
Jordanian homozygous mutation involves a duplication on exon 16 (c.1632_1653dup22)
whilst the Chilean compound heterozygous mutation is a splice site mutation in exon 13
(c.1306+5G>A) and a frameshift mutation in exon 26 (c.3057delC) (Ramirez et al., 2006). A
homozygotic missense mutation in exon 6 (c.546C>A) in a Japanese kindred and one in exon
15 (c.1510G>C) from a sporadic Brazilian patient with juvenile parkinsonism have also been

recently identified (Vilarino-Guell et al., 2009).

The exact role for ATP13A2 is still to be elucidated though its lysosomal localisation suggests
a role in lysosomal degradation. The c.3057delC mutation has been shown to promote
localisation to the endoplasmic reticulum favouring the notion that lysosomal dysfunction is

the underlying mechanism of PARK9 induced PD (Ramirez et al., 2006).

1.2. An overview of DJ-1

DJ-1 was first identified as a novel oncogene that promoted the transformation of NIH3T3
cells in the presence of H-Ras (Nagakubo et al., 1997). Shortly afterwards contraceptive
associated protein 1 (CAP1) was reported to be a rat homologue of DJ-1 involved in fertility
(Wagenfeld et al., 1998). Then in 2003, following fine mapping studies and a positional

cloning strategy in two PARK7 families with homozygous mutations in the DJ-1 gene, a 14kb
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deletion in a Dutch family and a L166P substitution in an Italian family, were discovered as

causes of AR early-onset PD (Bonifati et al., 2003b).

1.2.1. DJ-1 expression and localisation

1.2.1.1. Cellular expression

When first identified, Nagakubo et al., (1997) investigated DJ-1 gene expression using
northern blotting and showed the presence of DJ-1 mRNA within a range of human tissue
groups including brain, heart, skeletal muscle etc. In the human brain, higher levels of DJ-1
mRNA were found in cortical areas than in comparison to subcortical regions like the

substantia nigra, caudate nucleus and thalamus (Galter et al., 2007).

Gene expression studies have been complemented by numerous reports on DJ-1 protein
expression in human brain. Bandopadhyay and colleagues (2004) first characterised the
cellular expression profile of DJ-1 in human brains by performing immunohistochemistry
with a monoclonal antibody on frontal cortex sections. They found DJ-1 immunoreactivity
(IR) to be predominantly found in astrocytes, though faint staining of a small population of
neurons in both PD and control cases was also noted. A similar distribution pattern was
reported in the midbrain, but to a lesser degree and with no DJ-1 positive neurons in control
cases (Bandopadhyay et al.,, 2004). In PD midbrain though, DJ-1 weakly stained a small
number of dopaminergic neurons. The group also studied DJ-1 localisation to LBs, but DJ-1
IR was found to be a very rare occurrence and only then in the outer halo, indicating DJ-1 is
not a fundamental nor typical component of LBs. This pattern of strong astrocytic and weak
neuronal staining was also reported in follow-up studies and elsewhere (Bandopadhyay et

al., 2005; Baulac et al., 2009; Neumann et al., 2004).

A similar study was also conducted by Rizzu using tissue from a number of patients
diagnosed with a variety of parkinsonism/dementia disorders. With the aid of polyclonal
antibodies, the group reported moderate neuronal staining for DJ-1 in a number of brain
regions and weak astrocytic IR in control tissue. Astrocytic DJ-1 IR was additionally found

within the midbrain and cortical regions of PD brains (Rizzu et al., 2004). When examining
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DJ-1 IR in the affected brain regions of cases labelled as tauopathies i.e. those displaying an
abundance of insoluble tau aggregates, DJ-1 was seen to co-localise with tau in both
neuronal and glial pathological inclusions (Rizzu et al., 2004). This hints at a role for DJ-1 in
other neurological disorders, though whether the mechanisms involved are similar to those

that underlie PD pathogenesis remain to be elucidated.

In mice, DJ-1 protein and mRNA expression is much more robust and is strongly expressed
by neurons in both motor and non-motor brain regions (Bader et al., 2005; Kotaria et al.,
2005; Shang et al.,, 2004). By using double labelling experiments, Kotaria et al., (2005)
showed that in murine brains, DJ-1 is predominantly expressed by neurons, though DJ-1 was
also found in small populations of glial cells particularly within the nigra. A similar abundant
neuronal and low glial staining pattern is also observed in rat brains (Bandopadhyay et al.,

2005).

A number of reasons have been presented to explain the discrepancy of data obtained from
human and murine brains. These include the lack of post-mortem delay and variable tissue
fixation/preservation conditions for rodent brains (Lev et al., 2007). Additionally studies on
mice and rats have involved healthy animals. Indeed greater neuronal staining is seen in
control human brains than pathological tissue (Bandopadhyay et al., 2004; Neumann et al.,
2004; Rizzu et al., 2004). It should also be noted that different studies utilised different
antibodies meaning any variation between species could be due to the recognition of
different epitopes by the numerous DJ-1 antibodies. A more recent study by Olzmann
attempted to address a number of these issues by comparing DJ-1 expression in brains from
humans, macaque monkeys and rats using an ‘in-house’ DJ-1 antibody that recognises an
evolutionarily conserved epitope. Their findings revealed that in the cortex, DJ-1 was largely
found within neurons in rodent brains and glia in primates whilst within subcortical regions
like nigra and striatum, staining was primarily neuronal for both humans and macaque in-
line with rodents (Olzmann et al., 2007). This difference is unlikely to arise from fixation
and/or post-mortem interval due to the similarity in staining pattern seen in human and
non-human primate brains. It additionally dispels any notion of variation in DJ-1 expression
being due to differences in epitopes and instead suggests an actual species difference

(Olzmann et al., 2007).
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1.2.1.2. Subcellular localisation

Within cells, subcellular distribution studies performed on over-expression models showed
DJ-1 to be predominantly localised to the cytoplasm and nucleus of a number of cell lines
e.g. COS, M17 and Hela cells (Blackinton et al., 2005; Bonifati et al., 2003b; Macedo et al.,
2003; Miller et al., 2003; Nagakubo et al., 1997). These in vitro models also showed small
amount of DJ-1 in the mitochondria, with levels rising under stress conditions (Blackinton et
al., 2005; Canet-Aviles et al., 2004; Miller et al., 2003). Subcellular fractionation and
immunogold electron microscopy of mouse brain has shown the presence of an endogenous
pool of DJ-1 within the mitochondrial matrix and inter-membrane space (Zhang et al.,

2005a)

1.2.2. Structure of DJ-1 protein

In humans the DJ-1 gene is located on chromosome 1p36. It spans 24kb and contains 8
exons, the first two 1% and 1° being non-coding and alternatively spliced. The encoded DJ-1
protein is 189 amino acids in length and has been highly conserved throughout evolution
and is present in a diverse range of species (Nagakubo et al., 1997). The structure of DJ-1
was originally predicted using computer assisted molecular models based on a bacterial
homologue, PH1704 protease (Bonifati et al., 2003b). Gel exclusion chromatography
performed with epitope-tagged WT DJ-1 transfected into Hela or Cos cells and followed by
SDS-PAGE analysis showed DJ-1 to be eluted at fractions corresponding to a molecular
weight range of 35-45kDa (Macedo et al.,, 2003; Miller et al., 2003). This range is
approximately double the 19.9kDa molecular weight of DJ-1 monomer as predicted by
Bonifati et al.,, (2003) and suggests that DJ-1 exists as a dimer under physiological

conditions.

Since then, the structure of DJ-1 has been studied in more depth and independent groups
have reported the crystal structure of both the monomer and dimer (Honbou et al., 2003;
Lee et al., 2003; Tao and Tong, 2003). As a monomer, DJ-1 consists of eight a-helices and 11
B-strands arranged asymmetrically in a helix-strand-helix sandwich (Huai et al., 2003; Wilson

et al., 2003). This is similar to a Rossman fold (Honbou et al., 2003). Dimerisation of DJ-1 is
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formed by 8 pairs of hydrogen bonds and numerous van der Waal’s interactions (Huai et al.,

2003).

Figure 1.5: Ribbon representation of the DJ-1 dimer. One monomer is coloured blue and the
other is green.

(Reproduced from Wilson et al., 2003)

1.2.3. Exploring the functions of DJ-1

Crystallographic analysis of DJ-1 structure provides certain clues to possible roles for DJ-1.
Its homologue PH1704 displays proteolytic activity at a conserved cysteine residue. DJ-1 also
has a highly conserved cysteine residue, C106 suggesting a possible role as a protease
(Honbou et al., 2003; Huai et al., 2003; Lee et al., 2003). However, the key “catalytic triad”
of Cys-His-Glu located in the active site of PH1704 is missing in DJ-1, with C106 instead being
neighboured by Alal07 (Huai et al., 2003). Rather than lending itself to proteolytic activity,
the yeast homologue of DJ-1, YDR533c is up-regulated in response to oxidative stress (Lee et
al., 2003) hinting at a possible role as a ROS scavenger/antioxidant protein. The C106
residue in DJ-1 is able to undergo oxidation which would enable it to fulfil this function
(Wilson et al., 2003). PH1704 is a member of the THij/Pfpi superfamily of proteins. These
include chaperone proteins like heat shock protein 31 (HSP31) which have also been noted
to be structurally similar to DJ-1 (Lee et al., 2003). Indeed dimerisation of DJ-1 produces a
hydrophobic patch at the molecular interface, characteristic of chaperone proteins sites of

interaction with non-native proteins (Lee et al., 2003). As of yet, the precise role of DJ-1 is
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still undetermined, however numerous studies have implicated it in a variety of biological

processes.

1.2.3.1. DJ-1 and cancer

DJ-1 has been implicated in cancer ever since its discovery in 1997, during Nagakubo and
colleagues investigations of NIH3T3 cell transformation. Further study showed that when
co-transfected with the oncogene H-Ras, the transforming activity of DJ-1 was greatly
enhanced and suggested an involvement in Ras-related signal transduction mechanisms
(Nagakubo et al., 1997). The transforming abilities of DJ-1 can also be stimulated by
Abstrakt, a RNA helicase that co-localises and binds to DJ-1 in the nucleus (Sekito et al.,

2005).

DJ-1 has also been shown to have increased expression in a variety of cancers (Kim et al.,
2005a; MacKeigan et al., 2003; Pardo et al., 2006) and is a good biomarker in breast cancers
with patients showing elevated levels of anti-DJ-1 auto-antibodies when compared to
controls (Le Naour et al., 2001). DJ-1 is also capable of suppressing the activities of PTEN
(phosphatise and tensin homologue on chromosome 10), which is one of the most mutated
suppressor genes associated with human cancers (Kim et al., 2005a). The activity of protein
53 (p53), another tumour suppressor which regulates the cell cycle, also appears to be
modulated by DJ-1 though in what manner is unclear. When overexpressed in vitro, DJ-1 can
free sumoylated p53 that has been inactivated by topors (Shinbo et al., 2005). However, a
similar up-regulation of p53 has also been observed in DJ-1 knockout (KO) zebrafish

(Bretaud et al., 2007).

1.2.3.2. DJ-1 and fertility

Other early studies also described a role for DJ-1 in male fertility. CAP1 is the rat homologue
of DJ-1 and Wagenfeld et al., (1998) showed CAP1 levels in rat epididymal fluid to be
positively correlated with male rat infertility. Lower levels of CAP1 were also confirmed in
the sperm and epididymis of rat following treatment with spermicide (Klinefelter and

Suarez, 1997; Wagenfeld et al., 1998; Yoshida et al., 2003). DJ-1 is also reported to be
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capable of affecting sperm production through activation of androgen receptor (AR) that is
involved in the development, growth and regulation of male reproductive function. Using
yeast two hybrid screening of human testis cDNA identified PIAS-a (protein inhibitor of
activated STAT) as a DJ-1 interacting protein (Takahashi et al., 2001). PIAS-a can inhibit AR
activity in a dose-dependent manner in co-transfected monkey CV1 cells, but the
introduction of DJ-1 into the cells prevents this. A number of proteins in the PIAS family are
SUMO E3 ligases which act as modulators of transcriptional activity and Takahashi and
colleagues hypothesized that PIAS-a in particular inhibited the transcriptional activity of AR
by binding to it. They reported that DJ-1 was able to bind to PIAS-a and remove it from AR-

PIAS-a complexes, thereby restoring AR transcriptional activity (Takahashi et al., 2001).

Another negative regulator of AR transcriptional activity is DJ-1 binding protein (DJBP),
which was identified by the same group a couple of years later (Niki et al., 2003). DJBP was
also reported to repress AR transcriptional activity, though this time in a testosterone
dependent manner via the recruitment of histone deacetylase complexes (HDAC) such as
HDAC1 and mSin3. DJ-1 disrupts the DJBP-HDAC complex, thus promoting AR transcriptional
activity (Niki et al., 2003). The fact DJBP is expressed solely and PIAS-a predominantly in the

testis suggests that this is local function of DJ-1.

1.2.3.3. DJ-1 and gene expression

In addition to promoting AR transcription activity, DJ-1 may also regulate the expression of
several other genes associated with oxidative stress, apoptosis and neurotoxicity. DNA
microarray analysis of NIH3T3 containing DJ-1 KO or L166P DJ-1 mutations showed
decreased expression of extracellular superoxide dismutase (SOD3) and an increase in tau

expression respectively (Nishinaga et al., 2005).

DJ-1 may also be involved in controlling post-translational expression of a number of genes
after it was reported to share an almost identical homology with a regulatory subunit (RS)
that binds to a RNA-binding protein (RBP) (Hod et al., 1999). The RBP is capable of binding to

RNA, a process that is inhibited when bound to a RS. The close homology of DJ-1 to RS
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suggests that it too harbours RNA-binding properties and could therefore post-

transcriptionally regulate gene expression (Hod et al., 1999; Siomi and Dreyfuss, 1997).

1.2.3.4. DJ-1 and oxidative stress

Prior to being implicated in PD, DJ-1 was reported to react to oxidative stress by becoming
more acidic, as noted by a shift in its isoelectric point (pl) (Mitsumoto and Nakagawa, 2001;
Mitsumoto et al., 2001). Since being associated with PD, 2-dimensional gel electrophoresis
(2DGE) studies with post-mortem human control and PD brain tissue have shown an
accumulation of acidic DJ-1 pl isoforms in PD cases (Bandopadhyay et al., 2004; Choi et al.,
2006). A similar pattern is also seen in neuroblastoma cell lines. Exposure of M17 or SH-SY5Y
to toxic agents like rotenone or H,0, causes endogenous DJ-1 to undergo a pl shift from 6.2
to 5.8 (Bandopadhyay et al., 2004; Canet-Aviles et al., 2004; Kim et al., 2005b; Shendelman
et al.,, 2004). The formation of more acidic isoforms suggests that DJ-1 is capable of
removing ROS from cellular environments and therefore functions as an anti-oxidant

(Mitsumoto and Nakagawa, 2001).

The ability of DJ-1 to act as an antioxidant may also enable it to protect against ROS induced
cell death. Comparison of normal NIH3T3 cells with DJ-1 KO variant showed the latter to
have a much lower cell viability following incubation with H,0, (Takahashi-Niki et al., 2004).
Transient DJ-1 KO SH-SY5Y cells were also less resistant to MPTP and H,0, treatment (Taira
et al., 2004) whilst a similar finding was seen when comparing M17 neuroblastoma cells
with epitope tagged WT DJ-1 and vector transfected controls (Canet-Aviles et al., 2004).
Mice primary cortical neurons cultured in a H,O, supplement media also displayed the same
phenomenon, with DJ-1 KO cells showing a 20% increase in cell death (Kim et al., 2005b).
Cell viability of KO primary cortical neurons in the presence of H,0, was increased when
transfected with WT DJ-1 and further improved upon over expression of endogenous DJ-1

suggesting a gene dosage effect (Kim et al., 2005b).

The protective action of DJ-1 against oxidative stress can be abolished by mutation of the
highly conserved cysteine at amino acid 106 in humans (Canet-Aviles et al., 2004; Meulener

et al., 2006). Under mildly oxidising conditions, this residue forms a stable cysteine-sulfinic
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acid (Wilson et al., 2003; Witt et al., 2008) which is spatially anchored by a neighbouring
glutamate residue, E18. This relationship shows absolute evolutionary conservation in all
PfPI family members, from bacteria to humans (Wilson et al., 2005). DJ-1 also possesses two

additional cysteine subunits at C46 and C53 which can also be oxidised.

Martinat and colleagues (2004) used 2’.7’-dichlorodihydroflurescein diacetate (DCFH-DA),
an indicator for the presence of hydroxyl free radical, and flow cytometry to study the
ability of DJ-1 to eliminate ROS when treated with H,0,. Comparison of normal NIH3T3 and
DJ-1 KO cells showed no difference in the accumulation of ROS 15 minutes post treatment
with H,0,, however after 6 hours a significantly higher ROS level and increased apoptosis
was seen in DJ-1 KO cells (Martinat et al., 2004). The same procedure was used to show
lower accumulation of ROS in SH-SY5Y cells transiently transfected with epitope tagged WT
DJ-1 in comparison to the control vector-transfected cells (Taira et al., 2004). Together these
results infer that cells lacking DJ-1 are initially capable of dealing with elevated ROS levels,
however long term defences against prolonged oxidative stress conditions fail to materialise

suggesting DJ-1 functions in a protective role downstream of ROS insult.

Elevated sensitivity to oxidative stress has also been noted in vivo. Treatment of WT and DJ-
1 null mice with MPTP produces a significant decrease of Tyrosine Hydroxylase (TH) positive
neurons in comparison to control counterparts treated with saline. A greater loss was
observed in DJ-1 null mice treated with MPTP than in WT mice, a difference that was
prevented in by administration of a DJ-1 expressing adenoviral vector to DJ-1 null mice prior
to treatment with MPTP (Kim et al., 2005b). Administration of MPTP to WT mice results in a
measurable increase in DJ-1 oxidised at C106 (Andres-Mateos et al., 2007). Like DJ-1 null
mice, KO of DJ-1 in drosophila results in increased sensitivity of flies fed H,0,, rotenone or
paraquat supplemented food towards oxidative stress (Lavara-Culebras and Paricio, 2007;
Meulener et al., 2005). Drosophila express two homologues of human DJ-1; DJ-1a and DJ-
1B. Specific KO of DJ-1PB results in an acute sensitivity to H,0, treatment, however there is
some compensatory up-regulation of DJ-1a in the brain (Menzies et al., 2005). Together

these show that loss of DJ-1 increases sensitivity towards toxin induced oxidative stress.
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1.2.3.5. DJ-1 as a chaperone

Structural similarities to HSP31 suggest that DJ-1 may function as a chaperone and the
presence of a hydrophobic patch characteristic of chaperone proteins in the DJ-1 dimer
complex lends support to this notion (Lee et al., 2003). Evidence of its chaperone activity
has been demonstrated in vitro by use of chaperone assays. By measuring the suppression
of heat-induced aggregation of citrate synthase and glutionione S-transferase, Shendelman
et al (2004) were able to show that DJ-1 harbours mild chaperone activity in vitro. A
separate chaperone assay, targeted towards reduced insulin, also demonstrated that DJ-1 is
redox regulated and that its chaperone capabilities are abrogated in a reduced environment
(Shendelman et al., 2004). The ability of DJ-1 to suppress heat-induced aggregation of
citrate synthase was inhibited in the presence of the reducing agent DTT but could be

restored by brief incubation with H,0..

a-synuclein aggregation is a hall mark of PD so Shendelman and colleagues then examined
DJ-1 chaperone activity toward a-synuclein protofibril formation, a precursor to natural
amyloid fibril formation. They found DJ-1 was capable of inhibiting a-synuclein protofibrils
formations, but only if the C106 amino acid residue of DJ-1 had been oxidised to sulfinic acid
(Shendelman et al., 2004). Further oxidation of DJ-1 causes a loss of secondary structure and
diminishes all chaperone activity (Zhou et al., 2006). In vivo, over-expression of WT DJ-1 in
CAD murine neuroblastoma cells reportedly inhibited the accumulation of Triton X-100
insoluble a-synuclein that had been induced by incubation with FeCl, (Shendelman et al.,

2004).

1.2.3.6. DJ-1 and programmed cell death

As mentioned above, DJ-1 may modulate cell apoptosis by regulating the activity of PTEN
and p53 (Kim et al., 2005a; Shinbo et al., 2005). PTEN antagonises the phosphatidylinositol
3’ kinase (PI3’K) pathway which regulates cell survival (Kim et al., 2005a). Inhibition of DJ-1
in drosophila using RNA interference (RNAI) followed by genetic interaction studies, showed
members of PI3’K/Akt signalling pathway as specific modulators of DJ-1 RNAi-induced
neurodegeneration (Yang et al., 2005). Exposure of DJ-1 KO zebrafish to H,0, reportedly
produces an up-regulation of Bax and elevation of dopaminergic neuronal cell death
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(Bretaud et al., 2007). Bax induces cell death via activation of caspases and a more recent
study using N2a cells has shown DJ-1 to be capable of reducing Bax levels by inhibiting p53

transcriptional activity (Fan et al., 2008b).

In neuronal dopaminergic cells two additional binding partners have been identified;
pyrimidine tract-binding protein-associated splicing factor (PSF) and p54nrb (Xu et al., 2005).
These nuclear proteins are multifunctional regulators of transcription and mRNA
metabolism. In SH-SY5Y cells Xu and colleague (2005) showed that DJ-1 present in the
nucleus can work in conjunction with p54nrb to inhibit the transcriptional silencing activity
of PSF and prevent PSF induced apoptosis. KO of WT DJ-1 increased the sensitivity of cells
towards PSF induced apoptosis. Additionally in collaboration with p54nrb, DJ-1 was also
capable of significantly preventing apoptosis in cells exposed to H,0, induced oxidative

stress and A30P a-synuclein accumulation (Xu et al., 2005).

DJ-1 is further implicated in programmed cell death by its association with Daxx which
activates Fas-mediated apoptosis and the Jun N-terminal kinase (JNK) pathway (Junn et al.,
2005). Exposure to toxins promotes Daxx translocation from nucleus to cytosol, where it
activates and interacts with the apoptosis signal-regulating kinase 1 (ASK1) which mediates
cell death (da Costa, 2007). DJ-1 is capable of preventing this by hindering the migration of
Daxx into the cytosol (Junn et al., 2005). Down regulation of DJ-1 by MPTP administration
has been shown to enhance the migration of Daxx into the cytosol in mice dopaminergic
neurons in the substantia nigra (Karunakaran et al., 2007). JNK1 pathway may also be
activated by mitogen-activated protein kinase/extracellular signal-regulated kinase kinase
kinase 1 (MEPKK1), a process that is inhibited by DJ-1 sequestering MEPKK1 within the
cytoplasm as seen in human embryonic kidney 293 (HEK293) cells exposed to UV-induced
oxidative stress (Mo et al.,, 2008). L166P DJ-1 however facilitates the translocation of

MEPKK1 to the nucleus thereby promoting the JNK1 signalling cascade and cell death.

1.2.3.7. DJ-1 and the dopaminergic system

DJ-1 may also be involved in modulating nigrostriatal dopaminergic function. Age and task

dependent motor behavioural deficits have been described in DJ-1 KO mice despite the
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presence of a normal number of dopaminergic neurons in the substantia nigra (Andres-
Mateos et al., 2007; Chen et al., 2005b; Goldberg et al., 2005; Kim et al., 2005b). Similarly
DJ-1 null drosophila show no loss of dopamine neurons, but exhibit locomotor deficits as
highlighted by their reduced climbing ability (Park et al., 2005). In mice, the cause of these
motor discrepancies has been identified as an increased reuptake rate of dopamine and a
consequential decrease in evoked dopamine overflow within the striatum (Chen et al.,
2005b). This can be attributed to enhanced DAT activity which produces a greater tissue
dopamine content than normal (Chen et al., 2005b). This may prove toxic to neurons as
higher dopamine content is associated with increased cellular oxidative stress (Ben-Shachar
et al., 2004; Stokes et al., 2000). DJ-1 may protect against dopamine toxicity with in vivo
striatal administration of 6-OHDA and producing an up-regulation of DJ-1 via the MAP
kinase pathway and activation of ERK 1 and 2 (Lev et al.,, 2009). DAT KO rodents and C.
elegans are less sensitive to parkinsonism-inducing toxins (Chen et al., 2005b; Nass et al.,
2002) suggesting loss of DJ-1 and consequential elevation of DAT function may increase

vulnerability to neural toxins.

This data is supplemented by Goldberg et al.,, (2005) who showed the reduced evoked
dopamine overflow in the striatum of DJ-1 KO mice arises from a decreased sensitivity of D2
dopamine autoreceptors (D2R). Binding of dopamine to D2R on presynaptic terminals
inhibits DAT activity but in DJ-1 null mice this inhibitory action is impaired producing the
observed faster reuptake of dopamine (Goldberg et al., 2005). Activation of somatodendritic
D2R inhibits the firing activity of nigral dopaminergic neurons and loss of this inhibition
disrupts outputs of nigrostriatal projections resulting in reduced long-term depression (LTD)
induction at striatal medium spiny neurons (Goldberg et al., 2005). A similar phenomenon

has been observed in the CA1 synapses in the hippocampus of mice (Wang et al., 2008).

1.2.4. DJ-1 and familial PD

1.2.4.1. Pathogenic mutations

Following the discovery of the L166P mutation and the deletion of exons 1-5 in two PARK7

families, there was a flurry of genetic analysis involving large groups of familial and
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idiopathic PD patients across the world. The aim was to establish the frequency of these two
mutations in different ethnic groups and possibly identify new mutations that were not
present in control cases. This work has resulted in a number of other mutations being

identified to date (Fig. 1.6).

24kb

Ho— 88— Fe
8N M S

€.56delCc57G —> A Met26lle Alal04Thr WS6-1G —>C

{truncating} GlulG3Lys

AsplagAla

Deletionex. 1-5 Deletion ex. 5-7

Deletionex. 5

Figure 1.6: Genomic structure of DJ-1 gene showing parkinsonian mutations. The PARK7
locus located on chromosome 1p36 spans 24kb and encodes for 7 exons. The position of
identified mutations is marked. Black boxes represent non-coding segments.

(adapted from Bonifati et al., 2004)

Study of the Hispanic population led to the discovery of a “double hit” or heterozygous
compound mutations, 1IVS6-1G—>C and c.56delC ¢.57G->A in early-onset patients with no
previous familial history (Hague et al., 2003). The first mutation resulted in the formation of
a defective transcript due to a nucleotide substitution in the splice acceptor site of intron 6.
The c.56delC ¢.57G—>A mutation is resident in exon 2 and involves both a deletion of
nucleotide 56 and G->A transition at nucleotide 57, the combined outcome being a
frameshift and the introduction of a premature stop codon believed to encode a cropped
protein of 18 amino acids (Hague et al., 2003). Within the same population, Hague and
colleagues also reported a missense mutation (A104T) in another early-onset PD patient
caused by a heterozygous mutation in exon 5 (c.310G->A) (Hague et al., 2003). This

mutation was also later reported in an Asian patient with early-onset PD (Clark et al., 2004).
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Additional mutations were brought to light by the investigation of other groups. In an early-
onset idiopathic PD patient of Ashkenazi-Jewish hereditary, a missense mutation (M26l)
resulting from a homozygotic mutation in exon 2 (c.78G—>A) was identified (Abou-Sleiman
et al.,, 2003). Simultaneously, a heterozygotic point mutation on exon 7 (c446.A->C)
producing a D149A missense mutation and homozygotic point mutation on exon 4
(c.234C-T) vyielding a silent G78G change was found in early-onset sporadic PD patients
with Afro-caribbean decent (Abou-Sleiman et al., 2003). This synonymous change may
eliminate a predicted exonic splice enhancer site. Abou-Sleiman also looked at a population
of late-onset patients but only identified a single silent heterozygous mutation (A167A) and
two heterozygotic changes in the 3’-untranslated region (3’ UTR) (Abou-Sleiman et al.,

2003).

A more exhaustive analysis of Caucasian population groups led to the identification of a
missense mutation (E64D) in a early-onset IPD patient from Turkey, caused by a
homozygous mutation in exon 3 (c.192G—>C) (Hering et al., 2004). Furthermore, by using a
guantitative fluorescent based gene dosage assay in place of standard sequencing
techniques, a heterozygotic deletion of exons 5-7 in DJ-1 was discovered in another Italian
patient diagnosed with sporadic early-onset PD (Hedrich et al., 2004a). The same technique
was used to discover an additional heterozygotic 11bp deletion in intron 5 (IVs5+2-12del) in
a Russian early-onset individual (Hedrich et al., 2004a). This is mutation is thought to
interfere with genomic splicing. None of the groups have found additional carriers of the

original mutations reported by Bonifati et al (2003).

Recent direct sequencing of DJ-1 exons in two patients from southern Italy diagnosed with
early-onset parkinsonism-dementia-amyotrophic lateral sclerosis by Annesi and colleagues
(2005) revealed two further novel homozygotic mutations. Both patients carried a sequence
duplication in exon 1 (g.168_185dup) hypothesised to affect DJ-1 mRNA levels due to its
proximity to the promoter region (Annesi et al., 2005). The second homozygous mutation
was a nucleotide substitution (c.487->A) in the last exon, exon 7 (Annesi et al., 2005). All

mutations identified to date are summarised in table 1.2.
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Mutation Inheritance Onset Origin Effect on DJ-1 protein

g.168_185dup Homozygous Early Italian Unknown

Ex1-5del Homozygous Early Dutch Loss of protein

c.56delC c57G>A Compound Heterozygous Early Hispanic Truncated protein

M26l Homozygous Early Askenazi Jew Unknown

E64D Homozygous Early Turkish Unknown
Heterozygous Early Hispanic Unknown

A104T Heterozygous Mid Asian Unknown

Ex5-7del Heterozygous Mid Italian Aberrant protein

IVS5+2-12del Heterozygous Early Russian Aberrant protein

D149A Heterozygous Early Afro-Carribbean Unknown

E163K Homozygous Early Italian Unknown

L166P Homozygous Early-Mid Italian Loss of protein stability

1IVS6-1G—>C Compound Heterozygous Early Hispanic Unknown

Table 1.2: Summary of reported PARK7 mutations. The mode of inheritance, term of onset,
ethnic origin and effect on protein is listed for each mutation. d. = genomic sequence, dup =

duplication, c. = cDNA sequence, Ex = exon, del = deletion and IVS = intervening sequence.

1.2.4.2. Consequences of mutations: ‘loss of function’ theory

When the original 14kb deletion encompassing the first 5 exons, including the promoter
region was reported, the development of PD was thought to arise from a lack of DJ-1
expression (Bonifati et al., 2003b). In order to explain the pathogenic nature of the
homozygotic L166P mutation computer molecular models of DJ-1 proteins were produced
based on a DJ-1 homologue, the PH1704 protease from Pyrococcus horikoshii which is an
oligomeric protein. Introduction of the L166P mutation into the wild type model
destabilised the DJ-1 protein by disrupting its normal helical conformation and altering its
oligermerisation interface. = From this, Bonifati reasoned that WT DJ-1 adopts a
dimer/oligomer arrangement which is disrupted by the L166P mutation rendering the

subsequently produced DJ-1 protein functionally inactive (Bonifati et al., 2003b). Thus under

this rationale, a loss of function mechanism was proposed for DJ-1 based PD cases.

As DJ-1 mutations display an autosomal recessive mode of inheritance this loss of function
theory readily explains the pathogenic outcome of the numerous homozygotic mutations
discovered. However, apart from the compound heterozygotic mutation consisting of the
truncated DJ-1 producing c.56delC c.57G—>A mutation on one allele and the splice site
mutation IVS6-1G—->C on the other (Hague et al., 2003), it does not lend itself to an
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explanation for the disease phenotype seen in some heterozygotic carriers. As these
individuals still express WT DJ-1, albeit at a lower level that controls, they are expected to
remain unaffected. A number of ideas have been put forward to explain this, including the
suggestion that these individuals may harbour a second unidentified DJ-1 mutation. The
conventional method of identifying mutations via direct sequencing of coding exons may
overlook alterations in the 5’ and 3’ UTR sequence as well as genomic variations due to
insertions or deletions. (Abou-Sleiman et al., 2003; Hague et al., 2003; Hedrich et al., 2004a).
Additionally, the idea that DJ-1 forms dimers has lead to the hypothesis that heterozygotic
DJ-1 mutations are similar to dominant-negative mutations where mutant DJ-1 forms a
dimer with WT-DJ-1 thereby preventing it from functioning normally (Bonifati et al., 2004;
Moore et al., 2003a; Moore et al.,, 2003b). A final suggestion is that the presence of
heterozygotic DJ-1 mutations only results in a disease phenotype when combined with

other factors like mutations in other PD genes or external stimulus (Hague et al., 2003).

1.2.4.3. Effects of mutations on protein structure and function

The effects of mutations that result in the formation of a truncated version of DJ-1 protein
or even no protein formation at all are pretty much self evident. Analysis of DJ-1 proteins
that carry substitution mutation however can provide clues as to the normal functional

activity of DJ-1. The approximate location of substitution mutations is shown in figure 1.7.

E64D

VN

Figure 1.7: Location of DJ-1 mutations. Approximate location of substitution mutations on
DJ-1 dimer complex are shown. Blue and green ribbon depict separate DJ-1 monomers.

(adapted from Wilson et al., 2003)
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L166P

The leucine to proline substitution at amino acid 166 (L166P) was one of the originally
reported DJ-1 mutations by Bonifati et al (2003). Amino acid 166 is placed in a-helix 7, a C-
terminal helix that forms part of the hydrophobic core found at the dimer interface. The
presence of proline disrupts the normal helical conformation, destabilising the dimer

interface and impeding DJ-1 dimer formation (Olzmann et al., 2004; Wilson et al., 2003).

Compared to WT DJ-1, L166P DJ-1 expression is relatively low in neuronal and non-neuronal
cell lines as well as lymphoblasts cultured from L166P patients (Gorner et al., 2004; Macedo
et al., 2003; Miller et al., 2003). This is not due to impaired transcription/translation but
rather from rapid degradation of the protein (Gorner et al., 2004; Macedo et al., 2003;
Miller et al., 2003). Use of the lysosomal protease inhibitor NH4Cl and the proteasome
inhibitor MG-132 suggests degradation of L166P mutant DJ-1 protein is via the proteasome
system (Miller et al., 2003; Moore et al., 2003b). The direct interaction between ubiquitin
and L166P DJ-1 was shown by Olzmann et al (2004) in an ubiquitination assay using Hela
cells over-expressing epitope-tagged ubiquitin and L166P DJ-1. The low levels of L166P DJ-1
is not a factor for its inability to dimerise as even when overexpressed to artificially high
levels it fails to do so suggesting that its structural alteration is to blame for its instability

(Miller et al., 2003; Moore et al., 2003b).

The ability to dimerise appears to be essential for DJ-1 to exert its chaperone function, with
oxidation of L166P DJ-1 failing to prevent a-synuclein protofibril formation both in vitro and
in vivo (Shendelman et al., 2004). It has also been noted that there is a significant decrease
in its transcriptional activity and its ability to prevent Daxx migration into the cytoplasm
(Junn et al., 2005; Xu et al., 2005). This may be influenced by the decreased localisation of
L166P DJ-1 to the nucleus compared to WT (Xu et al., 2005). Furthermore, L166P appears to
perturb the ability of DJ-1 to eliminate H,0, from cells or protect them from H,0, induced

death (Taira et al., 2004).
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M26l

The methionine residue at amino acid 26 is highly conserved and is located in N-terminal a-
helix 1 and contributes to the same hydrophobic core as L166 to which it is spatially close to.
Methionine contains a liner non-polar side chain whereas isoleucine contains a branched
non-polar side chain which is more suited to B-sheet conformation (Hulleman et al., 2007).
In the dimer interface, a-helix 1 is thought to interact with the corresponding a-helix on the
partner monomer (Tao and Tong, 2003). However, replacing methionine with an isoleucine
residue on DJ-1 does not appear to affect the proteins capacity to dimerise as dramatically
as L166P mutation with Takahashi-Niki et al., (2004) showing in yeast two-hybrid system
that M26l is able to form a dimer with another M261 DJ-1 monomer or even a WT DJ-1

monomer.

In over-expression models, M26l levels are reported to be less than WT DJ-1 (Blackinton et
al., 2005; Takahashi-Niki et al., 2004) suggesting the mutation may compromise protein
stability. A recent study reported M26I1 DJ-1 to have decreased thermal stability and to more
readily form aggregates than WT variant (Hulleman et al., 2007). When in a reduced state,
this altered structure has little effect. However, it has been reported that two neighbouring
residues, D24 and R28 may play a role in maintaining structural integrity when C106 is
oxidised to sulfinic acid by forming hydrogen bonds with the sulfinic oxygen molecules (Tao
and Tong, 2003). Under conditions of oxidative stress, the branched side chain of isoleucine
in oxidised DJ-1 would disrupt this structural network and destabilise the dimer interface,
resulting in protein destabilisation and subsequent aggregation (Malgieri and Eliezer, 2008).
Thus any DJ-1 protein carrying this mutation would be inept at dealing with elevated
oxidative stress conditions. Due to their ineffectiveness, M26I DJ-1 is rapidly degraded by
the proteosome system, a process that can be inhibited in vitro by proteosome inhibitors

(Blackinton et al., 2005)

Immunofluorescence has shown M26I DJ-1 to have a similar subcellular distribution pattern
to WT DJ-1 in NIH3T3 and M17 cells i.e. within the nucleus and cytoplasm with some
mitochondrial localisation (Blackinton et al., 2005; Zhang et al., 2005a). Blackinton and

colleagues also observed a more pronounced relocation of M26I DJ-1 to the mitochondria
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than WT which may possibly be a compensatory mechanism to combat the increased loss of

M261 DJ-1 when oxidised.

E64D

The glutamate at amino acid 64 is found on the surface of DJ-1 protein, away from the
dimer interface and is part of the loop connecting a-helix 2 to B-strand 6 (Honbou et al.,
2003; Tao and Tong, 2003; Wilson et al., 2003). As such, the replacement of glutamate with
an aspartate residue has no effect on DJ-1 dimerisation. Indeed the glutamate residue is not
evolutionarily conserved across vertebrates with both mice and rats possessing a glutamine
amino acid at this point, suggesting it is not critical in stabilising the structure of DJ-1
(Bandyopadhyay and Cookson, 2004). This coupled with the fact that both glutamate and
aspartate are negatively charged and structurally similar, suggests there is minimal
disruption to the structure of DJ-1 protein and this is indeed the case with its 3D structure

being almost identical to WT DJ-1 (Hering et al., 2004).

Given its close resemblance to WT DJ-1, its lack of evolutionary importance and its remote
location from the dimer interface it is difficult to see how E64D mutation disrupts normal
DJ-1 functioning. However, its detection in patients with familial PD (Hering et al., 2004) and
the observation that it is less able to protect dopaminergic neurons culture models from
various PD-related stresses (Hulleman et al., 2007) suggests some functional loss exists.
Hulleman et al., (2007) have reported that the E64D mutation makes the a-helical structure
of DJ-1 more thermally stable and that it forms a more stable dimer. This may upset the
chaperone activity of DJ-1 or its ability to bind to mitochondria. In contrast, Malgieri and
Eliezer (2008) observed no significant changes in the thermodynamic stability of E64D and
instead attributed functional changes to altered interaction of DJ-1 with cellular partners

that are fundamental to its proper functioning.

A104T
Unlike E64, alanine 104 is another highly conserved residue that is located towards the C-
terminal end of B-strand 7 (Malgieri and Eliezer, 2008). Substitution with threonine

produces a protein whose secondary structure and dimerisation capabilities remain
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unchanged (Lakshminarasimhan et al., 2008). It is however thermodynamically less stable
than WT DJ-1 which explains the increased rate of turnover observed by Blackinton et al.,

(2005) and the subsequent lower steady-state expression levels.

A104 is a small residue that is tightly packed into a hydrophobic core surrounded by L72,
P109 and L112. Threonine on the other hand is bulkier and causes the displacement of L72
and L112. As A104 is in the spatial vicinity of C106, it is hypothesised that its substitution
upsets the geometric alignment in this region and in doing so, abrogates C106 actions
(Lakshminarasimhan et al., 2008; Malgieri and Eliezer, 2008). C106 has been shown to be
critical for sensing oxidative stress with its oxidative state being shown to regulate DJ-1
chaperone activity (Zhou et al., 2006) and its binding to mitochondria (Canet-Aviles et al.,

2004).

D149T

The aspartate present at residue 149 is another highly conserved amino acid located at the
C-terminus of B-strand 10 of human DJ-1 protein (Wilson et al., 2003). Limited data is
available on this mutation, however like A104, this residue is in the spatial vicinity of C106
and substitution with threonine can be assumed to disturb the local structure, thereby
affecting C106 activities (Malgieri and Eliezer, 2008). The mutation does not affect its ability
to form homodimers or even heterodimers with WT DJ-1 in transfected cells (Blackinton et

al., 2005).

E163K

Rather than inducing PD, E163K substitution mutation is associated with an early onset
parkinsonism-dementia-amyotrophic lateral sclerosis complex (Annesi et al., 2005). Here the
glutamate 163 residue located towards the edge of a-helix 7 is replaced with a lysine
residue. a-helix 7 is also the location of L166 highlighting the importance of this particular a-
helix in dimer formation. However, whereas L166P results in the loss of dimer forming
property, E163K DJ-1 has been shown to dimerise in vitro (Lakshminarasimhan et al., 2008).
Lakshminarasimhan and colleagues (2008) also showed that in WT DJ-1 dimer, the

negatively charged E163 residue forms a salt bridge (a weak ionic bond between two
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oppositely charged amino acids) with the positively charged R145 subunit from the other
monomer, enabling the formation of a network of H-bonds at the dimer interface.
Replacement of glutamate with a positively charged lysine residue results in an electrostatic
conflict with R145 which is repelled and leads to the weakening of H-bonds at the dimer
interface. Despite this, under normal conditions E163K DJ-1 has similar properties to WT DJ-
1 in terms of dimerisation, subcellular localisation, stability and solubility (Ramsey and

Giasson, 2008).

This mutation does however ruin the ability of DJ-1 to protect against oxidative stress but
not by altering dimerisation, stability or aggregation properties like other mutations do.
Instead it weakens the protective activity against oxidative stress by impairing the
relocalisation of DJ-1 to the mitochondrial, a phenomenon that naturally occurs during
times of cellular stress (Ramsey and Giasson, 2008). As yet, the mechanisms involved in the
redistribution of DJ-1 to the mitochondria remain unknown but the change in residue
charge or the arising subtle structural changes may hinder interaction with any partner

proteins involved (Ramsey and Giasson, 2008).

1.2.5. DJ-1 in idiopathic PD

1.2.5.1. DJ-1 polymorphisms

With DJ-1 being the least common cause of AR PD, accounting for less than 2% of all early-
onset cases, it was hoped that non-pathogenic mutations that predispose carriers to the
development of idiopathic PD could be discovered. A number of DJ-1 polymorphisms have
been reported with the most frequent being a silent heterozygous nucleotide substitution in
exon 5 (c.293G->A) that produces an arginine to glutamine switch in the protein (R98Q)
(Abou-Sleiman et al., 2003; Clark et al., 2004; Hague et al., 2003; Hedrich et al., 2004b). This
polymorphism was found to occur in more than 1% of control cases and in a similar amount
in IPD cases (Hedrich et al., 2004b). Another polymorphism of note is the reported g.168-
185del (Eerola et al., 2003). Given its close closeness to the promoter region of DJ-1 and the
previous reports of polymorphisms in the promoter regions of other PD genes like a-

synuclein and parkin being a risk factor for IPD (West et al., 2002), this was investigated in
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some detail. However screening of late-onset IPD samples showed this not to be the case

(Eerola et al., 2003; Morris et al., 2003).

With the genetic make-up of DJ-1 seemingly having no influence on the development of

sporadic PD, it remains unclear what role DJ-1 plays in its pathogenesis.

1.3. Thesis Objectives

Mutations in PARK7 highlight the importance of DJ-1 protein in PD. However, occurrences
are extremely rare, accounting for less than 2% of all early-onset cases. To date, any
involvement of DJ-1 in sporadic PD remains undetermined. The overall objective of this
thesis is to investigate any possible role for DJ-1 in the development of IPD and other
neurodegenerative disorders. By taking advantage of the extensive collection of human
post-mortem brain tissue here at the Queens Square Brain Bank (QSBB), | have attempted
to characterise the properties of DJ-1 in human brain tissue. The specific aims of the studies

that follow were

1. to characterise DJ-1 expression in human brain and identify any changes in IPD tissue
2. toidentify potential in vivo interactors that would help explain the diverse range of
cellular activities reported for DJ-1.

3. toinvestigate any possible involvement of DJ-1 in tauopathies.

The relevance of any findings, in terms of the pathogenesis of PD and other neurological

disorders will be explored.
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2. Materials and methods
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2.1. Pathological material

Demographic data of all tissue used will be detailed in the following chapters. All frozen
tissue was procured from the QSBB, following ethical review by the London Multicentre
Research Ethics Committee and the National Hospital for Neurology and
Neurosurgery/Institute of Neurology Joint Research Ethics Committee. For
immunohistochemical studies a number of formalin fixed brain sections were obtained from
Professor David Mann with ethical consent from the Manchester Brain Bank. Where
possible tissue used in studies were matched for age, post-mortem delay and pH. The latter

two can be used to judge tissue breakdown and acidosis.

2.2. Protein expression techniques

2.2.1. Tissue homogenisation

For protein analysis, approximately 0.5g flash frozen tissue was mechanically homogenised
in 10 volumes (w/v) of 50mM Tris-HCL buffer (pH 7.0), containing complete mini protease
inhibitor cocktail (PIC) tablets (Roche, UK). Homogenates were then centrifuged at 14,000g
for 15min at 4°C to remove debris. The resulting pellet was discarded and the supernatant
stored for future use at -20°C. 20ul of supernatant was kept separately in order to measure

the protein concentration via a Bradford protein assay.

2.2.2. Bradford protein assay

The Bio-Rad protein assay used to measure protein concentration of homogenates is based
on the Bradford dye-binding procedure. Here, a microplate reader is used to assess the
colour change of Coomassie brilliant blue G-250 in response to protein concentration. 1pl of
each sample was pipetted in triplicate on to a 96 well microtiter. On the same plate 8 known
concentrations of bovine serum albumin (BSA) (Sigma, UK) are pipetted in triplicates. The
concentration of BSA ranges from 1ug/ul to 10ug/ul. All wells plus an additional 3 empty
wells were made up to 10l using distilled water. 200ul of Bio-rad protein assay dye, diluted

to 25% solution, was then added to each well. Wells were then analysed on a plate reader
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set at 595nm and a standard curve constructed from BSA readings (Fig. 2.1). Protein

concentrations for unknown samples were extrapolated from the curves linear equation.

o 0:8000
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Figure 2.1: A Bradford assay BSA calibration plot. Absorbance for each protein standard was
measured in triplicate and the resulting equation for the mean line of best fit was used to

calculate protein concentrations of samples.

2.2.3. Western blotting & chemilluminescent protein

detection

In the majority of cases, samples were run under denaturing conditions. Initially samples
were run on Invitrogen’s Novex gel system. Towards the end stages of the project a Bio-rad
Criterion gel system was acquired and this was favoured as double the number of samples
could be run on one gel thereby minimising gel-to-gel variances. Both systems use laemmli

based tris-glycine gels.

For both systems, samples were prepared by mixing a known concentration of protein with
2x Tris-Glycine SDS sample buffer and 10x reducing agent. Depending on whether Invitrogen
or Bio-rad gels were used, double distilled water was used to make the mixture up to 20ul
or 25ul respectively. Sample mixtures were heated to 85°C for 2 minutes and then loaded
onto Tris-Glycine gels placed in a gel tank filled with 1x Tris-glycine running buffer
(Invitrogen, UK). 5ul of SeeBlue Plus 2 pre-stained standard marker (Invitrogen, UK) was also
loaded into an empty well. Gels were run at 130V for 2 hours. Protein bands were then
electroblotted for 2.5 hours on to Hybond-P nylon membrane (GE Healthcare, UK) using 1x

Tris-Glycine transfer buffer (Invitrogen, UK) containing 20% methanol (VWR, UK). Proteins
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separated using the Invitrogen system were transferred at 30V whilst the Bio-rad system

required 90V.

Once transfer was complete, membranes were blocked for 1 hour at room temperature (RT)
with 5% milk (Marvel, UK) in PBS containing 0.1% Tween-20 (PBS-Tw). Blots were
subsequently incubated with the antibody of interest diluted appropriately in PBS-Tw with
5% milk for 1-3 hours at RT. This was followed by three 10 minute washes with PBS-Tw and
then by incubation with an appropriate HRP-conjugated secondary antibody (Santa Cruz)
diluted in 5% milk for an hour at RT. Membranes were washed a further three times with
PBS-Tw and then exposed to a standard enhanced chemilluminescent substrate (ECL),
SuperSignal West Pico Substrate (Pierce, UK), prior to placement in an autoradiograph
cassette; protein side up. Immunoreactive (IR) bands were then captured on to Kodak
Biomax autoradiography film (Sigma, UK) which was subsequently developed to enable
visualisation of bands. For weakly expressed proteins, a more sensitive chemilluminescent

substrate, SuperSignal West Dura Substrate (Pierce, UK) was used.

Afterwards, membranes would be stripped for 30 minutes using Restore Plus Western Blot
Stripping Buffer (Pierce, UK) and blocked again with 5% milk for an hour at RT before being
incubated with B-actin monoclonal antibody (Sigma, UK) for 1 hour at RT. Unbound primary
antibody was removed by washing with PBS-Tw and blots were subsequently incubated with
goat anti-mouse HRP-conjugated secondary antibody (Santa Cruz, UK). Bands were then
detected as described above. Quality One software (Bio-rad, UK) was used to quantify
detected bands of the protein of interest and readings for each sample would be normalised
to their corresponding B-actin levels. A student’s T-test was used to compare control and PD

samples.

2.2.4. Fluorescent protein detection

One of the main drawbacks of chemilluminescent detection of protein is that it relies on a
chemical reaction that produces light imaged on to film. Samples are quantified by
measuring the intensity of their bands. However, readings are time dependent as they are

based on the accumulation of light absorbed by the films and can become saturated if the
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protein concentration is particularly high. This can produce variable results when measuring
protein levels. DJ-1 is one such protein that is highly expressed in the brain tissue. To allow
for more accurate quantification, the Odyssey infrared imaging system (Li-Cor, UK) and
fluorescent protein detection was used. Light produced from excitation of the fluorescent

dye is constant and readily comparable to emissions from other samples.

The method for fluorescent protein detection is not too dissimilar to the chemilluminescent
procedure described above. For this 15ug of protein from control and PD homogenates of
selected regions were run on a 10% Tris-Glycine gel (Invitrogen, UK) at 125V for 90 minutes.
Proteins were then transferred from the gel on to Immobilon-FL PVDF membrane (Millipore,
UK) as described above. On completion of transfer, membranes were blocked with 5% milk
in PBS (without tween) for an hour at room temperature before incubation overnight at 4°C
with both monoclonal DJ-1 (1:10000; Stressgen, USA) and monoclonal B-actin (1:10000;
Sigma, UK). The following day blots were washed three times with PBS-Tw and then IRDye
680 Goat Anti-Mouse Secondary Antibody (1:20000, Li-cor, UK) was applied for an hour at
RT. After another series of washes with PSB-Tw protein levels were measure using Odyssey
infrared imaging system and bands quantified using the supplied software. DJ-1 levels were

normalised to their B-actin readings and a T-test used to compare control and PD groups.

2.2.5. DJ-1 ELISA

Enzyme-Linked ImmunoSorbent Assay (ELISA) is another biochemical technique that is
commonly used to measure protein levels. A human DJ-1/PARK7 ELISA kit (MBL
International, USA) has been developed to measure human DJ-1 protein concentration from
human serum/plasma and we aimed to test its suitability for use with human brain

homogenate.

The ELISA assay procedure was carried out as directed by the manufacturer. 100ul of
recombinant human DJ-1 standard and diluted samples were pipetted in triplicate into the
appropriate wells of a 96-well microtitre plate and incubated for an hour at RT on an orbital
shaker, shaking at 200 ca. Wells were then washed four times with 300ul wash buffer

followed by the addition of 100ul HRP-conjugated detection antibody and incubation at RT
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for another hour on the orbital shaker. Wells were then washed a further four times with
wash buffer and the then incubated at RT with 100ul of substrate reagent. The reaction was
stopped after 15min with 100ul stop solution and the absorbance of each well read at 450
and 540nm on a spectrophotometric microplate reader. The absorbance values of the
standards were then plotted and the concentration of unknown samples calculated from

the standard curve.

2.2.6. Extraction of TBS, SDS and urea soluble DJ-1

This protocol is based on the methods described in Campbell et al., (2000). TBS buffer
(50mM Tris-HCl, pH 7.4, 150mM NacCl)) was made up and 1 mini PIC tablet (Roche, UK) and
500ul of 100mM EDTA was added per 10ml before being chilled on ice. Approximately 0.3g
of flash frozen frontal cortex tissue from 8 control and 8 PD cases were mechanically
homogenised in 10 volumes of TBS buffer. Any non-homogenised material was collected by
centrifugation at 1000g for 5min at 4°C and discarded. The crude homogenate supernatant
was transferred to Beckman tubes and after being carefully balanced, subjected to
ultracentrifugation at 100,000g for 1 hour at 4°C. The resulting supernatant constituted the
TBS-soluble fraction and was frozen for future use. The pellet meanwhile was washed twice
with TBS buffer and then resuspended by briefly homogenising in 3 volumes TBS-SDS buffer
(TBS plus 5% w/v SDS). This was then ultracentrifuged at RT for 30min at 100,000g after
which the supernatant was labelled as the SDS soluble fraction and stored at -20°C. The
pellet was subjected to two washes with TBS-SDS buffer and resuspension in 150ul TBS-SDS-

Urea buffer (TBS plus 8% SDS w/v and 8M urea) and stored as the Urea soluble fraction.

2.2.7. BCA protein assay

The standard Bio-Rad protein assay used earlier is incompatible with the SDS and urea
present in the buffers used in these protein extractions. To overcome this, we measured the
protein concentration of each fraction using a bincinchoninic acid (BCA) protein assay
(Pierce, UK). As described by the manufacturer’s instructions 50 units of reagent A
containing sodium carbonate, sodium bicarbonate, BCA and sodium tartrate in 0.1M sodium

hydroxide was mixed with 1 unit regent B containing 4% cupric sulphate to form a working
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reagent. At the same time, one vial of Albumin Standard (Pierce, UK) was used to make a set
of 8 protein standards ranging from 2000ug/ml down to 25ug/ml using the same buffer
present in the homogenates as a dilutant. 25ul of each standard and protein sample was
pipetted in triplicate into a 96-well microplate and incubated with 200ul of working reagent
for 30min at 37°C. The plate was then left to cool before the absorbance of each sample
was measured at 562nm on a plate reader. A standard curve was then formed from using

the albumin readings and the unknown protein concentration of homogenates calculated.

2.2.8. Extraction of sarkosyl insoluble DJ-1

Sarkosyl insoluble proteins were extracted from brain tissue by my supervisor, using the
method described in Goedert et al., (1992). This protocol was developed in order to

solubilise the tough tau tangles (Goedert et al., 1992).

For the extraction 1g of frontal cortex from control, AD and FTLD-Pick’s cases were
homogenised in 10vol of buffer consisting of 10mM Tris-HCI (pH 7.4), 0.8M NaCl, 1ImM EDTA
and 10% sucrose. The homogenate was centrifuged at 20,000g for 20min. the supernatant
was retained and the pellet rehomogenised in 5vol of buffer and respun. The resulting
supernatant was combined with the first supernatant and incubated for 1 hour with 1% N-
laurylsarkosine at RT while shaking. Samples were then subjected to 1 hour
ultracentrifugation at 100,000g followed by resuspension of the resulting sarkosyl insoluble
pellet in 50mM Tris-HCI pH 7.4 (0.2ml/g starting material). Proteins were then separated on
12% Tris-Glycine gels (Invitrogen) as described above. DJ-1 and tau were detected using
monoclonal DJ-1 (Stressgen, USA) and AT8 (Innogenetics, UK) antibodies respectively and

visualised on autoradiographic film.

2.2.9. Subcellular fractionation of human brain tissue

This protocol is based on (Gandhi et al., 2006). Fresh human brain tissue was weighed and
placed on a chilled ground glass beaker on ice. It was thoroughly homogenised on ice in
5ml/g isolation medium (320nM sucrose, 1mM EDTA, 10mM Trizma-base pH 7.4 and PIC

tablets) before being centrifuged at 3000g for 5min. The supernatant was collected and
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centrifuged again for 10min at 12000g whilst the pellet containing the unhomogenised
material was discarded. The resulting supernatant was stored for later use on ice whilst the
pellet which constituted the crude mitochondrial fraction was re-suspended in 1ml isolation
buffer and subjected to further centrifugation at 3000g to remove nuclear contamination.
The pellet was discarded and the supernatant re-centrifuged at 12000g for 10min. The
supernatant was discarded and the last two steps were repeated twice more with the pellet
in order to further purify the mitochondrial fraction. Eventually the pellet from the 12000g
centrifugation was re-suspended in 300ul isolation buffer and labelled as the mitochondrial
enriched fraction. The supernatant stored earlier was subjected to ultracentrifugation at
70000g for 60min and the ensuing supernatant made up the soluble cytosolic fraction. The
pellet on the other hand consisted of the microsomal (including the endoplasmic reticulum)
enriched fraction and was re-suspended in 500ul isolation buffer. All fractions were stored
at -70°C till use. The protein concentration of each fraction was measured using the Bio-rad
Bradford assay. The purity of the fractions was tested by standard chemilluminescent
immunoblotting techniques using antibodies against mitochondrial, microsomal and

cytosolic markers. All fractions were tested for the presence of DJ-1 in the same manner.

2.2.10. Gel exclusion chromatography

Approximately 150mg of tissue was homogenised in 10 volumes of PBS containing 0.1%
Triton X-100 and PIC using a glass hand homogeniser. Unhomogenised debris was cleared by
centrifugation at 10000g for 10min at 4°C and the supernatant containing the soluble
protein was loaded by a technician into a FPLC Superdex 200 HR 10/30 (Amersham, USA) set
with a flow rate of 0.25ml/min. Soluble protein was eluted in a size dependent manner over
45 250ul fractions into collection tubes. Once all the fractions had been eluted they were
run on Invitrogen Bis-tris gel system as previously described and probed with monoclonal
anti DJ-1 at a 1:10000 dilution. After chemilluminescent detection of DJ-1, protein band
intensities were measured using Image J and plotted in excel against fraction number.
Molecular weight of native DJ-1 in brain tissue was then calculated using a standard curve
constructed from protein standards; Thyroglobulin, Ferritin, Human IgG, Transferrin,

Ovalbumin, Myoglobulin and vitamin By, (Amersham and Sigma, USA) that had been
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previously separated on the same column, under the same conditions by other members of

Dr Mark Cookson’s group.

2.2.11. Two-dimensional gel electrophoresis

Two dimensional gel electrophoresis (2DGE) is a method for the separation of proteins in a
sample by displacement in 2 dimensions, perpendicular to one another. The first dimension
involves separating proteins by their charge via isoelectric focusing. Proteins are then
separated in the second dimension by their molecular weight using SDS-Polyacrylamide gel

electrophoresis (SDS-PAGE).

2.2.11.1. Isoelectric focusing

6ul of de-streak reagent (Amersham, UK) and 4pul of immobilized pH gradient (IPG) pH 4-7
buffer (Amersham, UK) was added to 500ul rehydration buffer (8M urea, 4% CHAPS and
0.002% bromphenol blue) and mixed by vortexing. Soluble homogenate was pipetted into
individual tubes and made to 125ul with rehydration/de-streak/IPG buffer mixture and
pipetted into ceramic plates. 7 cm pH 4-7 IPG strips (Amersham, UK) were removed from
their packaging and placed into ceramic strip holders, gel side down and covered with 300ul
mineral oil (Sigma, UK). Strip holders were placed on an Ettan IPGPhor Il system (Amersham,
UK) set at 20V for 8 hours to allow strips to rehydrate. Proteins were separated by 500V for
1 hour, followed by another hour at 1000V before the voltage was ramped up to 5000V for
2.5 hours and then finally held for 8 hours at 500V. The step-wise increase in voltage
minimises sample aggregation and ensures a low current. Strips were then taken through to

molecular weight separation using SDS-PAGE.

2.2.11.2. SDS-PAGE

After isoelectric focusing, IPG strips were removed from the ceramic plates and washed for
15min with SDS equilibration buffer (50mM Tris-HCI, pH 8.8, 6M urea 30% glycerol, 2% SDS
and bromophenol blue) containing 1% w/v DTT and bromophenol blue. This was followed

by a 15min wash with SDS equilibration buffer containing 2.5% w/v iodoacetamide. Strips
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were then loaded into 1 well, 12% Tris-glycine gels (Invitrogen, UK) and sealed with quick
melting agarose. Proteins were then separated by molecular weight and transferred onto
Hybond-P membrane as previously described. Blots were probed with DJ-1 monoclonal
antibody (Stressgen, USA) 1:2000 and visualised using ECL and autoradiograph film. Quality

One software was used to measure DJ-1 pl isoforms distribution.

2.2.11.3. Identification of protein carbonyls

Oxidation of proteins leads to an increase in protein carbonyls and these can be detected by
forming a hydrazone derivative using 2,4-dinitropheylhydrazine (DNP). These can be

detected by immunoblotting with an antibody against the DNP segment of the hydrazone.

In-strip DNP derivation as described by Choi et al., (2006) was performed on 2 samples to
establish whether any of the DJ-1 pl isoforms underwent increased oxidation in PD. Proteins
were subjected to in-strip derivation following overnight isoelectric focusing by placing the
strips into 15ml falcon tubes and incubating for 20min with 2 N HCI containing 10mM DNP
at RT. The reaction was neutralised by a subsequent 15min wash with 2M Tris-Base and 30%
glycerol solution. Strips were then prepared and processed for second dimension separation
as described above. Following blocking in 5% milk, membranes were incubated overnight
with rabbit polyclonal anti-DNP-KLH antibody at 1:10000. After extensive washing with PBS-
Tw, blots were incubated for an hour at RT with an anti-rabbit HRP conjugated secondary
antibody. Immunostained proteins were detected in the usual manner with ECL and
autoradiograph film. Membranes were then stripped and probed with anti-DJ-1 antibody as

described above.

2.2.12. Protein immunoprecipitation

Tissue was mechanically homogenised in lysis buffer (150mM NaCl, 50mM Tris pH7.5, 5mM
EDTA, 0.25% NP-40 and PIC tablets). 750ug of homogenised tissue was made up to 500yl
with lysis buffer and rotated for two hours at 4°C with 100ul protein G sepherose
(Amersham, UK). The protein G-slurry had previously been buffered with lysis buffer. After

rotation, samples were centrifuged at 10000g at 4°C for 10min and the supernatant
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transferred to fresh tubes. A 30ul aliquot of the cleared lysate (CL) was stored at -20°C.
2.5ug of goat polyclonal anti-DJ-1 antibody (Abcam, UK) was then added to the remaining CL
and tubes were returned back to the cold room and rotated over night. The following day
100ul of fresh pre-buffered protein G-slurry was added to each tube. At the same time a
mock tube containing 500ul lysis buffer and 100l protein G-slurry was made and along with
the samples were subjected to 2 hours rocking at 4°C. Centrifugation at 1000g for 2min at
4°C was used to collect the protein G-sepherose complex at the bottom of the tube and
they were then washed 5 times with wash buffer (150mM NaCl, 50mM Tris ph 7.5, 5mM
EDTA and 0.05% NP-40). Following the removal of all supernatant, 20ul of 8M urea and 5ul
of LDS NuPage sample buffer (Invitrogen, UK) was added to the pellet and heated to 65°C
for 15min to allow protein complexes to dissociate from the beads. Immunoprecipitates and
their corresponding CL were resolved on 10% Bis-Tris gels using MES running buffer and
probed with antibodies to potential interactors. Blots were also probed with monoclonal

anti-DJ-1 to confirm pull-down of DJ-1 protein.

2.3. Immunochemical staining techniques

2.3.1. Immunohistochemistry

Tissue from regions of interest in human control and diseased wax embedded formalin fixed
brains were sectioned at a thickness of 8um using a microtome and dewaxed in 3 changes of
xylene for 5min each before rehydration with graded alcohol (100%, 95% and 70%).
Endogenous peroxidise reactions were blocked by treating with 0.3% H,0, in methanol for
10min after which sections were pre-treated with either formic acid for 5min or pressure
cooking with citrate buffer, pH 6.0 for 10min. Sections were then thoroughly washed in
distilled water to ensure removal of all traces of pre-treatment and then incubated with 5%
milk in PBS for 30min to block non-specific protein binding. The milk was then replace with
primary antibody and incubated for 1 hour at RT or overnight at 4°C. Sections were then
incubated with the relevant secondary antibody for 30min and then advin-botin complex

(ABC) was applied for a further 30min. Antibody concentrations along with the appropriate
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pre-treatment and secondary antibody are listed in table 2.1 below. Diaminobenzidine
(DAB) staining was used to visualise protein IR followed by light counterstaining with
haematoxylin (BDH, UK). After incubation with each reagent, slides where thoroughly
washed in tap water to remove any excess. Before being permanently mounted slides were

dehydrated in increasing strengths of ethanol and passed through two changes of xylene.

Protein Antibody Source Pretreatment Secondary

DJ-1 monoclonal DJ-1 Stressgen 10min pressure cooking anti-mouse, 1:200
1:1000 in citrate buffer, pH 6.0

DJ-1 polyclonal DJ-1 Dr P. Rizzu 5minin 95% formicacid Broad Spectrum kit,
1:200 Zymed

3R tau monoclonal RD3 Dr R. de Silva 10min pressure cooking anti-mouse, 1:200
1:3000 in citrate buffer, pH 6.0

4R tau monoclonal RD4 Dr R. de Silva 10min pressure cooking anti-mouse, 1:200
1:100 in citrate buffer, pH 6.0

Tau AT8 Innogenetics 10min pressure cooking anti-mouse, 1:200
1:600 in citrate buffer, pH 6.0

Ubiquitin polyclonal ubiquitin Dako 10min pressure cooking ant-rabbit, 1:200
1:100 in citrate buffer, pH 6.0

Table 2.1: Antibodies and pre-treatments used for immunohistochemical projects

2.3.2. Double fluorescence confocal microscopy

In order to see co-localisation of DJ-1 and Tau, double immunofluorescence was carried out
sequentially with DJ-1 1130 and AT8 antibodies. Sections were first stained with DJ-1 1130
at 1:200 dilution as described above. After administration of streptavidin-peroxidase
conjugate, slides were incubated for 15min in the dark at RT with tetramethyl rhodamine
fluorescent probe (Perkin Elmer, UK) diluted 1:200 in supplied TSA amplification buffer.
Slides were placed in running tap water to thoroughly wash away any unbound probe prior
to incubation with AT8 antibody, followed by anti-mouse secondary antibody and then ABC
complex. Fluorescein fluorescent probe (Perkin Elmer, UK) was then applied to the sections.
After thorough washing in tap water sections were mounted in aquamount (Merck, UK).

Fluorescent signals were detected using a Leica TCS40 laser confocal microscope.
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2.4. mRNA expression techniques

2.4.1. Quantitative real-time PCR

2.4.1.1. Extraction of RNA

For this study flash frozen tissue from the amygdala, cerebellum, cingulated gyrus, entorinal
cortex, frontal cortex, medulla, parietal cortex and striatum were collected from 20 control
and 20 IPD cases. Total RNA from all samples were extracted via the standard Trizol method.
Small pieces of tissue were homogenised in 2ml eppendorf tubes containing 1ml Trizol
reagent (Invitrogen, UK). Homogenates were allowed to settle at RT before 200ul of
chloroform (Sigma, UK) was added and mixed vigorously by hand. Samples were then
centrifuged at 12,000g for 15min at 4°C to separate the mixture. The resulting clear upper
aqueous phase was transferred to fresh 1.5ml eppendorf tubes, combined with 500l
isopropanol and left to stand at RT for 10min to promote RNA precipitation. This was
followed by centrifugation at 12,000g for 10min at 4°C after which the RNA precipitate in
the form of a white pellet could be seen at the bottom of the tube. The supernatant was
then removed and replaced with 1ml of 75% ethanol. Brief gentle vortexing was used to mix
the sample and the RNA collected again, by a 5min 7,500g spin at 4°C. The supernatant was
then discarded and the RNA pellet air dried before being dissolved in 100ul DEPEC water

using a pipette. 5ul were removed and the remainder stored at -80°C till use.

2.4.1.2. Accessing RNA quality and quantity

Out of the 5ul of RNA kept aside, 1ul was loaded on to a NanoDrop spectrometer and its
absorbance at 230, 260 and 280nm was recorded along with the concentration of the RNA.
The ratio of A260/A280 was used to indicate contamination of the sample with protein, salts
and phenol. Samples whose A260/A280 ratio fell below 1.7 were classed as impure and

discarded.

To assess the integrity of collected RNA, a number of the samples were analysed using the

Agilent Bioanalyser 2100. This involved loading 1ul of sample of RNA on to an Agilent RNA
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6000 nanochip containing a preset gel and allowing it to run against a RNA ladder. RNA is
composed of two ribosomal subunits, 28s and 18s and when run on a gel the ratio of these
two ribosomal bands gives an indication of the integrity of the RNA collected (Fig. 2.2A and
B). For perfect RNA the 28s:18s ratio is 2:1 but as it degrades there is a gradual loss of the
28s ribosomal band and the appearance of smaller degraded products. Samples that were
shown to lack a 28s band or for those where it appeared very faintly were discarded as were

those that showed the presence of multiple degradation products.
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Figure 2.2: RNA integrity analysis. A and B) show electropherogram produced by Agilent
bioanalyser detailing RNA quality of two samples. Sample A shows RNA of excellent quality
whilst sample B shows loss of ribosome 28s and increased degraded RNA products. Samples
with an electropherogram similar to B were re-extracted or discarded. C) RNA integrity

assessment using 1% formaldehyde gels.

The remainder of the samples were run on a 1.5% formaldehyde agarose gel (Fig. 2.2C).
These work on the same principle as the Agilent bioanalyser but are more cost effective and
time efficient when dealing with large sample numbers. Their main drawback is the need to
use a larger amount of the sample. For these gels, 4ul of RNA was mixed with 12ul loading

dye and 2ul of ethidium bromide and heated to 65°C for 15min to denature any RNA
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secondary structure. Samples were then loaded on to the gel and run % of its length at 80v.
Bands were visualised using UV florescence and images stored using Kodak digital camera.
Samples were discarded if the 28s and 18s could not be distinctly identified or if they

exhibited a great deal of smearing on the gel.

Samples that were shown to be degraded by the bioanalyser and formaldehyde gels were
re-extracted. If successful re-extraction was not possible, that tissue sample was dropped

from the series. For this reason the medulla was entirely dropped from the study.

2.4.1.3. cDNA synthesis

Once the purity and integrity of the extracted RNA was confirmed, Superscript Il first-strand
synthesis supermix kit (Invitrogen, UK) was used to convert it into first strand cDNA for use
in quantitative real-time PCR (RT-PCR). For this 1ug RNA was made up to 20ul using the
supermix and left to stand at RT for 10min. It was then incubated at 50°C for 30min and the
reaction was then terminated by heating the mix to 85°C for 5min. 1l of E. coli RNase H
was then added to each reaction and incubated at 37°C for 20min, to ensure breakdown of
remaining RNA. 5ul of the resulting cDNA was removed and converted into a working

concentration of 2ng/ul, whilst the rest was stored at -20°C for future use.

2.4.1.4. Real-time PCR

In order to measure the DJ-1 mRNA levels in human brain regions we decided to use RT-PCR
as it is widely considered the most sensitive method for detecting and quantifying mRNA.
Reactions were carried out in a volume of 25ul consisting of 12.5ul Power Sybr Green
(Applied Biosystems), 10ng cDNA, 0.2uM forward and reverse primers and DEPC water.
Primers for our gene of interest, DJ-1 and housekeeper genes, B-actin and B-2-microglobulin
(B2M) were designed by imputing the gene transcript into a web based program, Primer3

(http://frodo.wi.mit.edu/). B-actin and B2M were chosen as internal controls due to their

stable expression in both control and PD tissue as previously reported (Beyer et al., 2008;

Coulson et al., 2008).
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Suggested primer sequences were then blasted against the human genome sequence using

NCBI blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to see how exclusive they were. In order

to minimise contamination from genomic DNA amplification, at least one of the primers was

designed to fall on an exon-exon boundary.
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Figure 2.3: Primer suitability for RT-PCR amplification. A) Arbitrary concentration of each
dilutant on standard curve plotted against Ct value. A line of best fit is constructed from the
points, is used to assess the efficiency of the DJ-1 primers. B) Dissociation curve from a RT-
PCR run using DJ-1 primers. The single peak indicates the formation of only one PCR product.
Peaks at different points of the curves would be indicative of primer dimer formation or non-

specific binding of primers.
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Suitable primers were tested for their amplification efficiency using a 5 point standard curve
constructed from 5-fold dilutions of template cDNA (Fig. 2.3A). Primer pairs for DJ-1, B-actin
and B2M were only selected if they had an amplification efficiency greater than 90% and if
the dissociation curve for the reaction showed a single peak (Fig. 2.3B), indicating the
amplification of only one product. The sequence of the chosen primers is shown in table 2.2.
All reactions were run in triplicates on a 96 well Stratagene Mx3000P gPCR system. The
cycling protocol consisted of 40 cycles involving a 30s denaturation step at 94°C followed by
a 1min annealing step at 55°C for runs involving B-actin and 60°C in the case of DJ-1 and
B2M and ending with 30s at 72°C for extension. Each plate contained 3 no template controls
to ensure there was no contamination of reagents and a dissociation curve analysis was

added to the end of each run to confirm amplification specificity.

Primer Name Primer Sequence 5' - 3'

B2M F TTTCATCCATCCGACATTGA
B2M R CCTCCATGATGCTGCTTACA
B-actin F AGTACTCCGTGTGGATCGGC
B-actin R GCTGATCCACATCTGCTGGA
DJ-1F CTGGCTAAAGGAGCAGAGGA
DJ-1R ATCTTCAAGGCTGGCATCAG

Table 2.2: Sequence of primers used to quantify DJ-1 mRNA expression

2.4.1.5. RT-PCR analysis

RT-PCR data was analysed using a variant of the widely used comparative Ct method
proposed by M. W. Plaffl (Pfaffl, 2001). This formula allows the efficiency of the PCR
amplification for each primer to be taken into account, when calculating gene expression
levels for samples without having to run a standard curve of known RNA concentration
during each run. Thus it provides a more accurate comparison of mRNA levels without
incurring the additional costs that running a standard curve per plate would add if | was to

use the standard curve method for analysis.
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Ct values for the target gene DJ-1 in each sample was averaged and normalised to the
average Ct value of both housekeeper genes. One sample was then chosen to be the
internal control and all other readings were normalised to this. A good explanation of the

different modes of analysis can be found at http://pathmicro.med.sc.edu/pcr/realtime-

home.htm.

2.4.2. RNA immunoprecipitation

2.4.2.1. Dynabead preparation

For each sample, 100ul of Dynabeads Protein G (Invitrogen, USA) was placed into tubes on a
magnetic rack and the initial storage solution was removed once all the beads had stuck to
the side wall. Beads were then washed twice with 1ml 150mM NaAc, pH 5.0, in the same
manner. 30ug of polyclonal anti-DJ-1 C16 antibody (Santa Cruz, USA) and 150ul of NT2
buffer (50mM Tris. pH 7.4, 150mM NaCl, 1ImM MgCl,, 0.05% NP-40) was subsequently
added to the beads and rotated for an hour at 4°C. They were then washed three times with
1ml ice cold NT2 buffer and stored for use. As a control, 100ul of Dynabeads were prepared
in a separate tube in the same manner using 30ug non-specific IgG antibody (Santa Cruz,

USA) in place of DJ-1.

2.4.2.2. Tissue preparation

Whilst the Dynabeads were being prepared, tissue was homogenised by hand in PLB buffer
(0.5% NP-40, 10 mM Hepes, 100 mM KCI, 5 mM MgCI2, 1ImM DTT, RNase OUT and protease
inhibitors) using a glass homogeniser and left to stand on ice for 10min. Debris was then
removed by centrifuging homogenate at 14000g for 15min at 4°C. The supernatant was
then pre-cleared by rotation with 5ug non-specific IgG (Santa Cruz, UK) and 50ul of

Dynabeads for 30min at 4°C. Supernatant was then removed and stored for use.
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2.4.2.3. Immunoprecipitation

To both the prepared DJ-1 and IgG Dynabeads; 700ul NT2 buffer, 10ul 0.1M DTT and 10yl
RnaseOUT (Invitrogen, USA) was added along with 250ul of the cleared lysate and rotated
overnight at 4°C. The next day the supernatant was removed and stored whilst the beads
were washed four times with 1ml cold NT2 buffer. After the last wash 100ul NT2 buffer with
5ul amplification grade DNase (Invitrogen, USA) and incubated for 5min at 37°C. DNase was
then replaced with 100ul fresh NT2 buffer containing 0.1% SDS and 2.5ul Proteinase K
(Ambion, USA) and incubated at 55°C for 20min. The supernatant was then transferred to a
fresh tube and beads washed with another 200ul NT2 which was then added to the first
collected supernatant. 300ul of lower layer acid phenol-chloroform (Ambion, USA) was then
added and the mixture vortexed. Tubes were then spun for 1min at RT and upper layer
transferred to a fresh tube to which 20ul 3M NaAc pH5.2, 625ul 100% ethanol and 5l
glycoblue were added and mixed together. Tubes were placed at -20°C over night to allow
RNA to precipitate out. RNA was collected by spinning the tubes the next day at 14000g at
4°C for 30min. Supernatant was removed and pellet washed once with 1ml 70% ethanol,

air-dried for 5min and resuspended in 16ul DEPC water.

2.4.2.4. cDNA synthesis

The collected RNA was converted into cDNA using SuperScript Il First Strand Synthesis
System (Invitrogen, USA) as follows. For each reaction, 8ul of RNA was combined with 1ul of
50mM Oligo (dT),o primer and 1pl dNTP mix in a 0.5ml tube and heated to 65°C for 5min.
The reaction was stopped by placing on ice for Imin. Next the cDNA synthesis mix was
prepared using 2ul 10x RT buffer, 4ul 25nM MgCl,, 2ul 0.1M DTT, 1ul (40 units) RNaseOUT
and 1pl (200 units) SuperScript Il RT. This was added to the RNA/primer mixture, gently
mixed and incubated at 50°C for 50min followed by heating to 85°C for 5min in order to
terminate the reaction. Tubes were then briefly centrifuged and placed on ice before 1ul of
RNase H was added and left to stand for 20min at 37°C. Like samples were then pooled

together and stored at -20°C.
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2.4.2.5. Identification of mRNA transcripts using RT-PCR

RT-PCR was performed in order to identify selected transcripts under similar principle as
before. Reactions were carried out in 384 well plates with a total reaction volume of 10ul
consisting of 5ul Sybr Green, 0.3ul forward primer, 0.3ul reverse primer, 1.9ul sterile water
and 2.5ul cDNA. Primer sequences for selected transcripts are shown in table 2.3. Reactions
were performed using a 7900HT Fast Real Time PCR system (Applied Biosystems, USA)
under the following settings: 30s denaturing step at 94°C, 1min annealing step at 60°C and
finally 30s extension step at 72°C. All reactions were performed in quadruplicates.

Expression of transcripts of interest were normalised to corresponding B-actin levels.

Primer Name Primer Sequence 5' - 3'

GPx3 F GTGCTGGACAGTGACAACCCT
GPx3 R GGAGGCAGTGGGAGATGCT
GPx4 F GAGATCAAAGAGTTCGCCGC
GPx4 R GGTGAAGTTCCACTTGATGGC
MAPKS8IP1 F TGATGAACCCGACGTCCATT
MAPKS8IP1 R CCGTTGATGATGCAGGAGAAC
ND1 F ATGGCCAACCTCCTACTCCT
ND1R GGTAGATGTGGCGGGTTTTA
ND2 F TAGCCCCCTTTCACTTCTGA
ND2 R ATTTTGCGTAGCTGGGTTTG
ND4 F CCTGACTCCTACCCCTCACA
ND4 R ATCGGGTGATGATAGCCAAG
NDS5 F AGCCCTACTCCACTCAAGCA
ND5 R TCGATGATGTGGTCTTTGGA
NDUFB1 F TGGCAGAACTGTAGGCCCC
NDUFB1 R CATTATGCAGGATCGGCCTCA
PPP2R2C F GAACATCATTGCCATCGCC
PPP2R2CR TTGCGGTCGTGAAGGTCAT
SEPHS2 F CTGGCTCTTTCCTGCTCTGG
SEPHS2 R GGGCTCTGAGGCTTGCTCT
SEPW1 F GGACACCTGGTCTTTCCCTGA
SEPW1 R GATGAAACCACGGGACAGGA

Table 2.3: Sequence of primers used to identify RNA transcripts bound to DJ-1

84



2.4.3. Microarray gene expression

Microarrays are one of the latest tools in molecular biology that allows relative
guantification of gene expression. This procedure was performed with collaborators at the

NIH, Washington USA.

2.4.3.1. RNA extraction

Total RNA was extracted from the frontal cortex of 16 control and 14 IPD cases, using the
Trizol method described previously. Concentration and purity of extracted RNA was
measured using a Nanodrop. RNA integrity was assessed by running 2ug of each sample on
a 1.5% TAE agarose gel in the presence of ethidium bromide, in order to separate the 18s
and 28s bands in a similar manner to the formaldehyde gels described previously. Samples

of poor quality were re-extracted

2.4.3.2. Amplification of RNA

Before samples can be used for array analysis they were amplified with the Illumina
TotalPrep RNA Amplification Kit (Ambion, USA) in a 96 well plate. This primary involved the
synthesis of cDNA from 500ng extracted RNA by incubating with the reverse transcription
master mix containing the reverse transcriptase Array Script, for 2hours at 42°C. The cDNA
was then incubated with 100ul second strand master mix for 2 hours at 16°C. Here DNA
polymerase is used to synthesise a complementary strand to the cDNA forming double
stranded DNA. This was then collected using a filter cartridge, washed with ethanol
containing wash buffer and then eluted into 19ul of nuclease-free water. Once cleaned-up
the double stranded cDNA is used as a template for in vitro transcription to synthesise RNA
using a T7 RNA polymerase. This step is performed at 37°C for 16hours and is where
multiple copies of biotinylated, antisense RNA (aRNA) to each mRNA is generated. The final
stage of the amplification process is the aRNA purification step. Here aRNA is washed in
100% ethanol and wash buffer before being eluted in 100ul preheated nuclease water in
order to remove salts, inorganic phosphates, enzymes and unincorporated NTPs. The

labelled aRNA is now ready for hybridization to array chips.
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2.4.3.3. Hybridization of aRNA to array chip

750ng of aRNA was mixed with 10ul GEX-HYB reagent (lllumina, USA) and heated to 65°C for
5min and allowed to cool to RT. In the meantime HumanRef-8 v2 expression beadchips
(chips that allow gene expression profiling of 8 individual samples in parallel) (lllumine, USA)
were slid into a hybridisation chamber containing 200ul of GEX-HCB (illumine, USA). 15ul of
each sample aRNA/GEX-HYB mix was then pipetted onto each array and chips were
incubated in an oven overnight at 58°C. The following day the chips were taken from the
oven and the coverseal of each array was removed. The chips were then placed immediately
into 250m| wash E1BC solution (lllumina, USA) and then transferred into preheated High-
Temp wash buffer (lllumina, USA) for 10 min. the chips were next placed into fresh wash
E1BC solution and placed on an orbital shaker for 5min. This was followed by 10min on the
orbital shaker in 100% ethanol followed by a further 2min in fresh wash E1BC solution. Chips
were then placed in supplied wash trays and rock for 10min at a medium speed with 4ml
Block E1 buffer (lllumina, USA) before being transferred to fresh wash trays and rocked for a
further 10min with 3ml Block E1 buffer containing 3ul streptavidin-Cy3. Chips were
subjected to one final 5min wash with Wash E1BC solution before being placed in racks and

centrifuged at 275rcf to dry them. They were then stored in the dark at RT till use.

2.4.3.4. Reading and analysis of I[llumina arrays

Micorarrays were read on an lllumina Bead array reader confocal scanner and a spot
intensity was recorded for each probe. The outputted raw data was then loaded into the
supplied lllumina Beadstudio software suite and processed to remove any background
intensity. Data was then normalised to remove any systemic differences between samples,
after which differential gene expression values between control and PD samples could be

calculated using the lllumina Custom algorithm.

2.4.3.5. Validation of microarray results

It is standard practice to validate microarray findings using an independent technique in
order to reduce errors caused by technical inaccuracy of the microarray itself. The technique

we used was RT-PCR.
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2.5. Analysis and representation of data

Where appropriate, data from pathological tissue was compared to data from controls using
statistical tests. Before deciding which test to use, data from each group was analysed using
a D’Agostino and Pearson omnibus normality test to ascertain whether it followed a
Gaussian distribution or not. If the answer was yes, a parametric unpaired student’s T-test
was used to compare data from the two groups. If the data did not follow a normal
distribution, the non-parametric Mann-Whitney test was applied. All statistical calculations
were performed using Graphpad Prism 5. Data was plotted using a combination of 3
programs, Graphpad Prism 5, SPSS 16 and Microsoft Excel 2007. Two main graph types were
employed: bar graph and box-plots. Bar graphs were plotted showing mean+SEM for each
data groups. For box-plots, the mean and interquartile range is illustrated by the bar whilst
the whiskers give an indication of the spread of the data. Data points that were at least one
and a half and three box lengths away from the interquartile range are labelled as outliers

and extreme outliers respectively. Outliers were included in all statistical analysis.
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3. Comparison of DJ-1 expression in
human control and PD brains
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3.1. Preliminary comparison of DJ-1 protein

levels in control and PD

3.1.1. Aim

Since the initial discovery of a Dutch and Italian family harbouring homozygous mutations in
the DJ-1 gene (Bonifati et al., 2003b) a number of other PD inducing PARK7 mutations have
been identified (Abou-Sleiman et al., 2003; Bonifati et al., 2004; Hedrich et al., 2004a;
Hedrich et al., 2004b). These mutations often result in either lack of protein synthesis or
formation of aberrant DJ-1 protein and it is the consequential loss of function that results in
the development of PD. However, these mutations occur very rarely and account for less
than 2% of early-onset cases (Abou-Sleiman et al., 2003; Clark et al., 2004; Hedrich et al.,
2004a). Since its contribution towards familial PD is minimal, we decided to investigate any
possible involvement in sporadic cases like other PD gene linked proteins e.g. a-synuclein.
Using tissue from QSBB we aimed to first learn whether DJ-1 protein levels are altered in PD

subjects which would compromise its function.
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3.1.2. Material and methods

3.1.2.1. Pathological material

Sample Sex Age PMD pH Pathology Regions
Nigra STR FCX CB

Conl M 79 56.40 6.60 - X X X

Con 2 F 89 77.3 6.49 - X X

Con 3 F 78 51.30 6.24 - X

Con4 M 83 117.05 6.81 - X

Con5 M 63 42.00 6.23 -

Con 6 F 73 28.00 6.38 -

Con7 M 81 40.00 6.48 -

Con 8 F 83 20.00 6.55 -

MeantSEM 4M, 4F 78.6+2.8 54.0+10.9 6.5+0.1

PD 1 F 84 36.00 N/A N X X

PD 2 M 73 25.20 7.18 N X X

PD 3 M 75 44.15 6.73 N/A X X

PD 4 M 55 8.00 6.37 N X X

PD 5 F 71 50.10 6.38 N

PD 6 F 82 24.00 6.4 L

PD 7 F 73 40.15 6.44 N/A

MeantSEM 3M, 4F 73.3+3.6 32.5#5.4 6.6x0.1

Table 3.1: Demographic data of samples used in initial study of DJ-1 protein levels. N =

Neocortical, L = limbic, STR = striatum, FCX = frontal cortex and CB = cerebellum.

For this study a small cohort of samples homogenised in buffer (10mM Tris-HCL, pH7.4,
0.8M NaCl, ImM EGTA, 10% sucrose and PIC) by my supervisor Dr Bandopadyay prior to the

start of the project were used. Sample details are listed in table 3.1.

3.1.2.2. DJ-1 chemilluminescent western blotting

10ug of each sample was combined with 4x LDS sample buffer, 10x reducing agent and
water and separated on a 10% Bis-Tris gel. Proteins were then transferred and probed with
monoclonal DJ-1 antibody diluted 1:5000 for 1 hour overnight at 4°C and then incubated
with a HRP-conjugated anti-mouse IgG secondary antibody also diluted 1:5000 for 1 hour at

RT. ECL and autoradiography film was used to detect DJ-1 immunoreactive bands.
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Preliminary results showed DJ-1 expression levels to be high which caused saturation of
protein bands on the autoradiograph film, even with short exposure times as shown in

figure 3.1.

(_C.Q.DI.LQJ_> (_LED_>
..--.. <— DJ-1(24 kDa)

Figure 3.1 DJ-1 immunoreactive bands from fontal cortex. Visualisation of DJ-1 protein
levels from 10pg of 3 control and 3 PD frontal cortex samples using ECL. Bands become

saturated in as little as 10seconds.

This can produce a false intensity reading which makes accurate quantification of protein
levels difficult. Two possible ways of overcoming this would be to repeat the run using a
lower protein concentration or reduce antibody concentration. A third option that was
available to us was to make use of an Odyssey Infrared imaging system which recently
became available to us. By replacing the conventional HRP-conjugated secondary antibodies
with fluorescent probes, we were able to accurately measure protein levels. Additionally the
system allowed us to simultaneously probe for two proteins using a polyclonal and
monoclonal antibody thereby removing the side-effects of membrane stripping and re-

probing.

3.1.2.3. DJ-1 fluorescent western blotting

By taking into account our ECL produced results and the recommended operating guidelines
of the Odyssey machine, the total protein load was halved to 5ug. This was separated on a
10% Bis-Tris gel and transferred on to Immobilon-FL PVDF membrane. After blocking with
5% milk, blots were incubated together with monoclonal DJ-1 and polyclonal B-actin
antibodies (both 1:5000) overnight at 4°C. Blots were then incubated with IRDye 680 Goat
Anti-Mouse and IRDye 800 Anti-Rabbit secondary antibodies at 1:20000 dilution for an hour
at RT before being scanned on the Odyssey machine. DJ-1 levels were normalised to
corresponding B-actin levels and data for control and PD groups were compared via an

unpaired student’s T-test.
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3.1.3. Results
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Figure 3.2: Quantitative western blot analysis of total DJ-1 protein expression in multiple
control and PD brain regions. A) An immunoblot showing DJ-1 (red 700 channel) and B-actin
(green 800 channel) protein levels in control and PD cases from frontal cortex n = 3. B)
Densitometric quantification of DJ-1 monomer protein levels normalised to B-actin levels in
the corresponding brain extract. The bar graph shows the results (mean+SEM) for the nigra
(n = 4), striatum (n = 4), frontal cortex (n = 3) and cerebellum (n = 3). * indicates a significant
(p < 0.05) decrease in total level of DJ-1 protein in PD region versus control, as determined by

a student’s T-Test.
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Western blotting analysis of PD and control samples showed DJ-1 presence in all four
regions studied. Quantitative double fluorescent western blotting analysis of DJ-1 protein
levels in this small group of samples showed a significant decrease (p<0.05) in nigra and
cerebellum of PD case when compared to controls (Fig. 3.2). Protein levels were reduced in
these two regions by 44% and 35% respectively. A non-significant (p=0.12) decrease of 52%
was also observed in PD striatum tissue. The PD frontal cortex showed negligible changes in
DJ-1 protein levels. Together these results provide an indication for a disease related change
in DJ-1 protein levels for a number of regions. Expanding this study using more samples

would improve the statistical power of these findings.

3.2. Extended analysis of DJ-1 protein levels in

control and PD brains

3.2.1. Aim

The aim of this study is to expand on preliminary data gathered showing significant PD
related decreases of DJ-1 protein in the nigra and cerebellum. By increasing the sample size,
we hope to validate these findings and provide more scientifically significant evidence for

changes in DJ-1 protein levels in PD brains.

3.2.2. Materials and methods

3.2.2.1. Pathological material

Tissue group sizes were increased to 8 and homogenised in 50mM Tris-HCL buffer (pH 7.0)
as detailed in section 2.2.1. Whilst the nigra is the key pathological region associated with
PD, we had difficulty sourcing more tissue and it was therefore dropped. As a replacement
we considered the medulla, firstly because it is thought to be affected by PD prior to the
nigra and secondly, because it is a relatively understudied region. Details of cases chosen for

this study are shown below, in table 3.2.
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Sample Sex Age PMD pH Pathology Regions
Med Str FCX CB

Conl F 85 37.10 n/a - X X
Con 2 F 95 39.30 n/a - X

Con 3 M 79 56.40 6.60 - X X X X
Con4 M 85 43.35 6.68 - X

Con5 M 86 53.00 6.65 - X

Con 6 M 57 78.50 6.03 - X X

Con7 F 84 28.50 6.13 - X X X
Con 8 M 71 38.5 n/a - X X

Con9 M 63 42.00 6.23 - X X
Con 10 F 91 98.50 6.41 - X
Con 11 F 73 28.00 6.38 - X X
Con 12 F 78 23.30 6.07 - X
Con 13 F 83 22.00 6.25 -

Con 14 F 64 79.00 5.88 -

Con 15 F 86 46.50 6.17 -

Con 16 F 85 34.00 6.31 -

MeantSEM 6M, 10F 79.1+2.7 46.7+5.4 6.3+0.1

PD 1 F 77 80.00 6.53 N X X X X
PD 2 F 78 75.45 6.46 N X

PD 3 F 81 24.25 n/a L X

PD 4 M 70 61.20 6.29 L X

PD 5 M 55 8.00 6.37 N X X
PD 6 M 71 40.45 6.1 N X

PD 7 M 79 27.25 5.88 N X

PD 8 M 71 81.30 6.76 N X

PD 9 M 75 22.25 6.22 N/A X
PD 10 M 77 28.25 6.39 N/A X X
PD 11 F 62 46.20 5.88 N X
PD 12 F 74 48.15 n/a N/A X X
PD 13 F 69 52.45 6.14 N/A X X
PD 14 M 76 28.45 n/a N/A X X
PD 15 M 77 23.35 6.26 N X

PD 16 F 57 85.40 n/a N/A X

PD 17 F 88 11.30 6.38 L

PD 18 M 73 20.30 6.22 T

PD 19 M 70 71.30 6.17 L

MeantSEM 11M, 8F 72.4+1.9 41.9+5.6 6.3+0.1

Table 3.2 Demographic data for tissue samples used in extended study of DJ-1 protein
levels. N/A = not available, N = Neocortical, T = Transitional, L = Limbic, Med = medulla, Str =

striatum, FCX = frontal cortex and CB = cerebellum
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3.2.2.2. DJ-1 fluorescent western blotting

Western blotting was carried out in a similar manner to that used in the initial study. The
key difference being that the polyclonal B-actin antibody was replaced with a monoclonal
variant (Sigma, UK) as it provides a stronger and cleaner signal. In addition we increased the
total amount of protein loaded to 10ug and reduced the concentration of the primary
antibodies to 1:10000 in order to lessen non-specific membrane background. As both the
DJ-1 and PB-actin antibodies were monoclonal only the IRDye 680 Goat Anti-Mouse
secondary antibody was used at 1:20000 dilution. Blots were scanned on the Odyssey
machine and DJ-1 protein levels normalised to B-actin before being statistically analysed

using an unpaired student’s T-test.

3.2.2.3. DJ-1 ELISA

In order to independently verify western blotting results, DJ-1 protein levels in the same
samples from the frontal cortex, striatum and cerebellum were measured using a
commercially available ELISA kit. As the kit was designed for use with plasma, we attempted
to standardise it for use with human brain homogenate. This involved finding the optimum
homogenate dilution which did not disrupt the standard curve as described in the methods.
This was identified as being 1:5000. Samples were then diluted accordingly in PBS and DJ-1

protein levels measured as described in section 2.2.5.

3.2.2.4. Results

Our expanded study into PD induced changes in DJ-1 protein levels (Fig. 3.3) confirmed our
preliminary findings of a significant decrease in PD cerebellum (p < 0.02). Additionally, by
increasing the sample size we find PD striatum to now exhibit a significant decrease (p <
0.04) in DJ-1 protein. The frontal cortex is another region that now shows a statistically
significant decrease in DJ-1 protein in PD tissue compared to control. Indeed, of the four
regions examined, the frontal cortex shows the most significant decrease (p = 0.0005) of DJ-
1 in protein. Following the trend of the other regions, we also find the medulla from PD
brains to have a markedly lower (p = 0.0014) DJ-1 protein content compared to controls

using a 2-tailed T-test. The greatest decrease in protein was found in the cerebellum, where
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on average PD tissue contained 70% less DJ-1 protein than control cerebellum. The smallest
decrease was 39% in the striatum whilst the medulla and frontal cortex from PD cases

contained approximately 60% less DJ-1 protein.
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Figure 3.3: Quantitative western blot analysis of total DJ-1 protein expression in multiple
control and PD brain regions. A) An immunoblot showing DJ-1 and B-actin protein levels in
control and PD cases from frontal cortex n = 8 detected together in 700 channel. B)
Densitometric quantification of DJ-1 monomer protein levels normalised to B-actin levels in
the corresponding brain extract. The bar graph shows the results (meant+SEM) for the
medulla, striatum, frontal cortex and cerebellum. * indicates a significant (p < 0.05), ** highly
significant (p < 0.01), *** very significant (p < 0.001) decrease in total level of DJ-1 protein in

PD region versus control, as determined by a student’s T-Test.
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Figure 3.4: Quantitative analysis of total DJ-1 protein levels in multiple brain control and

PD brain regions using ELISA. A) parallelisms for DJ-1 between calibrant dilution buffer and

brain homogenate of varying dilutions. B) Parallelism for DJ-1 between dilution buffer and

brain homogenate diluted 1:5000 showing linear regression. C) Levels of soluble DJ-1 in

homogenised striatum, frontal cortex and cerebellum control (n = 8) and PD brain (n =8). 0 =

outliers. F. Ctx = frontal cortex
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The commercial ELISA kit is designed for use with human serum/plasma, human cell lines or
conditioned medium and had to be adapted for use with human brain homogenate.
Parallelisms between the supplied calibrated dilution buffer and brain homogenate were
assessed by generating standard curves using different dilutions of brain homogenate
spiked with recombinant human DJ-1 (Fig. 3.4A). 1:5000 dilution of brain homogenate
displayed the best parallel relationship with the original dilution buffer, as judged by the
linear regression line (Fig. 3.4A and B); suggesting interference from brain matrices is
minimal at this dilution. Using this dilution factor, we used the ELISA kit to measure soluble
DJ-1 protein levels from striatum, frontal cortex and cerebellum of normal control and PD
brains. Homogenates for these 3 regions were the same as used in western blotting analysis
of DJ-1 protein levels (table 3.2). Contrary to immunoblotting data, no variation in DJ-1
reactivity was detected in any of the regions between control and diseased samples
(Fig.3.4C). In both control and PD brains, the region with the greatest amount DJ-1 protein

in proportion to total protein was the frontal cortex.

3.3. Analysis of DJ-1 insolubility in PD

3.3.1. Aim

Having noted soluble DJ-1 protein levels to be significantly reduced in PD brains, we aim to
examine whether this is due to a progressive transition towards an insoluble state by
sequentially extracting DJ-1 from control and PD cases using buffers of increasing

solubilisation strengths.

3.3.2. Materials and methods

3.3.2.1. Pathological material

As described in Campbell et al.,, (1999), DJ-1 was sequentially extracted in buffers of

increasing solubilisation strengths (TBS soluble, SDS soluble and urea soluble) from the same
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frontal cortex tissue used to study soluble DJ-1 protein levels (table 3.2). Frontal cortex

tissue was chosen due to its availability and involvement in PD.

3.3.2.2. DJ-1 chemilluminescent western blotting

DJ-1 protein was detected in each fraction using monoclonal DJ-1 antibody after separation
on Bio-Rad 10% Tris-HCL gels. For TBS and SDS soluble samples 5ug were separated whilst
for urea soluble samples 20ug was used. Density of protein bands were measured using Bio-
Rad Quality One software. DJ-1 protein levels were normalised to B-actin and control and

PD groups compared using an unpaired student’s T-test.

3.3.3. Results

In order to study alterations in DJ-1 protein solubility, 8 frontal cortex samples were
separated into increasingly insoluble fractions. The most soluble proteins were collected in
the TBS buffer, whilst 5% SDS buffer was used to solubilise proteins with an intermediate
solubility property, including membrane bound proteins and protein aggregates. The most

insoluble protein aggregates were solubilised in 8M urea buffer containing 8% w/v SDS.

Analysis of all samples by western blotting showed DJ-1, for both control and PD cases, to
be present in all 3 buffers (Fig. 3.5B). Separation of 5ug of TBS soluble samples on 10% Tris-
HCL gels and probing with anti-DJ-1 antibody (dilution 1:5000), revealed PD samples to
possess a significantly (p=0.03) lower amount of DJ-1 protein than controls samples (Fig.
3.5A). Analysis of DJ-1 protein levels in SDS fractions separated in a similar manner also
revealed a highly significant (p=0.002) decrease in PD. No DJ-1 immunoreactivity was
initially visible in urea fractions. However, after increasing protein load to 20ug and probing
with a higher concentration of antibody (1:2000) DJ-1 was detected in all samples.
Densitometric quantification followed by normalisation to B-actin showed that like in TBS
and SDS fractions, a decreasing trend of DJ-1 protein levels were noted in PD urea samples,
though differences to controls were not significant (p=0.07). Comparison of immunoblots of
all three fractions, suggest DJ-1 protein is largely present in TBS fraction and that only a

small proportion resides in the urea soluble homogenate. No higher molecular weight DJ-1

99



complexes were detected for any of the samples in the 3 fractions with the only observed

band corresponding to the 24kDa DJ-1 monomer.
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Figure 3.5: TBS, SDS and Urea soluble DJ-1 protein expression in control and PD frontal
cortex. A) Densitometric quantification of DJ-1 protein levels in TBS, SDS and urea soluble
fractions from frontal cortex of control and PD subjects. All samples normalised to
corresponding B-actin and control and PD groups compared using unpaired student’s T-test.
* = p<0.05 and **= p<0.01. B) Immunoblots of DJ-1 and B-actin from TBS, SDS and urea

fractions of 8 control and 8 PD frontal cortex samples.
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3.4. Comparison of DJ-1 mRNA expression in

control and PD brains

3.4.1. Aim

Having eliminated disease related aggregation as a cause for the lower soluble DJ-1 protein
content found in PD brains, quantitative real-time PCR was used to compare DJ-1 gene
expression. Differences between DJ-1 mRNA levels between normal control and PD tissue
would suggest the lessened DJ-1 protein levels seen in PD were due to transcriptional
changes. However if DJ-1 gene expression is similar in both, post-translational processes

such as enhanced protein degradation could be responsible.

3.4.2. Materials and methods

3.4.2.1. Pathological material

Tissue for this study was collected with the aid of two fellow PhD students, Miss Simone
Sharma and Mr Alan Renton, from the medulla, striatum, frontal cortex and cerebellum to
correlate with the protein data gathered earlier. Simone and Alan also required RNA from
the amygdala, cingulate gyrus, entorhinal cortex and parietal cortex so these regions were

also incorporated into my study. Details of cases selected are recorded in table 3.3 below.
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Case Sex Age PMD pH Pathology Regions RNA collected from
CB FCX ECX PCX AMY CG STR

Conl F 77 23.0 5.60 - b'¢ X )¢ X X }'¢ ¢
Con 2 F 86 46.5 6.17 - X X X X X X X
Con 3 F 84 81.5 6.28 - X X X X X X X
Con 4 M 85 434 6.68 - X X X X X X X
Con 5 M 86 53.0 6.65 - X X X X )¢ X

Con 6 M 86 23.3 6.55 - X X X X X X X
Con7 M 81 40.0 6.48 - X X X X X X
Con 8 F 53 29.5 6.64 - X X X X X X X
Con 9 M 91 48.0 6.54 - )¢ X )¢ X X X
Con 10 F 88 49.3 6.23 - X X X X X X
Con 11 F 85 34.0 6.31 - X X X X X X X
Con 12 F 89 77.3 6.49 - X X )¢ X X )¢ X
Con 13 M 83 117.1 6.81 - X X X X }'¢ X

Con 14 M 79 56.4 6.60 - X X X X X X X
Con 15 M 75 64.5 6.18 - X X )¢ X X X
Con 16 F 81 13.5 6.39 - X X X X )¢ X X
Con 17 M 63 42.0 6.23 - X X X X X X X
Con 18 M 57 78.5 6.03 - X X )¢ X X b'¢ ¢
Con 19 F 78 23.3 6.07 - X X X X X X
Con 20 M 71 38.5 N/A - X X X X X X
MeaniSEM 11M,9F 78.9+2.3 49.1+5.6 6.410.1

PD 1 M 77 46.2 6.73 N X X X X X X X
PD2 M 73 11.2 6.32 N X x X x x x
PD 3 F 62 46.2 5.88 N X x X x x X x
PD 4 F 78 75.5 6.46 N X x X x x X X
PD5 F 87 47.5 6.62 T X x X x x x x
PD6 F 81 24.3 N/A L X x X x x X x
PD 7 M 81 103.0 6.15 T X X X X X X X
PD 8 M 73 20.3 6.22 T X x X x x x x
PD9 F 66 125.3 6.2 N X x X x x X x
PD 10 F 77 80.0 6.53 N X X X X X X X
PD 11 F 88 11.3 6.38 L X X X X X X
PD 12 M 70 61.2 6.29 L X x X x x X x
PD 13 M 55 8.0 6.37 N X X X X X X X
PD 14 M 71 40.5 6.10 N X X X X X X X
PD 15 M 79 27.3 5.88 N X X X X X X X
PD 16 M 71 81.3 6.76 N X X X X X X X
PD 17 M 70 713 6.17 L X X X X X X
PD 18 M 70 51.2 6.29 N X x x x X x
PD 19 M 91 31.5 5.81 N X X X X X X X
PD 20 F 81 57.3 N/A N X x X x x X x

Mean+SEM 12M, 8F 75.1+2.0 51.0+7.1 6.340.1

Table 3.3: Demographic data of samples used to study DJ-1 mRNA expression. x =
successful extraction of RNA from that region. N/A = data not available. N = neocortical, T =
transitional, L = Limbic, CB = cerebellum, FCX = frontal cortex, ECX = entorhinal cortex, PCX =

parietal cortex, AMY = amygdala, CG = cingulate gyrus and STR = striatum.
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3.4.2.2. RNA extraction

Total RNA was extracted with the help of Simone and Alan using Trizol. RNA integrity was
assessed by separation on 1% formaldehyde gels or Agilent bioanalyser. All medulla samples
along with a few samples from each of the other regions were dropped from the study due

to the poor quality of RNA extracted. RNA concentration was measured using a nanodrop.

3.4.2.3. Real-time PCR

1ug RNA from each successful extractions was converted into cDNA using SuperScript Il
cDNA synthesis kit, as previously described. Expression of DJ-1 was measured using RT-PCR
and normalised to corresponding expression of two housekeeper genes, B-actin and B2M.
After normalisation, expression of DJ-1 was compared between control and PD samples for

each region using a nonparametric Mann-Whitney statistical test.

3.4.3. Results

Analysis of DJ-1 mRNA expression, normalised to two housekeeping genes, B-actin and B2M,
was performed across multiple control and diseased brain regions using RT-PCR and shown
in figure 3.6. Similar to protein expression, the highest average level of DJ-1 mRNA in control
brain was found in the cerebellum followed by the frontal and entorhinal cortex. The brain
region with the lowest expression of DJ-1 mRNA in normal control was the amygdala. In PD
brains the amygdala was also the region with the lowest DJ-1 mRNA expression whilst the

entorhinal cortex was where DJ-1 mRNA was most abundant.

Control and PD data were compared using a Mann-Whitney U test. Like protein expression,
a statistically significant down-regulation of DJ-1 mRNA was observed in PD cerebellum
(p=0.0003), frontal cortex (p<0.005) and striatum (p<0.04). The largest DJ-1 mRNA
expression decrease, at 58%, is seen in the cerebellum (table 3.4). DJ-1 gene expression was
significantly elevated in both the entorhinal cortex (p < 0.005) and amygdala (p = 0.0005) of
PD brains in comparison to controls. An increase of 92% nearly doubles the expression of

DJ-1 mRNA in PD amygdala compared to control whilst 39% increase was seen in PD
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entorhinal cortex. There is no significant difference between the ages, post-mortem delay or

pH of control and PD brains which could have influenced DJ-1 gene expression (Fig. 3.7).
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Figure 3.6: Quantitative real time PCR comparison of human DJ-1 mRNA in multiple human
control and PD brain regions. Data was normalised to B-actin and B2M expression and
analysed using a Mann-Whitney U test. Differences between control and PD data considered
statistically significant if p < 0.05 (*), highly significant if p < 0.01 (**) and very significant if p
< 0.001 (***). o = outlying readings and + = extreme outliers. Ent Ctx = entorhinal cortex, Cing

Gy = cingulated gyrus, F. Ctx = frontal cortex and P. Ctx = parietal cortex. n = 16-20.

Striatum F. Ctx Cerebellum

Decrease in DJ-1 mRNA expression 43% 34% 58%
Decrease in DJ -1 protein expression 39% 60% 70%

Table 3.4: DJ-1 mRNA and protein changes in PD tissue compared to control.
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Figure 3.7: Post-mortem delay, age and pH of control and PD brains included in the real

time PCR analysis. Student’s t-test showed no difference between the two groups.

3.5. Gender specific changes in DJ-1 expression

3.5.1. Aim

DJ-1 has been implicated in male fertility and is homologous to rat CAP1, levels of which can
be reduced in sperm and epididymis of rats by treatment with toxic spermicide. This
suggests a gender specific role for DJ-1. Using data detailed above, | aim to examine gender

related effects on the changes in DJ-1 protein and mRNA expression seen in PD.

3.5.2. Material and methods

3.5.2.1. Pathological material

Data regarding DJ-1 protein and mRNA levels shown in Fig 3.4 and 3.8 were separated
according to gender (table 3.5) and the mean, SD and SEM for each group calculated. An
unpaired student’s T-test was used to compare gender specific DJ-1 protein changes whilst

DJ-1 mRNA data was analysed using a nonparametric Mann-Whitney U test.
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DJ-1 protein

Striatum F.Cortex Cerebellum
Male con 4 5 3
Male PD 4 5 4
Female con 4 3 5
Female PD 4 3 4
DJ-1 mRNA

Striatum E.Cortex = Amygdala Cing. Gy F.Cortex P.Cortex Cerebellum
Male con 10 11 8 11 11 10 10
Male PD 12 12 9 12 12 12 12
Female con 8 9 8 9 9 9 8
Female PD 8 8 7 8 8 8 8

Table 3.5: Number of male and female samples used per region for gender specific study

on DJ-1 protein and mRNA changes in PD.

3.5.3. Results

Comparison of DJ-1 protein levels in male subjects (Fig. 3.8A) show significantly lower levels
in the striatum (p=0.04), frontal cortex (p=0.003) and cerebellum (p=0.04) of PD brains. In
control males, the cerebellum contains the greatest amount of DJ-1 protein, at least 3 times
more than in striatum and frontal cortex. In males, the cerebellum appears most vulnerable
to DJ-1 protein loss, with PD patients having approximately 71% less DJ-1 protein than their
control counterparts. The same region also displays a highly significant (p = 0.0007) loss of
DJ-1 mRNA which at 64% is the biggest out of all the regions in male PD brains. The striatum,
frontal cortex and parietal cortex also all show significant decreases, p=0.03, 0.004 and
0.004 respectively, of around 50% in DJ-1 mRNA in male PD subjects. Analysis of male
entorhinal cortex data reveals that the significant increase in DJ-1 mRNA noted in figure 3.8
no longer exists. PD amygdala though still displays a very significant (p=0.0001) increase in

DJ-1 mRNA, with average levels more than double those found in controls.
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Analysis of data from female brains (Fig. 3.8B) provides some interesting findings. Whilst a
highly significant (p=0.009) decrease in DJ-1 protein levels is observed in the frontal cortex
of female PD subjects, there is no longer any significant variation in the cerebellum and
striatum of female control and PD brains. Likewise DJ-1 mRNA levels continue to be
significantly elevated in female diseased entorhinal cortex tissue (p<0.004). However, no
other region shows any statistical differences in DJ-1 mRNA expression between control and
PD cases. For both male and female control cases, DJ-1 mRNA appears to be highest in the
cerebellum but in PD brains the greatest DJ-1 gene expression is seen in the entorhinal
cortex, particularly in females. Medulla protein levels were not examined in this manner, as

only two female PD samples were used, making it unsuitable for statistical analysis.

3.6. Identification of the native state of DJ-1

3.6.1. Aim

Higher molecular weight (HMW) complexes of DJ-1 were noticed on a number of
autoradiographs exposed for prolonged periods of time to DJ-1 immunoblots. The following
experiments were aimed at identifying the native state of DJ-1 in human control and PD

brains.

3.6.2. Materials and Methods

3.6.2.1. Denaturing western blotting

DJ-1 protein was detected in nigra, striatum, frontal cortex and cerebellum control and PD
tissue (table 3.1), using standard western blotting techniques described in section 2.2.3.
Briefly, 10ug of each sample was separated on 10% Tris-glycine gels under denaturing
conditions. Blots were probed with monoclonal DJ-1 antibody (dilution 1:5000) and protein
immunoreactivity detected by exposing a autoradiographic film to activated immunoblots

for 4 hours.
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3.6.2.2. Native, non-denaturing western blotting

Two control cerebellum samples were also separated on a 7% Tris-acetate gel, under native
non-denaturing conditions. To achieve this, samples were not mixed with reducing agent or
SDS and not heated. After gel electrophoresis, samples were transferred onto membranes,

incubated with anti-DJ-1 antibody and visualised using x-ray film.

3.6.2.3. Gel-exclusion chromatography

One control and one PD medulla, striatum, frontal cortex and cerebellum tissue sample was
homogenised in PBS containing 0.1% Triton-X100 and separated via FPLC gel-exclusion
chromatography into 45 fractions by collaborators at the NIH, Washington DC. Each fraction
was then screened for the presence of DJ-1 by western blotting. Imagel, an analysis
software similar to Quality One was used to measure the density of DJ-1 bands. These were
then expressed as a percentage of total DJ-1 and duly plotted in Microsoft Excel to identify

the most abundant DJ-1 complex.

3.6.3. Results

10ug of brain homogenate, containing soluble protein, were separated on 10% tris-glycine
gels and probed with monoclonal DJ-1 antibody. 2 SDS resistant DJ-1 complexes, in addition
to the 24kDa monomer, were seen after prolonged exposure to X-ray film. The 47kDa
complex was clearly evident in both the cerebellum and striatum, with a faint
immunoreactive band also noticeable in the nigra (Fig. 3.9A). The molecular size of this
complex is comparable to DJ-1 dimer. In samples from the cerebellum, a faint
immunoreactive band was detected just below the 47kDa dimer complex and may
represent a modified/degraded DJ-1 dimer. In addition to the monomeric and dimeric forms
of DJ-1, another DJ-1 complex with a molecular weight of 64kDa was seen on all the samples
from nigra, cortex, striatum and cerebellum. These HMW complexes appear in both control
and PD samples. This band appears to be most prominent in the nigra of control and PD

brains and weakest in the frontal cortex.
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Figure 3.9: Higher molecular weight DJ-1 complexes. A) Prolonged exposure of
autoradiographic film to DJ-1 immunoblots showing presence of 47 and 64kDa SDS-resistant
complexes containing DJ-1. Regions shown are nigra, frontal cortex, striatum and cerebellum
First half of samples on each immunoblot are control samples and the latter half are PD

samples.

Figure 3.10: Native DJ-1 expression in cerebellum. Separation of 5ug control cerebellum

homogenate on native gel followed by incubation with anti-DJ-1.

In order to ascertain the native state of DJ-1 in human control and PD brain tissue, 5ug of
control cerebellum was separated under native non-denaturing conditions. Probing with
monoclonal DJ-1 antibody showed a smear in each sample reflecting the inability of DJ-1 to

be resolved under these conditions (Fig. 3.10).
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Figure 3.11: Distribution of human brain DJ-1 from control medulla after gel filtration.
Immunoblot showing distribution of DJ-1 in fractions 29-35 and a graph showing the amount
of DJ-1 in each fraction expressed as a % of total DJ-1 present. The majority of DJ-1 is found
in fraction 32, which includes molecular complexes with a molecular weight of approximately

40kDa £15%. This would include the DJ-1 dimer with its predicted weight of 47kDa.

As an alternative, control and PD brain tissue was homogenised in PBS containing 0.1%
Triton X100 and subjected to FPLC gel-exclusion chromatography. Analysis of native DJ-1
from multiple control and PD brain regions, via this method revealed a single major peak for
all samples in fraction 32 (Fig. 3.11 and table 3.6). This corresponded to a molecular weight
range of 39-47kDa. Given the £15% accuracy of this technique, this is consistent with the
predicted size of DJ-1 homodimer and the 47kDa immunoreactive band seen in figure 3.9.
For all tissue used, the greatest percentage of DJ-1 was found in this fraction, suggesting the
majority of DJ-1 protein in human brain exists as a dimer. DJ-1 also exists as a monomer,
though in much lower levels. This can be seen by its elution into fraction 35, which relates to
proteins with an approximate size of 25kDa. A tiny percentage of DJ-1 with a calculated size
of 63-70kDa was observed in fraction 29 and is consistent with the 64kDa immunoreactive

band seen on the denaturing gels in figure 3.9. These results suggest DJ-1 preferentially
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exists as a dimer in human brain tissue and that it is capable of forming higher order

structures, possibly an oligomer complex.

Sample Most abundant Highest complex Lowestcomplex
complex size (kDa) size (kDa) size (kDa)
Cerebellum Control 43.7 69.0 27.4
Cerebellum PD 40.6 68.7 24.9
Frontal Cortex control 47.2 68.7 26.2
Frontal cortex PD 39.0 62.7 24.0
Medulla control 40.0 63.7 25.1
Medulla PD 43.4 64.4 24.5

Table 3.6: A table showing the most abundant DJ-1 complex in different control and PD
brain region. The molecular sizes of the highest and lowest complexes are also shown. All

molecular weights are + 15%.

3.7. Comparison of DJ-1 pl isoform distribution

3.7.1. Aim

Exposure to ROS has been shown to cause a pl shift of DJ-1, resulting in a more acidic
isoform. In accordance with this, accumulation of acidic pl isoforms has been documented in
PD frontal cortex. As PD pathology is thought to progress up the brainstem into the cortical
regions | intend to determine whether DJ-1's pl isoform distribution in control and PD

subjects varies between regions.

3.7.2. Material and methods

3.7.2.1. Pathological material

The regions used in this study were medulla, nigra, striatum, frontal cortex and cerebellum.
For each region, DJ-1 pl isoforms were visualised in 4 control and 4 PD samples. Control

samples 1-4 and PD samples 1-4 detailed in table 3.2 were used for medulla, striatum,

112



frontal cortex and cerebellum. Nigra samples were taken from the preliminary DJ-1 protein

expression study and are described in table 3.1.

3.7.2.2. 2DGE

25ug of protein from each sample underwent isoelectric focusing on a 7cm IPG strip before
equilibration in first, SDS equilibration buffer containing 1% w/v DTT and then secondly in
the same buffer with 2.5% w/v iodoacetamide in place of DTT. Proteins were subsequently
separated by molecular weight on a 12% Tris-glycine gel. Following electroblotting on to
PVDF membrane, monoclonal DJ-1 antibody (1:1000 dilution) was used to visualise DJ-1 pl
isoforms on autoradiographic film. Intensity of each isoform was measured using Quality
One software and expressed as a percentage of total sample DJ-1. After separating the data
into control and PD groups for each region, the average and SEM of each isoform was
calculated. For each region, the proportion of DJ-1 in each isoform was compared between

control and PD using the unpaired T-test.

3.7.2.3. 2DGE detection of DJ-1 HMW D]J-1 pl isoforms

In order to try and identify pl isoforms for DJ-1 HMW complexes, the same procedure as
above was performed using 65ug starting material. Additionally, activated immunoblots
were exposed to autoradiographic film for a period of 4 hours or more, to maximise signal

capture.

3.7.2.4. Protein derivation

Following separation in the first dimension of 40ug of a PD striatum and frontal cortex
sample, proteins on the IPG strip were derivatised by washing IPG strips with 2N HCI
containing 10mM DNP, at RT for 20min. Protein samples were then equilibrated and
subsequently separated using SDS PAGE before being transferred onto nylon membrane as
normal. Anti-DNP antibody, diluted 1:10000, was used to detect the presence of protein
carbonyls. Membranes were then stripped with commercially available stripping buffer and

then probed for DJ-1.
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3.7.3. Results

In order to investigate any possible oxidative modifications of DJ-1 in PD vulnerable regions,
regional expression patterns of DJ-1 pl isoforms were studied in frontal cortex, striatum,
nigra, medulla and cerebellum of 4 control and 4 PD individuals (Fig. 3.12). Separation of
25ug of protein using 2DGE resulted in at least 6 pl isoforms of DJ-1 being resolved (5.3, 5.4,
5.5, 5.6, 5.8 and 6.3) in the medulla, nigra and striatum. All isoforms had a molecular mass
equal to that of DJ-1 monomer (24kDa). Two additional isoforms (6.0 and 6.5) were
identified in both cortex and cerebellum samples (Fig. 3.12A). To better compare DJ-1
oxidation between control and PD samples, DJ-1 isoforms with a pl value less than or equal
to 5.8 were collated together and compared using a student’s T-test. pl 5.8 was selected as
the cut off value based on based in vitro studies showing exposure to ROS causes DJ-1 to
undergo a pl shift to 5.8 or below (Bandopadhyay et al., 2004; Canet-Aviles et al., 2004;
Mitsumoto et al., 2001).

In the frontal cortex, an accumulation of acidic isoforms (5.8 or below) was noted in PD
samples (Fig. 3.12F). In particular, levels of pl 5.4 DJ-1 isoform were elevated in PD. This shift
towards more acidic isoforms resulted in a significant decrease in the amount of DJ-1
resolved at isoelectric points greater than 5.8 in the same subjects. A similar pattern was
also observed in PD medulla (Fig. 3.12C). No significant alterations in DJ-1 pl isoform
distribution were visible between control and PD in the nigra, striatum and cerebellum (Fig.
3.12D, E and G). In all regions, the bulk of DJ-1 adopts a pl state of 5.6, 5.8 or 6.3 regardless

of pathological condition. Very faint traces of a more acidic DJ-1 isoform, pl 5.2, were
detected in a number of samples, particularly in nigra and cerebellum (Fig. 3.12 D and G). In

all cases these accounted for less than 1% of total DJ-1. Separation of frontal cortex and
striatum protein samples on a pH 3-10 IPG strip showed no DJ-1 isoforms more basic than

6.5 (Fig. 3.12B).

In addition to monomeric forms of DJ-1, a number of pl isoforms were also observed for the
SDS-resistant HMW complexes when a larger amount of protein (65ug) was separated (Fig.
3.13A). For the 64kDa DJ-1 complex, at least 7 different pl isoforms were found at isoelectric

points 5.6, 5.7, 5.8, 6.0, 6.3, 6.9 and 7.0 (Fig. 3.13B). Two degraded monomer pl isoforms,
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5.8 and 6.3 were also seen. The 47kDa DJ-1 dimer complex is clearly composed of a
minimum of 4 pl isoforms; 5.7, 5.8, 6.0 and 6.3 (Fig 3.13C). Though not always clearly
resolved, pl isoforms for both the 47 and 64kDa complexes were seen in both control and
PD samples. However, their visibility was temperamental which prevented us from

establishing the pl isoform makeup of these HMC complexes, as was done for the monomer.
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Figure 3.12: Expression of DJ-1 monomer isoforms in control and PD brain regions. A) DJ-1
pl isoform expression in multiple control and PD brains regions as revealed by 2-dimensional
immunoblot analysis across a 4-7pH range. Arrows indicated approximate pl value. Red
arrow highlights pl isoforms predominantly found within frontal cortex and cerebellum. B)
DJ-1 pl expression in striatum across 3-10 pH range. C-G) pl distribution of DJ-1 in multiple
control and PD brain regions and comparison oxidised DJ-1 levels below pl 5.8. Values
represent mean+SEM for 4 controls (blue) and 4 PD (orange) cases for C) medulla, D) nigra,

E) striatum, F) frontal cortex and G) cerebellum. Data compared using unpaired student’s T-

test. Differences between control and PD considered statistically significant if p<0.05 (*).
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Figure 3.13: pl isoforms of DJ-1 higher molecular weight complexes. A) Multiple DJ-1 pl
isoforms for DJ-1 dimer and other HMC in multiple brain regions as revealed by separation of
50ug of brain homogenate by 2DGE and probing with anti-DJ-1 antibody. B) Identification of
pl isoforms present in 64kDa DJ-1 complex from PD cerebellum. 2 degraded pl isoforms of

DJ-1 monomer also shown. C) DJ-1 47kDa homodimer pl expression in a control cerebellum.
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Figure 3.14: Presence of protein carbonyls in DJ-1 monomer pl isoforms. 40ug of PD
striatum (top) and PD frontal cortex (bottom) were separated using 2DGE and probed with
anti-DJ-1 and anti-DNP antibodies to detect presence of DJ-1 protein and protein carbonyls

respectively.

In order to establish the extent of oxidative damage to DJ-1 protein, we tried to detect
protein carbonyls in the DJ-1 pl isoforms. After treating the samples with 2, 4-
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dinitrophenylhydrazine to derivitise the carbonyls, the samples underwent gel
electrophoresis and were subsequently probed with an anti-DNP antibody. However, no
immunoreactivity was detected in the blot area corresponding to the DJ-1 monomer
(24kDa), suggesting that no DJ-1 pl isoforms undergo carbonylation in the striatum or
frontal cortex of PD subjects (Fig. 3.13). Blots were then stripped and immunoblotted with

DJ-1 to confirm protein presence and validate protein separation and transfer.

3.8. Cellular localisation of DJ-1

3.8.1. Aim

The aim of this project is to detail the cellular distribution pattern of DJ-1 in different

regions of control and PD brains.

3.8.2. Methods

3.8.2.1. Pathological material
Cellular expression in the following regions: medulla, striatum, entorhinal cortex,
hippocampus, cingulate gyrus, frontal cortex, parietal cortex, amygdala and cerebellum

were studied in 3 control and PD subjects detailed below (table 3.7).

Case Sex Age PMD pH Pathology
Conl M 83 117.1 6.81 -
Con 2 M 79 56.4 6.60 -
Con3 M 75 64.5 6.18 -

MeantSEM 3M, OF 79.0+2.3 79.3+19.0 6.5%0.2

PD1 M 77 46.2 6.73 N
PD2 M 73 11.2 6.32 N/A
PD 3 F 77 80.0 6.53 N

MeaniSEM 2M, 1F 75.7+1.3 45.8419.9 6.5+0.1

Table 3.7: Demographic data for subjects use in DJ-1 cellular expression study. N =

neocortical and N/A = not available.

118



3.8.2.2. Immunohistochemistry

Sections were incubated overnight with DJ-1 monoclonal antibody (1:1000) following
pretreatment with boiling citrate buffer. DAB was used to identify DJ-1 positive structures.
Semi-quantitative assessment was carried out independently by my supervisor and me.
Staining of neurons and astrocytes were graded using the following scale; - negative,

0/+rare, + few, ++ moderate, +++many and ++++ numerous.

3.8.3. Results

DJ-1 IR was observed in all regions of control and PD brains. Semi-quantitative assessment

of DJ-1 positive neuronal and astrocytic structure are summarised in table 3.8.

Area of brain Region Neurons Astrocytes
Control PD Control PD
Brainstem Medulla +to ++ ++ +4++t0 ++++  +++ tO ++H++
. Midbrain o/+ o/+ +++ +++
Basal Ganglia . / /
Striatum -to+ -to+ ++++ ++++
. Hippocampus - - to ++ +++tO ++++  +++ to +H++
Medial-temporal PP ] P
lobe Entorhinal cortex  0/+to + +to ++ +++ -+
Amygdala +to ++ +to ++ ++++ ++++
Frontal cortex O/+to+ 0/+to+ ++++ 44+
Temporal cortex o/+ o/+ ++++ T+
Neocortex . P / /
Parietal cortex o/+ o/+ +H++ 4+
Cingulate gyrus o/+ o/+ ++++ +H++
Cerebellum Cerebellar cortex -to O/+ -to O/+ ++++ 4+

Table 3.8: Semi-quantitative comparison of DJ-1 immunoreactive neurons and astrocytes in
control and PD brain. Neuronal and astrocytic immunoreactivity was independently semi-
quantified using the following scale: - = absent, 0/+ = rare, + = few, ++ = moderate, +++ =

many and ++++ = numerous.

For all regions, regardless of pathological state, the majority of DJ-1 IR was located within
astrocytes. Differences between astrocytic staining in control and PD tissue were largely
negligible, with the entorhinal cortex being the only region where a noticeable difference
was observed. Neuronal staining was largely minimal in all regions and when present was

weaker than in astrocytes.
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Figure 3.15: Cellular expression of DJ-1 protein in the human brain. Abundant astrocytic
expression of DJ-1 in control amygdala (A) and frontal cortex (B). C) Reactive astrocytes in
control substantia nigra. D) Immunoreactive Bergmann glia in molecular layer of PD
cerebellum and DJ positive astrocytes from PD cingulate gyrus (E). Neuronal staining in PD
medulla (F) and entorhinal cortex (G). DJ-1 negative dopaminergic neuron in control
substantia nigra. Variable high powered immunolabelling of neurons with DJ-1 in control
medulla (1), cingulate gyrus (J), amygdala (K) and frontal cortex (L). An extremely rare DJ-1
positive purkinje neuron from control cerebellum. A — G are low powered 10x images and H —
M are high powered 40x.
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For both normal and diseased individuals, neocortical areas displayed abundant DJ-1
immunoreactive astrocytes (Fig. 3.15B and E) with the occasional DJ-1 positive neuron also
being observed. (Fig. 3.15J and L). These were sparsely distributed throughout the cortical
areas. A similar pattern was seen in the basal ganglia (Fig. 3.15C). There was no discernible
difference between DJ-1 IR in caudate and putamen regions of the striatum, whilst
dopaminergic neurons in the substantia nigra were DJ-1 negative (Fig. 3.15C and H).
Astrocytic expression of DJ-1 was widespread throughout regions of the medial temporal
lobe (Fig 3.15A). In controls, no DJ-1 positive neurons were seen in the hippocampus and
only a few were found in the amygdala and entorhinal cortex. In PD however, neuronal
staining was elevated to moderate levels in the hippocampus and entorhinal cortex (Fig.
3.15G) whilst numbers in the amygdala (Fig. 3.15E) remained on par with those observed in
controls. The main subcortical area where DJ-1 positive neurons were observed was the
medulla (Fig. 3.15F and 1), in particular the inferior olivary nucleus. Neuronal staining was
slightly more prominent in both the dorsal motor nucleus of the vagus and nucleus cuneatus
for PD cases. Within control and PD cerebellum, the DJ-1 was mainly localised to Bergmann
glia (Fig. 3.15G), with the occasional granule cell within the granular layer also staining
positive. The large purkinje neurons are mostly negative for DJ-1, though a couple of

exceptions were observed (Fig. 3.15H).

3.9. Subcellular localisation of DJ-1

3.9.1. Aim

To identify the subcellular location of DJ-1 protein in human brain tissue.
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3.10. Methods

3.10.1. Pathological material

Fresh cerebellum and striatum tissue were taken from a control subject detailed below in
table 3.9 and homogenised in 5 volumes of isolation medium. Fresh tissue was used in order

eliminate disruption of subcellular organelle membranes caused by freeze thaw processes.

Sample Sex Age PMD pH
1 F 68 44.55 n/a

Table 3.9: Demographic data of control subject used for subcellular fractionation study

3.10.1.1. Subcellular fractionation

Material was separated into subcellular organelles as described in Gandhi et al., (2006).
Briefly, debris was removed by 5min centrifugation at 3000g followed by a second 10min
centrifugation of the supernatant at 12000g. The resulting supernatant was then subjected
to ultracentrifugation for an hour at 70000g to separate the soluble cytosolic fraction
(supernatant) and the enriched microsomal pellet, which was immediately resuspended in
500ul isolation buffer. Meanwhile, the pellet formed from the previous 12000g spin
contained the crude mitochondria fraction. This was washed three times in isolation
medium to remove nuclear contamination, before being finally resuspended in 500ul of

buffer.

3.10.1.2. Western blotting

Fractions were separated on 10% Bis-tris gels and immunoblotted with DJ-1 (1:5000) and
following stripping, B-actin (1:5000). A second gel was run in order to detect cytochrome C
(1:2000) and PDI (1:1000), which are mitochondria and endoplasmic reticulum markers

respectively.
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3.10.2. Results
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Figure 3.16: Detection of DJ-1 in subcellular fractions of human control brain. DJ-1 antibody
was used for western blotting of different fractions from normal cerebellum and striatum
tissue. This demonstrated that DJ-1 is present in the cytosolic fraction (C), microsomal
fraction (Mic) and mitochondrial fraction (Mit). Whole homogenate (W) was run alongside
these fractions as a positive control. Antibodies against mitochondrial marker cytochrome C
and the microsomal specific PDI were used to check the purity of the fractions. B-actin was

used as a cytosolic marker.

Immunoblotting with monoclonal DJ-1 antibody revealed positive immunoreactivity in the
cytoplasmic, microsomal and mitochondrial fractions with the latter containing the least
amount (Fig. 3.16). Weak DJ-1 positive bands, representing the 64kDa DJ-1 complex, were
detected in the cytosolic and whole fractions from the striatum. DJ-1 dimer was also
observed to different degrees in all fractions of the cerebellum and striatum, except the

crude mitochondria fraction.

Probing for cytochrome C revealed contamination of cytosolic and microsomal fraction with
mitochondrial proteins. Likewise, the microsomal enzyme PDI was detected in the
cytoplasmic fraction and to a lesser extent the mitochondrial fraction. The cross
contamination of both cytochrome C and PDI and their failure to be enriched in their
respective fractions indicate that the separation of subcellular organelles was unsuccessful,

even after high speed ultracentrifugation.
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3.11. Discussion

PARK7 mutations induce the development of PD through the loss of DJ-1 (Bonifati et al.,
2003b) and it stands to reason that any changes in DJ-1 expression and consequential
alterations in functional activity may contribute to the development of sporadic PD. Under
this rationale, a comprehensive study of DJ-1 protein and gene expression in multiple brain

regions was performed using a cohort of closely matched controls and PD cases.

Our analysis of DJ-1 mRNA revealed a robust presence in all regions of control and PD brains
showing that, like a-synuclein and parkin, it is not just restricted to the dopaminergic system
(Solano et al., 2000). In controls, DJ-1 mRNA expression was highest in the cerebellum,
followed by the frontal cortex, with the lowest levels recorded in the amygdala. This is in
good agreement with a recent report by, Galter and colleagues who used in situ
hybridisation to show DJ-1 mRNA levels to be greater in cortical regions than sub-cortical

areas (Galter et al., 2007).

Of the regions typically associated with PD pathology, the striatum of PD subjects showed
the greatest loss of DJ-1 mRNA (43%), possibly reflecting its early involvement in PD
pathogenesis and the loss of dopaminergic cell innervations. According to Braak staging,
both the medulla and substantia nigra are affected prior to the appearance of striatal
pathology (Braak et al.,, 2003). We attempted to study DJ-1 mRNA expression in these
regions but were restricted by the poor quality of RNA extracted from the medulla and the
lack of available nigral samples. Screening of the substantia nigra, using custom designed
Agilent microarrays, has shown DJ-1 mRNA expression to be 30% lower in PD subjects
compared to controls (Bossers et al., 2009). Due to the extent of cell loss in PD nigra, this
data may be misleading However, using laser captured dopaminergic neurons, a separate
study reported an 8 fold decrease in DJ-1 mRNA within the nigra of PD patients (Simunovic

et al., 2008).

Within the frontal cortex, real-time PCR showed DJ-1 expression to be almost a third lower
in diseased tissue. This significant decrease (p<0.01) may reflect cell loss or neuroplastic

changes, induced by the pathological process of PD. Significant reductions were also

124



observed in the parietal cortex and a decreasing trend noted in the cingulate gyrus in PD
subjects. Together, this is suggestive of a widespread down-regulation in PD of DJ-1 mRNA
for cortical regions, possibly due to common disease related and/or levodopa responsive

changes.

Parallel to DJ-1 mRNA reductions, a significant loss of DJ-1 protein in PD, compared to age
matched controls, was found in both the striatum and frontal cortex after western blotting.
Similar analysis of medulla and a small number of nigra tissue also revealed DJ-1 protein
levels to be significantly diminished in PD. A previous study showed no variability in DJ-1
protein levels in the cingulate cortex of control and PD samples, consistent with our real-
time PCR data for the region (Moore et al., 2005). In contrast, Choi et al., (2006) have
reported DJ-1 levels to be elevated in the frontal cortex of PD patients. Though unclear, this
discrepancy may be down to variations in sample cohort or methodologies. The majority of
tissue used in our study was derived from subjects who displayed neocortical LBs (Lashley et
al., 2008). Thus, the decrease in DJ-1 protein observed by us may be reflective of the end
stages of PD, whilst the increases described by Choi and colleagues could occur during the
early stages of PD development. Furthermore, our use of a monoclonal DJ-1 antibody and a
protein loading concentration of 15ug as opposed to the polyclonal antibody and 50ug of
protein employed by them, may also account for the lack of agreement between the two
studies. Of note we were unable to replicate their reported increase in soluble DJ-1 in AD
frontal cortex, though we did observe an up-regulation of insoluble DJ-1 (Kumaran et al.,

2007).

For both DJ-1 mRNA and protein, the largest significant decrease in PD brains was found in
the cerebellum. This is surprising and intriguing as the cerebellum is not traditionally
associated with PD pathology due to the absence of LBs. Nevertheless, neuroimaging
studies have shown hyperactivation of cerebellum in PD patients (Rascol et al., 1997; Yu et
al., 2007), suggestive of a functional compensatory mechanism for defective basal ganglia
functioning. Increased activity may expose the cerebellum to the same DJ-1 diminishing
factors seen in the basal ganglia and cortex. It may also explain the recently reported
significant decrease of ATP13A2 (PARK9) mRNA in PD cerebellum (Vilarino-Guell et al.,

2009). A number of studies have also documented a decrease in a-synuclein protein and
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MRNA in the same region of PD brains (Fuchs et al., 2008; Westerlund et al., 2008).
Additionally, levels of D; and Ds; receptor mRNA and tyrosine hydroxylase mRNA are also
notably reduced in PD cerebellum (Hurley et al., 2003), further suggesting that the role of

this region in PD may be underestimated.

We were unable to replicate our DJ-1 immunoblot data with a commercially available ELISA
kit. For the three measured regions (striatum, frontal cortex and cerebellum), no difference
between control and PD samples were detected. Additionally, the ELISA indicated the
frontal cortex and not the cerebellum contained the most DJ-1 protein. Whilst this data is
contrary to our previous findings, it must be remembered that this assay was designed for
use with serum and plasma and not brain homogenate which is much “dirtier”. Attempts
were made to minimise the effects of the brain matrix on assay performance by
constructing multiple standard curves with different brain homogenate concentrations. In
total, 5 dilutions were compared to the standard curve formed using the supplied calibrant
buffer and 1:5000 was selected as having the best parallel relationship. A closer fit may have
been found if more dilutions were tested, but it was uneconomical to do so. The use of a
frontal cortex sample to generate the standard curve also raises questions about its
suitability in measuring DJ-1 content from striatal and cerebellar samples. Given DJ-1’s
tendency to form homodimers, one could also question the validity in using an ELISA to
measure its levels. Binding of DJ-1 to itself or other endogenous proteins may sterically
restrict antibody access to the binding site, resulting in a false reading. During western

blotting this scenario is avoided as proteins are subjected to denaturation.

In contrast to the other regions, the two areas studied from the medial temporal lobe;
entorinal cortex and amygdala, showed very significant increases of 39% and 92% in DJ-1
MRNA levels in PD. It would have been interesting to see whether this correlated with an
increase in DJ-1 protein, but unfortunately tissue was not available for protein analysis due
to the small nature of these regions. It is currently unclear as to why an increase in DJ-1
MRNA expression occurs in these regions. One explanation could be that different areas of
the brain express different transcripts of DJ-1 mRNA, which are independently regulated.
Exon 1 of DJ-1 is non-coding but consists of two parts that undergo alternative splicing

(Bonifati et al., 2003a). This could result in the formation of two transcripts with different

126



transcriptional enhancers or other cis-regulatory elements. Using the same group of PD
cases, Lashley et al., (2008) found LB count to be more than 6 times denser in the entorinal
cortex than in either the frontal and parietal cortex. It is therefore plausible that DJ-1 is up-
regulated in these regions to combat the greatly elevated LB pathology. Regions of the
medial lobe that express PD pathology are also associated with cognitive function and
memory and their affliction provides an explanation for the development of hallucinations
and dementia by PD patients (Braak et al., 2002; Braak et al., 2003). It is not uncommon for
AD pathology to be found alongside PD pathology in these areas, providing a rationale for
these non-motor symptoms (Jellinger, 2006). In our PD cases, both tau and AR pathology
were found within these regions (Lashley et al., 2008), meaning that the up-regulation of DJ-
1 mRNA may be a response to the onset of AD pathology rather than PD. Ourselves and
others have previously reported co-localisation of DJ-1 with tau in numerous tauopathies
(Kumaran et al., 2007; Neumann et al., 2004; Rizzu et al., 2004). In lieu with this, a very
recent study in regions CA1-4 showed immunostaining of DJ-1 in AD, but not controls
(Baulac et al., 2009). We too have noticed a slight increase in neuronal staining in the
hippocampus of PD patients. LRRK2 has also been found to associate with
hyperphosphorylated tau in neurofibrillary tangles and threads in AD (Miklossy et al., 2006)
and it would be interesting to see whether LRRK2 mRNA and protein levels are up-regulated

in the medial temporal lobe of PD individuals.

When taking patients’ gender into account during our analysis of DJ-1 expression, we found
PD induced alterations to be more pronounced in males. Protein down-regulation was seen
in all three regions and analysis of gene expression data revealed the entorinal cortex to be
the only region no longer displaying significant changes. In females though, the entorinal
cortex was the only region to exhibit a considerable difference amongst control and PD
groups. Additionally, the frontal cortex was the only region where a significant loss of DJ-1
was noted. Before its role in PD was discovered, interactions with androgen receptors and a
positive correlation with male rat infertility linked DJ-1 to male fertility (Takahashi et al.,
2001; Wagenfeld et al., 1998) and this role lead to the rat homologue being named CAP1).
DJ-1 null mice have been shown to be viable and fertile without any major abnormalities
(Chen et al., 2005b; Goldberg et al., 2005; Kim et al., 2005b). One group reported that over

an 11 month period only male KO mice showed motor behavioural deficits in the adhesive
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tape removal task (Chen et al., 2005b). The intricate nature of movement required for this
task is a sensitive measure of nigrostriatal dysfunction. These results suggest that lack of DJ-
1 in males results in a more accelerated development of PD. Whilst DJ-1 appears to have a
gender specific role in fertility, it is unclear whether this conforms some sort of gender bias
towards the development of PD. Intriguingly in humans the incidence of PD is higher in

males than females (Van Den Eeden et al., 2003).

Whilst we have demonstrated changes in mRNA levels in PD tissue, the technique used is
unable to ascertain whether they occur in neurons, astrocytes or a combination of the two.
Unfortunately, in-situ hybridisation was beyond the scope of this project but would be an
interesting point to pursue. Semi-quantitative immunohistochemistry was attempted to
depict regional protein cellular distribution in which the pattern of strong astrocytic and
weak neuronal staining was seen, as previously described by ourselves and others
(Bandopadhyay et al., 2004; Neumann et al., 2004; Olzmann et al., 2007; Rizzu et al., 2004).
These studies described neuronal staining to be greater in control tissue than pathological
tissue. Since the majority of tissue was sourced from regions in the cortex and basal ganglia
this may be attributed to the lower amount of DJ-1 that may be present in pathological
tissue as we report. Olzmann et al., (2007) showed more DJ-1 positive neurons in subcortical
basal ganglia than cortical regions. Whilst we did not find neuronal staining to be greatly
elevated in the midbrain and striatum, it was noticeable within the medulla. Baulac and
colleagues have demonstrated that neuronal staining with antibodies raised against C-
terminal or whole length DJ-1, like the Stressgen one we used, are less robust than N-
terminal variants. They postulated that the C and mid-terminal part of DJ-1 is involved in
dimerisation, effectively making it inaccessible to the antibody whilst the N-terminal is left
exposed. This does not explain why astrocytes are so vividly expressed or why some
neurons are detected (Baulac et al.,, 2009). They additionally showed greater neuronal
staining in tissue that had been fixed for shorter periods of time, though again it remains
unclear why this would only affect neurons. It is possible that the morphology of DJ-1 differs
between neurons and astrocytes. If this is indeed the case, it may explain why the
cerebellum no noticeable increase in DJ-1 staining was observed despite western blotting

showing it to have the highest DJ-1 content. The large purkinje neurons present of the

128



cerebellum many contain a significant amount of DJ-1 that is only freed for detection

following cell lysis and subsequent immunoblotting.

It is also possible that whilst DJ-1 is abundantly expressed in neurons in murine brains
(Kotaria et al., 2005), human neurons may have evolved to delegate DJ-1's neuroprotective
role to astrocytes. Over-expression of DJ-1 in astrocytes has been shown to be more
neuroprotective towards rotenone toxicity in vitro (Mullett and Hinkle, 2009). Conversely,
DJ-1 KO in astrocytes results in increased nitric oxide production which is harmful to
neurons (Waak et al., 2009). Whilst DJ-1 is not directly secreted by astrocytes, it may
regulate the release of a number of astrocytic derived protective substances (e.g.
neurotrophic factors, anti-oxidant molecules, cytokines etc) into the microenvironment

(Mullett and Hinkle, 2009).

We were unable to determine the subcellular locations of DJ-1 in either the striatum or
cerebellum of a human control subject. Though we found DJ-1 to be present in cytoplasmic,
microsomal and mitochondrial fractions, probing with relevant fraction markers showed
poor separation of organelles. Our use of fresh tissue rules out disruption of organelle
membranes through freeze-thaw, however this may still have occurred during the post-
mortem period. Subcellular fractionation using mice brains showed endogenous DJ-1 to be
present in the cytoplasm and mitochondria. Further evaluation of mitochondrial fraction
found that within mitochondria, DJ-1 is resident in the mitochondrial matrix and inner
mitochondrial space (Zhang et al., 2005a). In vitro studies have revealed that under
oxidative stress conditions DJ-1 can migrate towards the mitochondria (Blackinton et al.,
2005; Canet-Aviles et al., 2004). This translocation was not observed by Zhang and
colleagues for endogenous DJ-1 in mice and may only occur in over-expressed models or at

undetectable levels.

In order to identify whether degrees of DJ-1 oxidation in PD varies amongst regions, DJ-1 pl
isoforms were analysed. This provided no compelling evidence for increased oxidation
within the nigra or any other region in PD. In fact, whilst the frontal cortex showed a
significant accumulation of acidic isoforms as previously documented (Bandopadhyay et al.,

2004; Blackinton et al., 2009; Choi et al., 2006) no other region except the medulla displayed
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this property. The pl isoform distribution of DJ-1 in nigra and striatal tissue was similar in
both control and PD, possibly owing to the high dopamine content in these regions and its
associated toxicity. The presence of acidic isoforms in controls may be a consequence of
aging with a similar accumulation observed in old mice compared to young (van der Brug et
al., 2008). Acidic DJ-1 isoforms were additionally seen to accrue with age in drosophila and
human cortex (Meulener et al., 2006). We also noted that DJ-1 pl isoforms differed in the
subcortical regions to the cortex and cerebellum, with pl isoforms 6.0 and 6.5 almost
exclusively restricted to the frontal cortex and cerebellum. This may indicate that in
subcortical areas, both the 6.0 and 6.5 pl isoforms are permanently oxidised to 5.8 and 6.3
respectively or that responses to oxidative stress are unique to each region culminating in

the formation of different DJ-1 pl isoforms.

DJ-1 has been proposed to be functionally active in a dimeric state (Bonifati et al., 2003b).
We attempted to decipher the native conformation of DJ-1 in the human brain, but our
efforts with a non-denaturing native gel were unsuccessful. Our gel filtration studies
however, showed that in both control and PD brain regions the majority of DJ-1 protein
adopts a complex with a molecular weight representative of a dimer structure (40-47kDa).
The remainder of endogenous DJ-1 is present as a monomer (24-27kDa) and a small fraction
as a HMW complex with an approximate molecular weight of 63-69kDa + 15%. Prolonged
exposure of soluble DJ-1 immunoblots to x-ray film produced faint immunoreactive bands at
47 and 67kDa, providing a more accurate molecular size measurement of DJ-1 dimer and
HMW  complex respectively. The HMW complex possibly represents DJ-1
oligomer/aggregate. DJ-1 belongs to a superfamily of proteins that form different oligomeric
species e.g. Hsp31 forms dimers (Quigley et al., 2003) whilst PH1704 forms hexamers
(Bonifati et al., 2003a). Thus, DJ-1 may also have the capacity to form trimers and other
oligomers, particularly when its structural integrity has been compromised (Miller et al.,

2003).

DJ-1 protein lacking amino acid residues 173-189 or harbouring the L166P mutation have
both been reported to exhibit a tendency to form HMW structures in vitro (Herrera et al.,
2007; Tao and Tong, 2003). Gel filtration of endogenous L166P DJ-1 sourced from

lymphoblast cells belonging to an individual with L166P mutation, was also eluted into the
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fraction corresponding to the protein marker BSA (68kDa) (Macedo et al.,, 2003). This
evidence is supportive of HMW complexes being formed in response to alterations in DJ-1
protein structure/stability. Thus, the small amount visualised by us may be due to a loss of
structural stability through modifications, possibly induced by oxidative stress. Not all
modifications to protein structure result in the formation of HMW aggregates e.g. E163K
substitution (Ramsey and Giasson, 2008). Unlike the L166P mutation, E163K substitution
does not compromise protein structure dramatically (Gorner et al., 2007). Another mutation
that affects protein structure, though to a lesser extent than L166P mutations, is the M26l
substitution and this has been reported to display an increased tendency to aggregate
(Hulleman et al., 2007). The M26 subunit in DJ-1 has been shown to undergo oxidation (Choi
et al., 2006) which may have a similar effect. Aggregation of DJ-1 in human brains is

reportedly favoured by elevated levels of inorganic phosphate (Cha et al., 2008).

DJ-1 monomer and dimer are soluble complexes; however aggregation of DJ-1 would make
them increasingly insoluble. To establish whether DJ-1 aggregation contributed to our
observed reduction of soluble DJ-1 in PD frontal cortex, DJ-1 protein levels were measured
in buffers of increasing solubilisation strength, in the same region. Soluble DJ-1 levels in TBS
buffer supported our earlier findings of decreased DJ-1 levels in PD frontal cortex. Insoluble
DJ-1 was detected in both SDS soluble and urea-soluble fractions for both control and PD
samples. Similar to soluble DJ-1, SDS-soluble DJ-1 levels were significantly reduced in PD
compared to controls whilst a downward trend was also seen for urea-soluble DJ-1.
Collectively this is suggestive of a general down-regulation of DJ-1 in the frontal cortex of PD
patients. Together with our real-time data for this region, it suggests that the lower levels of
DJ-1 protein observed in PD tissue are a direct result of mRNA down-regulation and not

disease related aggregation.

DJ-1 protein has been shown to be neuroprotective in vitro (Liu et al., 2008a), with both
antioxidant and chaperone activity being reported (Shendelman et al., 2004; Taira et al.,
2004; Zhou et al., 2006). Additional evidence supporting its defensive role in neurons
includes up-regulation of the antioxidant glutathione (Zhou and Freed, 2005) and tyrosine
hydroxylase enzyme (Zhong et al., 2006). In PARK7 patients, PD is the consequence of a loss

of DJ-1 function through either lack of protein synthesis or the formation of an aberrant
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protein (Bonifati et al., 2003b). In line with this, the down-regulation of DJ-1 protein that we
observe in multiple IPD regions could be interpreted as a reduction in DJ-1's

neuroprotective activity, thereby making the tissue more susceptible to PD pathology.

3.12. Conclusions

In this chapter, differences between DJ-1 protein and gene expression in multiple PD and
normal control brain regions are described. We show that DJ-1 protein levels are reduced in
PD medulla, nigra, striatum, frontal cortex and cerebellum. Parallel reductions within PD
striatum, frontal cortex and cerebellum of DJ-1 mRNA suggest that protein down-regulation
is transcriptionally induced. Our data indicates that DJ-1’s neuroprotective functions are
diminished in PD. The robust staining of astrocytes with DJ-1 also implies that the

neuroprotective effects of DJ-1 are exerted from here.
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4. ldentification of DJ-1 interactors
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4.1. Identification of DJ-1 interactors in the

human brain

4.1.1. Aim

To identify interactors of DJ-1 in the human brain to help explain the functional activity of
DJ-1 in vivo. This will be tackled on two fronts. First, we will try to confirm protein
interactions that have been reported in over-expression cell models. Our second approach
will draw on the reported close homology of DJ-1 with a regulatory component of a RBP
(Hod et al., 1999). Working with collaborators at the NIH we will examine whether DJ-1 itself
harbours the capacity to bind to RNA in human brain and compare binding partners in both

control and PD tissue.

4.1.2. Material and methods

4.1.2.1. Pathological material

Interactions were studied using flash frozen control and PD frontal cortex samples detailed

in table 4.1.
Sample Sex Age PMD pH Pathology
Con1l F 78 23.30 6.07 -
Con 2 F 84 28.50 6.13 -
Con 3 F 73 28.00 6.38 -

Mean+*SEM OM, 3F 78.3+3.2 26.6x1.7 6.2+0.1

PD 1 F 87 47.45 6.62 T
PD 2 F 62 46.20 5.88 N
PD 3 M 76 28.45 N/A N/A

MeantSEM 1M, 2F 75+7.2 40.7+6.1 6.3%0.3

Table 4.1: Demographic data of samples used to investigate DJ-1’s association with RNA in

vivo. T= transitional, N = neocortical and N/A = not available.
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4.1.2.2. Protein co-immunoprecipitation

Co-IP of DJ-1 and associating proteins was performed as described in section 2.2.12. Briefly,
100ul of buffered protein G sepherose and 2.5ug of polyclonal DJ-1 antibody was used to
pull down DJ-1 from brain homogenate containing 750ug soluble protein. After dissociation
of protein complexes from sepherose beads into 8M urea, immunoprecipitates were
resolved alongside corresponding cleared lysate using SDS PAGE and subsequently probed
with antibodies to potential interactors. Blots were also probed with monoclonal anti-DJ-1

to confirm pull-down of DJ-1 protein.

4.1.2.3. RNA co-immunoprecipitation and identification of mRNA

transcripts

RNA was immunoprecipitated using either a specific DJ-1 antibody or a non-specific I1gG
antibody from frozen tissue as described in the methods. Collected RNA was initially
amplified using the Illlumina TotalPrep RNA Amplification Kit (Ambion, USA) with the aim of
identifying transcripts using Illumina expression chips. However nanodropping of the
amplified RNA showed its concentration to be too low for hybridisation on to a microarray
chip. Instead following immunoprecipitation, RNA was converted to cDNA and RT-PCR using
specific primers (table 2.3) was used to detect select RNA species that our colleagues at the
NIH had found to associate strongly with DJ-1 in vitro. Association between DJ-1 and RNA
transcripts was shown by normalising to B-actin and comparing to non-specific association

with IgG using an unpaired student’s T-test.

4.1.3. Results

4.1.3.1. In vivo protein interactors of DJ-1

After confirming pull down of DJ-1 by polyclonal DJ-1 antibody, immunoprecipitates were
probed for Nrf2, mortalin, Daxx and Sumo-1 (Fig. 4.1). Nrf2 and Sumo-1 showed no IR in
frontal cortex lysate or IP samples. A faint immunoreactive band for Daxx was seen in the
cleared lysate of one PD case at 81kDa, but not in any of the IP fractions. Probing with

mortalin revealed a single band in all cleared lysate samples at 74kDa. For IP samples, heavy
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smearing was present at the equivalent molecular weight, though signs of a mortalin

immunoreactive band were visible in the second PD IP sample.
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Figure 4.1: immunoblots of potential interactors of DJ-1 protein in frontal cortex of control
and PD brains. A) Immunoblots showing successful pull-down of DJ-1 and presence/absence
of Nrf2, mortalin and Daxx in immunoprecipitate (IP) and cleared lysate (L) from two control
and 2 PD individuals. B) Successful pull down of DJ-1 in 1 control and 1 PD frontal cortex
case. Probing for Sumo-1 showed no positive IR in either the cleared lysate or

immunoprecipitate fractions.
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4.1.3.2. In vivo RNA interactors of DJ-1

Following RNA IP from control frontal cortex using DJ-1 specific or non-specific IgG
antibodies, western blotting was used to confirm the presence of DJ-1 in DJ-1 IP samples
and its absence from IgG IP samples (Fig. 4.2A). B-actin was then confirmed to be non-
specifically pulled down by both antibodies. Using RT-PCR we found the amount of B-actin
MRNA collected was consistent in both sets (Fig. 4.2B). Amplification of B-actin passed the
detection threshold on average at PCR cycle 35 in both DJ-1 and IgG IP samples. This
allowed us to utilize B-actin as a measure for non-specific RNA IP and subsequently the
expression of all other transcripts was corrected to this. RT-PCR using specific probes for
transcripts encoding mitochondrial complex 1 subunits showed significant enrichment in DJ-
1 IP samples of ND1 (p=0.0004), ND2 (p=0.0025), ND4 (p=0.0001) and ND5 (p=0.0108).
These mitochondrial transcripts were between 2.5 and 4 times greater in DJ-1 IP fractions
(Fig. 4.2D-G). Levels of another mitochondrial transcript, NDUFB1 did not differ between
antibody IPs (p=0.5617) (Fig. 4.2C). Pull down of mRNA for selenoproteins GPx4 (p=0.0036),
GPx3, SEPW1 (p=0.0078) and SEPHS2 (Fig. 4.2H-K) were also markedly elevated in DJ-1 IPs
with SEPW1 in particular being 6 times higher than in control IPs. Levels of transcripts for
PTEN/Akt modifiers MAPK8IP1, JunD, PPP2R2C and BAD (Fig. 4.2L-O) were also measured.
However whilst we were able to detect them in DJ-1 IP samples, they failed to be detected
after 40 amplification cycles in IgG IP samples. We also failed to detect any RNA in any of the
PD IP samples after RT-PCR (Fig. 4.3B-G). This was despite successfully immunoprecipitating
DJ-1 from the all 3 PD cases (Fig. 4.3A).
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Figure 4.2: Immunoprecipitation of RNA transcripts that interact with DJ-1 in control
human brain. A) Immunoblot of 3 control frontal cortex samples showing positive DJ-1 IR in
whole lysate and DJ-1 IP. No IR was seen in 1gG IP samples. B) Amplification of B-actin was
similar for both DJ-1 and IgG IPs illustrating it could be used as an internal control for non-
specific pull down of RNA. C-0O) comparison of transcripts levels collected from DJ-1 and IgG
IP samples following normalisation to B-actin. Statistical significance was determined by
student’s T-test: * = p<0.05, ** = p<0.01 and *** = p<0.001. nd indicates no detection of

transcript. Black/grey graphs were kindly provided by collaborator Jeff Blackington.
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Figure 4.3: Immunoprecipitation of select RNA transcripts following immunoprecipitation
of DJ-1 from human PD brain. A) Immunoblot of 3 PD frontal cortex samples showing
positive DJ-1 IR in whole lysate and DJ-1 IP but not in IgG IP samples. B-G) screening of
collected RNA for selenoproteins and mitochondrial transcripts failed to show amplification

of any transcript. nd indicates no detection of transcript.

To rule out degradation of RNA by IgG antibody as a cause for enrichment in DJ-1 IP
samples, total RNA extracted from the frontal cortex was separated on a 1.5% TAE gel in the
presence of either DJ-1 or IgG antibody (Fig. 4.4). Whilst some smearing of RNA was noted,
both the 28s and 18s RNA bands were clearly resolved showing neither antibody had a

greater effect on RNA integrity that could influence RNA immunoprecipitation.

Figure 4.4: Effects of antibodies used for IP on RNA integrity. Lane 1 shows RNA without
any antibody. Lane 2 shows RNA with DJ-1 antibody. Lane 3 shows RNA with IgG antibody.
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4.2. Expression of DJ-1 binding transcripts in

control and PD brain

4.2.1. Aim

Having shown that DJ-1 can associate with RNA species in the human brain, we examined
the role of DJ-1 as a post-transcriptional regulator of protein expression by comparing

expression of identified transcripts between control and PD cases.

4.2.2. Materials and methods

4.2.2.1. Pathological material

For microarray procedure RNA was extracted from the frontal cortex of 16 control and 14
PD cases detailed in table 4.2. RT-PCR was performed using previously synthesised cDNA
from the frontal cortex of the first 16 control and PD samples listed in table 3.3.
Additionally, protein levels were measured in the frontal cortex homogenates used

previously in DJ-1 protein expression study (table 3.2).

4.2.2.2. Quantifying gene expression

Due to the large number of transcripts, microarray was adopted as the technique for
measuring gene expression as it allows simultaneous measurement of multiple genes. This
technique, detailed in section 2.4.3, was carried out with the help of Jeff Blackington and
Marcel van der Brug at the NIH. Probes against the mitochondrial transcripts, ND1, ND2,
ND4 and ND5 were not present on the array chip and were instead measured using RT-PCR
using the primers in table 2.3. As before gene expression was normalised to both B-actin

and B2M. Real-time PCR was also used to measure GPx4 as a means of validating array data.
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Sample Sex Age PMD pH Pathology

Con1l M 85 43.35 6.68 -
Con 2 M 86 53.00 6.65 -
Con 3 M 81 40.00 6.48 -
Con4 M 83 117.05 6.81 -
Con 5 M 79 56.40 6.60 -
Con 6 M 63 42.00 6.23 -
Con7 M 57 78.50 6.03 -
Con 8 F 78 23.30 6.07 -
Con9 M 71 38.5 N/A -
Con 10 F 68 44.55 N/A -
Con 11 F 91 98.50 6.41 -
Con 12 F 84 28.50 6.13 -
Con 13 F 95 39.30 N/A -
Con 14 F 73 28.00 6.38 -
Con 15 M 93 19.00 6.80 -
Con 16 F 85 37.10 5.7 -

MeantSEM 9M, 7F 79.5+2.7 49.2+6.8 6.4+0.1

PD1 F 62 46.20 5.88 N
PD 2 F 87 47.45 6.62 T
PD3 M 81 103 6.15 T
PD4 F 77 80.00 6.53 N
PD5 M 70 51.20 6.29 N
PD6 F 73 70.00 6.63 N/A
PD 7 M 76 28.45 N/A N/A
PD 8 M 77 23.35 6.26 N
PD9 M 75 22.25 6.22 N/A
PD 10 M 77 28.25 6.39 N/A
PD 11 F 69 52.45 6.14 N/A
PD 12 M 72 27.00 6.32 L
PD 13 F 74 48.15 N/A N/A
PD 14 F 74 35.05 6.11 N

MeantSEM 7M, 7F 74.6x1.5 47.3+6.3 6.3+0.1

Table 4.2: Demographic data of samples used in gene expression study. N = neocortical, T =

transitional, L = limbic, N/A = not available.

4.2.2.3. Protein expression

Protein levels of ND1, ND2, ND4, ND5 and SEPW1 were measured in control and PD cases

using western blotting with chemiluminescent detection. Antibody concentrations are listed
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below. Expression of two additional proteins, GPx4 and MAPKS8IP1, were measured by Jeff
Blackington at the NIH in an independent cohort of 9 control and 9 PD frontal cortex

samples.

Antibody Dilution Source
monoclonal anti-ND1 1:500 Santa Cruz
polyclonal anti-ND2 1:1000 Santa Cruz
polyclonal anti-ND4 1:500 Abcam
polyclonal anti-ND5 1:1000 Santa Cruz
polyclonal anti-SEPW1 1:500 Santa Cruz

Table 4.3: Details of antibodies used to measure protein expression of DJ-1 associated

transcripts.

4.2.3. Results

Gene expression profiles for control and PD frontal cortex groups were compared in order
to establish similarities between the two. Frontal cortex region was also compared against
profiles for 3 other distinct regions (medulla, striatum and cerebellum) that our
collaborators had previously obtained. Unsupervised clustering of liked group samples using
Beadstudio software showed clear separation of both regions and disease states (Fig. 4.5A).
Independent comparison of control and PD frontal cortex samples via the same technique
identified 2 control (con 5 and 13) and 3 PD (PD 7, 10 and 13) samples that had different
gene expression profiles to the rest of the group (Fig. 4.5B and C). These samples were duly

excluded from any subsequent analysis.

We next compared the expression of transcripts we had found to associate with DJ-1 in vivo
between PD and control frontal cortex. Using RT-PCR and microarray technology we found
no statistically significant difference in the RNA expression of the previously identified
selenoproteins (GPx4, SEPW1, GPx3, SEPHS2), PTEN/AKT modulators (MAPK8IP1, PPP2R2C,
JunD, BAD) or mitochondrial subunits (ND1, ND2, ND4, ND5) (Fig. 4.6, 4.7A and 4.8). We also
compared the expression of additional transcripts that were reported to interact with DJ-1

in vitro (van der Brug et al., 2008). Selonoprotein related transcripts SELT, SEPX1 and SELH
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along with the Akt/PTEN pathway transcripts BCL2L1, RSP6KB2 and EIF4EBP1 and the
mitochondrial complex one associated transcript NDUFB1 all showed no difference in their
expression levels between PD and controls. Both control and PD tissue used for gene
expression analysis were matched for age, post-mortem delay and pH (Fig. 4.9A and Fig.

3.7).
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Figure 4.5: Dendrogram showing clustering of samples. A) Clustering of samples from PD
cases and matched controls across 4 distinct regions. B and C) Gene profile comparison of

control and PD frontal cortex sample groups.
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Figure 4.6: Gene expression of DJ-1 associating mRNA species in control and PD subjects.
Expression of selenoproteins (A), PTEN/Akt pathway modulators (B) and mitochondrial (C)
transcripts we found to interact with DJ-1 in vivo. Expression of additional selenoproteins

(D) and PTEN/Akt (E) associated transcripts reported to interact with DJ-1 in vitro.
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In order to show that microarray and RT-PCR are complimentary techniques for measuring
gene expression we measured the expression of GPx4 in frontal cortex of PD and control
subjects and found no significant difference between the two confirming the array data (Fig.
4.7A). The array chip contained a probe for PARK7 and subsequent analysis showed a down-
regulation of DJ-1 gene expression in PD frontal cortex, in line with our RT PCR data (Fig.

4.7B). However, in this case the decrease was not significant (p<0.09).
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Figure 4.7: Comparison of RT-PCR and microarray gene expression in the frontal cortex. A)
No difference in GPx4 gene expression between control and PD case was found by both RT-
PCR and microarray techniques. B) Both techniques showed average DJ-1 gene expression

to be lower in PD frontal cortex than matched controls.
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Figure 4.8: Gene and protein expression in control and PD frontal cortex of transcripts that

interact with DJ-1 in vivo. For both GPx4 (A) and MAPKS8IP1 (B) no differences in mRNA

levels were observed between control and PD cases, but both showed elevated protein

levels in PD. Likewise no difference in the amount of ND2 (C) and ND5 (D) mRNA levels was

found. However protein levels were lower in PD compared to controls. Statistical

significance determined by student’s T-test, * = p<0.05 and ** = p<0.01. Protein data for

GPx4 and MAPKS8IP1 was provided by Jeff Blackington, a collaborator at the NIH.



With no observed difference in mRNA abundance for multiple transcripts we examined
protein levels for the GPx4, SEPW1, MAPK8IP1, ND1, ND2, ND4 and ND5 (Fig. 4.8) using
western blotting. No positive immunoreactivity was found for SEPW1, ND1 and ND4 in
frontal cortex tissue. Both GPx4 and MAPK8IP1 protein levels were significantly increased in
PD patients. Similarly, gene expression of both mitochondrial ND2 and ND5 were alike but
for both protein levels were significantly lower in PD (Fig. 4.8C and D). No significant
difference in post-mortem delay, age or tissue pH was noted that could account for altered

protein expression in PD subjects (Fig. 4.9B).
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Figure 4.9: Comparison of demographic data for control and PD brains. Post-mortem
delay, age and pH of control and PD tissue used for A) array and B) protein analysis in

expression studies of DJ-1 associated transcripts.

4.3. Discussion

DJ-1 is reportedly a participant in multiple biological processes including oxidative response
(Canet-Aviles et al., 2004; Taira et al., 2004), transcriptional regulation (Niki et al., 2003;
Takahashi et al., 2001), fertility (Wagenfeld et al., 1998; Yoshida et al., 2003) and apoptosis

(Fan et al., 2008a; Kim et al., 2005a). Using in vitro and yeast two hybrid models, a number
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of interactors have been identified that would explain the varied activity of DJ-1. By
performing DJ-1 IPs we tried to confirm some of these interactions in human frontal cortex

brain tissue.

We failed to show positive IR in either the IP or lysate fractions for Nrf2. DJ-1 has been
shown to stabilise Nrf2, a transcription factor that regulates the expression of genes in
multiple anti-oxidant pathways (Clements et al., 2006). The absence of Nrf2 IR could be
due to a number of reasons. First, Nrf2 may not be highly expressed in human frontal cortex
or secondly, the specificity of the antibody is particularly poor. We also failed to co-IP Sumo-
1 with DJ-1 or detect it in normal lysate, possibly for the same reasons. In vitro, DJ-1 has
been found to undergo sumoylation at residue K130 in the presence of ROS, with failure to
do so resulting in a loss of anti-apoptotic activity (Shinbo et al., 2006). Sumoylation inhibits
apoptosis in neuroblastoma cells by causing translocation of DJ-1 to the nucleus where it
represses p53 transcriptional activity and reduces Bax expression (Fan et al., 2008a). In
addition to lowering Bax activity, translocation of DJ-1 to the nucleus hinders Daxx migration
from the nucleus to the cytosol where it activates ASK1 and resulting in apoptosis (Junn et
al., 2005; Karunakaran et al., 2007). Again we were unable to confirm previous reports of an
interaction between DJ-1 and Daxx using human tissue, though some IR was noted in one
PD lysate, suggesting the antibody was suitable for use with human cortical tissue. Our
failure to confirm any of these protein interactions may be explained by possible differences
in the reported subcellular location of DJ-1. Interactions between DJ-1 and Nrf2, Sumo-1
and Daxx primarily occurs in the nucleus (Clements et al., 2006; Junn et al., 2005; Shinbo et
al., 2006), an organelle where multiple groups have shown DJ-1 to reside. (Blackinton et al.,
2005; Bonifati et al., 2003b; Macedo et al., 2003; Nagakubo et al., 1997). In mouse brains
however, no DJ-1 immunoreactivity was noted in the nucleus following subcellular
fractionation (Zhang et al., 2005a). This discrepancy may be due to differences in
methodologies or it could highlight a difference between endogenous DJ-1 localisation in

mammalian brain tissue and over-expression cell models.

Though no interaction was found with Nrf2, Sumo-1 or daxx, our co-IP experiments may
have identified a tentative association with mortalin. This would confirm a previous report

of an association between the two in vitro (Jin et al., 2007). Mortalin is a member of the

148



HSP70 family of proteins. It is native to the mitochondria, but has also been found to reside
at other subcellular sites including endoplasmic reticulum, plasma membrane, cytoplasmic
vesicles and cytosol (Kaul et al., 2002). In the mitochondria, mortalin forms a translocation
system for importing nuclear encoded proteins from the surrounding cytosol (Deocaris et
al., 2006). As a chaperone, mortalin would be able to unfold bulky proteins, shuttle them
into the mitochondria and then refold them back to their native conformation. This activity
could account for the endogenous pool of DJ-1 present in mammalian mitochondria (Zhang
et al.,, 2005a). Migration of DJ-1 to the mitochondria has been demonstrated under
conditions of oxidative stress and is a feature that is crucial to its protective activity (Canet-
Aviles et al., 2004; Junn et al., 2009). Therefore during times of stress, mortalin may help
boost mitochondrial DJ-1 levels with the aim of minimising oxidative damage. Mortalin has
also been reported to associate with a-synuclein in vitro (Jin et al., 2007) and may offer a
passage for its import into the mitochondria as seen in dopaminergic neurons of post-

mortem human brains (Devi et al., 2008).

When first cloned, DJ-1 was noted to be almost identical to a regulatory component of a
RBP (Hod et al., 1999). Subsequently, DJ-1 was reported to interact in vitro with two nucleic
acid binding proteins, PSF and p54nrb (Xu et al., 2005) and the RNA helicase Abstrakt (Sekito
et al.,, 2005). As we had relatively little success identifying DJ-1 protein interactions, we
decided to investigate whether DJ-1 associates with RNA in vivo as a means of explaining its
pleiotropic effects. Co-IP of endogenous DJ-1 from 3 controls and subsequent identification
of RNA species via real-time PCR showed DJ-1 binds to several RNA transcripts in human
frontal cortex. Due to the minute amount of RNA isolated, we were unable to amplify a
sufficient quantity with the Illlumina RNA amplification kit. This prevented us from
identifying novel RNA interactors with a microarray gene expression chip. Instead, real-time
PCR was used to validate interactions with RNA transcripts that our collaborators had
previously shown to bind to DJ-1 in vitro (van der Brug et al., 2008). In total, we tried to
confirm interactions between DJ-1 and 13 transcripts and found all but one to be enriched
in DJ-1 IP fractions. Transcripts were grouped into 3 categories: those that encode for
selenoproteins, those involved in PTEN/Akt pathway and those for subunits of mitochondria

complex 1. These transcripts are distinct from those reported to associate with other
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proteins like FMR-1 (Brown et al., 2001) and HuR (Lopez de Silanes et al., 2004) highlighting

their specificity as targets for DJ-1.

Selenoproteins are proteins that contain a selenocysteine amino acid as their catalytically
active residue. We identified 4 transcripts that interacted with DJ-1 in human frontal cortex;
GPx4, GPx3, SEPW1 and SEPHS2. Both GPx4 and GPx3 are glutathione peroxidises (GPx)
whose functional role is to reduce peroxides. Not much is known about GPx3, but GPx4 has
been studied in some detail and found to have the unique ability to reduce phospholipid
hyperoxides (Brigelius-Flohe, 2006). This characteristic makes GPx4 vital in maintaining
mitochondrial integrity. Within mitochondria, GPx4 prevents the extensive oxidation of
cardiolipin, a mitochondria exclusive phospholipid that strongly associates with cytochrome
¢ (Imai and Nakagawa, 2003). Formation of cardiolipin hyperoxide causes cytochrome c to
dissociate, leaving it free to seek a path into the cytosol. GPx4 reduces cardiolipin
hyperoxides, keeping cytochrome c firmly bound to the mitochondrial membrane (Imai and
Nakagawa, 2003). GPx4 has also been noted to be up-regulated in glial cells of PD subjects
and provides protection against inflammatory responses (Brigelius-Flohe, 2006). SEPW1 also
display anti-oxidant properties, but like GPx3 its actions have not been well documented
(Chen and Berry, 2003). Unlike the other 3 proteins, SEPHS2 is not an antioxidant, instead it
is an enzyme that donates selenium in the synthesis of selenocysteine residues in

selenoproteins like glutathione peroxidises.

We also identified 4 components of the PTEN/Akt survival pathway, namely JunD,
MAPK8IP1, PPP2R2C and BAD. JunD has been shown to be cytoprotective against UV
induced apoptosis and to protect cells from oxidative stress by regulating the genes involved
in antioxidant defence (Tsuji, 2005). MAPK8IP1 is the human homologue of JIP-1 which
represses apoptosis by inhibiting the INK pathway. Elevated JIP-1 has been shown to protect
dopaminergic neurons from MPTP damage which promotes cell death via JNK activation
(Hashimoto et al., 2002). During apoptosis, Bax facilitates the opening of mitochondrial
permeability transition pores allowing cytochrome c to leak into the cytosol (Hartmann et
al., 2001). This process is inhibited by Bcl-1 which is released upon phosphorylation of BAD
(Chao and Korsmeyer, 1998).

150



The last group of transcripts, ND1, ND2, ND4 and ND5 were categorized as mitochondria
encoded subunits of complex 1. Mitochondria complex 1 (NADH ubiquinone oxireductase) is
the first and largest member of the mitochondrial respiratory system. It establishes an
electrochemical ion gradient by oxidising NADH and pumping protons (H*) across the inner
mitochondria membrane into the inner mitochondria space whilst the freed electrons are
transferred to complex Il by ubiquone (Fato et al., 2008). It consists of 46 subunits, 7 of
which including ND1, ND2, ND4 and ND5 are encoded by the mitochondrial genome
(Antonicka et al., 2003). These 7 subunits combine with 7 nuclear encoded subunits in the
inner mitochondria membrane to form the catalytic core that shows evolutionary

conservation down to bacteria (Fato et al., 2008).

Though we were unable to identify a broader range of transcripts, our collaborators at the
NIH found DJ-1 could bind to over 500 transcripts in mouse brains (unpublished
observations). DJ-1’'s association with RNA appears to be governed by its oxidative state,
with it showing a drastically reduced affinity for RNA when oxidised (van der Brug et al.,
2008). DJ-1 has been reported to be more oxidised in the frontal cortex of PD subjects
(Bandopadhyay et al., 2004; Blackinton et al., 2009) which suggests that interactions
between DJ-1 and RNA are limited in PD. We found protein levels of both GPx4 and
MAPKS8IP1 to be significantly elevated in PD frontal cortex. No comparable change in mRNA
levels was noticed signifying that some post-trancriptional mechanism is responsible for the
increased protein levels. MAPK8IP1 protein levels are also elevated in aged mice which also
display a greater degree of DJ-1 oxidation in comparison to younger mice (van der Brug et
al., 2008). These results demonstrate that DJ-1 binds to RNA in its reduced form and acts as
a repressor of translation. Under conditions of oxidative stress, such as that seen in PD, DJ-1
is oxidised and released RNA strands rapidly undergo translation (Fig. 4.10). This would
explain why no discernable difference in RNA quantity was noted between PD and control
post-mortem tissue and why both GPx4 and MAPKS8IP1 protein levels are elevated in PD. In
line with this, levels of both proteins were found to be greater in DJ-1 null mice compared to

WT, thought steady state levels of RNA were constant (van der Brug et al., 2008).

Van der Brug and colleagues also showed that for GPx4, DJ-1 binds to the 5’ untranslated

region (UTR). Binding at this site may be enough to prevent the binding of the small (40s)
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ribosomal unit of the cap-binding protein complex, which scans the mRNA transcript in the
5’ = 3’ direction till it locates the AUG initiation codon (reviewed in Gebauer and Hentze,
2004). Given the dynamic nature of cells in the brain, it is important a mechanism exists that
allows rapid responses to changes in the microenvironment. DJ-1 appears to fulfil this role in
a quintessential manner by keeping a portion of RNA in storage, making it available for
translation in response to changes in physiological conditions. Thus, responses to cellular
stress can be immediately instigated without wasting time or energy on the synthesis,
processing and export of new RNA transcripts and would ensure that only the required

proteins are up-regulated (Holcik and Sonenberg, 2005).

5’ Coding sequence 3’

AAANAAAN

Oxidation

T
&5

Figure 4.10: Oxidative-dependent regulation of protein translation by DJ-1. In its reduced
form DJ-1 binds to 5’ UTR region and prevents 40s ribosome unit from reaching the AUG
start codon. In the presence of oxidative stress, DJ-1 becomes oxidised and dissociates from

the mRNA strand allowing the 40s ribosome unit to initiate translation.

DJ-1 may also provide a mode of transport for RNA, conveying it from the nucleus to other
areas of the cell where a localised translation of protein can occur. Relocation of DJ-1 to
mitochondria has been observed (Blackinton et al., 2005) and it is plausible that DJ-1 could
also migrate towards other organelles. Within neurons DJ-1 may even carry RNA towards
synaptic terminals to combat the effects of neurotransmitter re-uptake or calcium influx. In
this manner DJ-1 may provide protection against dopamine toxicity in dopaminergic

neurons.

152



Six of the twelve transcripts that we found to be preferentially enriched in DJ-1 IPs appear
to be involved in maintaining mitochondrial integrity and well being. Mitochondrial
dysfunction has been implicated in PD pathogenesis for some time now, with the evidence
first emerging following the discovery that MPTP induces parkinsonian symptoms through
inhibition of mitochondria complex 1 (Abou-Sleiman et al., 2006b). Rotenone is another
neurotoxin that inhibits complex 1 activity and even produces LB like inclusion bodies that
contain a-synuclein (Henchcliffe and Beal, 2008). A place for disrupted complex 1
functioning in the development of sporadic PD was established following reports that levels
are decreased in post-mortem PD substantia nigra (Schapira et al., 1990) and frontal cortex
(Parker et al., 2008). Subunits of complex 1, in particular those that constitute the main
catalytic core display a higher protein carbonyl content in PD compared to controls,
indicating that they suffer greater oxidative damage (Keeney et al., 2006). Keeney et al.,
(2006) also reported that the protein levels of a number of these subunits were lower in the
frontal cortex of PD subjects. This corroborates previous reports of reduced levels of
multiple subunits of complex 1 in PD striatum (Mizuno et al., 1989) and our data showing

down-regulation of both ND2 and ND5 in PD is in agreement with this.

Superoxides are an unfortunate by product of complex 1 activity and is thought to be the
principle architect of oxidative damage to subunits (Keeney et al., 2006) which results in
structural defects that increase electron leakage and ROS production. Rapid replacement of
damaged subunits would minimise any deleterious effects and the presence of DJ-1 in the
mitochondria along with its association with ND1, ND2, ND4 and ND5 provide a means for
this to occur. Furthermore, oxidation of mitochondrial DJ-1 would initiate an up-regulation
of antioxidants like GPx4 that would help combat the increased levels of ROS and minimise
cytochrome c dissociation from the mitochondrial membrane. At the same time, cytosolic
DJ-1 could also translocate to the mitochondria where it may augment antioxidant levels
and up-regulate BAD which following phosphorylation would inhibit the opening of

mitochondrial pores.

The decrease in complex 1 subunit protein levels observed in PD suggests that damaged
subunits are unable to be replaced as efficiently. This would initiate a vicious cycle where

elevated ROS production would exacerbate any oxidative damage, leading to the formation
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of even more ROS. It is unclear why this down-regulation occurs as we found no
corresponding reduction in mRNA levels of ND1, ND2, ND4 and ND5. Cybrid studies, where
mitochondria from control and PD patients are transfected into mitochondria depleted
cultured cells, have shown that PD cybrids develop molecular features typical of PD
phenotype and are more likely to undergo apoptosis (Gu et al., 1998; Trimmer and Bennett,
2009). This strongly hints at a role for PD mitochondria DNA (mtDNA) in mitochondrial
dysfunction and PD pathogenesis. Exhaustive screening of the mitochondrial genome
however has yet to identify any mutations that consistently associate with PD (Fato et al.,
2008). Instead, a high frequency of somatic mutations have been noted in the PD
mitochondria located in the substantia nigra (Bender et al., 2006; Kraytsberg et al., 2006)
and frontal cortex (Smigrodzki et al., 2004). Compared to nuclear DNA, mutation rates are
10-20 times higher for mtDNA due to the absence of introns and failure of proofreading by
mitochondrial polymerase (Leonard and Schapira, 2000). Both ND2 and ND5 genes in
particular show a higher mutation load in PD (Parker and Parks, 2005; Smigrodzki et al.,
2004) that could affect protein production and explain the observed decreases. Smigrodzki
et al., (2004) reported that the PD exclusive ND2 and ND5 amino acid changing mutations
occurred in regions outside the segment of RNA we amplified, which would explain the

similar levels measured in control and PD.

Pathogenic mutations of DJ-1 such as L166P, M261 and D149A do not prevent translocation
towards the mitochondria and indeed this is increased under conditions of oxidative stress,
however this is insufficient to protect cells from toxic insults (Blackinton et al., 2005). This
failure can be attributed to the mutants reduced affinity for mRNA (van der Brug et al.,
2008) which makes the role of DJ-1 as an RNA storage facility redundant. Consequently it
would be unable to induce a rapid up-regulation of cell survival protein, with cells being
forced to depend on conventional transcription and translation processes. Loss of this
defence mechanism would make cells more susceptible to oxidative damage and lower the
threshold of tolerable stress accounting for the early onset of PD seen in PARK7 families. In
sporadic cases, it can be reasoned that the increased oxidation of DJ-1 caused by aging and
PD pathology provides less opportunity for DJ-1 to revert back to its reduced form and
replenish its supply of transcripts. Additionally it has been reported that a proportion of DJ-1

is irreversibly oxidised in PD (Choi et al., 2006), which make them incapable of binding to
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RNA again, rendering them functionally inactive. Unfortunately, we were unable to study
DJ-1’s association with RNA in PD brains as RNA collected from immunoprecipitated DJ-1
failed to amplify. It is unclear why this was, but may be due to disease specific changes or

variability in post-mortem tissue quality.

4.4. Conclusions

In this chapter, DJ-1 interactors were explored using human frontal cortex tissue. We found
that DJ-1 associates with mRNA transcripts encoding for a number of stress response and
mitochondrial proteins. The data presented here supports a role for DJ-1 as an oxidation-
dependent regulator of translation which would be essential in the early stages of limiting
the development of PD. Mortalin was also identified as a potential in vivo interactor of DJ-1
and maybe involved in its import into the mitochondria. DJ-1 therefore appears to be key

for keeping oxidative stress within tolerable levels whilst maintaining mitochondrial activity.

155



5. Exploring DJ-1's role in tauopathies
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5.1. An introduction to tauopathies

Tau, named after the Greek letter t (tau) is a microtubule-associated protein (MAP) that was
found to facilitate microtubule assembly in vitro (Weingarten et al., 1975). It is ubiquitously
expressed in the adult brain. Within neurons it is primarily localised to the axon where it
modulates binding and stabilisation of cellular microtubule, neurite extension and axonal
transport (Ishihara et al., 1999). These functions are performed by different tau isoforms
that are all encoded from the tau gene, located at chromosome 17q21. In total, 6 different
isoforms exist in the adult human brain (Fig. 5.1) produced by alternative splicing of exons 2
and 3 at the N-terminal and exon 10 at the C-terminal of tau mRNA (Andreadis et al., 1992;
Buee et al., 2000). Exon 10 contains a tubulin binding domain that is repeated 3 times
elsewhere in the C-terminal region. Thus if exon 10 is spliced out only 3 repeat (3R) regions
are present and 3R tau is formed, but if exon 10 is present then 4R tau is encoded. In normal
cerebral cortex, 3R tau is slightly more predominant than 4R tau isoforms (Buee and

Delacourte, 1999).
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Figure 5.1: Tau isoforms. 6 tau isoforms are produced by alternative splicing of exons 2 (E2),
3 (E3) and 10 (E10). Splicing in of exon 10 results in inclusion of a 4™ microtubule binding
domain in the tau protein that is consequently termed 4R tau. Exclusion of exon 10 leads to
3R tau formation.

(Adapted from Buée et al., 2000)
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Kinases and phosphatases negatively regulate Tau’s activity by mediating phosphorylation
of sites clustered around the tubulin binding repeats (Robert and Mathuranath, 2007).
Under conditions that remain unclear, tau can become abnormally phosphorylated and
hyperphosphorylated resulting in insoluble filamentous species that dissociate from
microtubule surfaces and collect in the cell body (Abraha et al., 2000; Goedert, 2005).
Accumulation of insoluble tau aggregates is the defining pathological feature of
neurodegenerative disorders classified as tauopathies. These include Alzheimer’s disease
(AD), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick’s disease
(PiD) and Frontotemporal lobe dementia (FTLD). Immnohistochemical and biochemical
studies have shown that disease pathogenesis for some tauopathies is linked to aberrations
in the levels of tau isoforms suggesting abnormal splicing and/or selective sequestration of
insoluble tau species plays a role in these disease (Buee and Delacourte, 1999). Clues to the
disease inducing mechanisms may be gathered from a number of identified genetic
mutations which cause the dissociation of tau from microtubules, the formation of insoluble

filamentous tau or alter the ratio of 3R:4R tau (Goedert, 2005; Pittman et al., 2006).

5.1.1. Alzheimer’s disease

AD was the first neurodegenerative disorder to be associated with tau aggregation. It is the
most common neurodegenerative disorder and is characterised by tau aggregation, AP
containing plaques, decreased synaptic density and neuronal loss in selected brain regions.
The formation of abnormal tau filaments and amyloidosis (extracellular aggregation of AB
into amyloid plaques) reflect the two degenerative processes of AD, with interactions

between the two still not fully understood.

Phosphorylated normal tau contains 2 or 3 phosphate groups, however in AD
hyperphosphorylated tau contains between 5 and 9 groups. These aggregate and are found
in intracellular neurofibrillary lesions (NFL) that consist of neurofibrillary tangles (NFTs) and
the dendritic process derived neuropil threads (NTs). All 6 tau isoforms contribute to tau
pathology in AD which is largely confined to neurons, with glial tau pathology being a minor
feature. The majority of tau present in NFL’s exists in a paired-helical filament structure

(PHL), though some straight filaments (SF) are also present. Formation of NFL is thought to
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arise from the accumulation of phosphorylated tau in the cytoplasm which forms polymers

and then globular particles. These in turn promote the formation of tau fibrils and PHF.

5.1.2. Progressive supranuclear palsy

Though a tauopathy, PSP is defined as a sporadic parkinsonian disorder and is today the
second most common form of degenerative parkinsonism. It is also known as Steele-
Richardson-Olszewski disease. It is clinically characterised by vertical supranuclear gaze
palsy, akinetic-rigid syndrome, pseudobulbar palsy and frontolimbic cognitive decline (Litvan
et al., 1996). Pathological changes that account for clinical manifestations occur mostly in
the subcortical regions including: globus pallidus, substantia nigra, subthalamic nucleus and
midbrain/pontine reticular formation. Additionally the frontal cortex may also be afflicted

accounting for cognitive decline.

Unlike AD where all 6 tau isoforms are involved, the NFTs and NTs formed in PSP are
predominantly 4R and formed from SF (Buee and Delacourte, 1999). Tau pathology is also
not exclusive to neurons as it is in AD and can be found in glial cells in the form of star

shaped tufted astrocytes (TA) or the comma shaped oligodendroglial coiled bodies (OCB).

5.1.3. Corticobasal degeneration

CBD is yet another sporadic degenerative parkinsonian tauopathy featuring deposition of 4R
tau, though it is rarer than PSP. It was first described as corticodentatonigral degeneration
with neuronal achromasia by Rebeiz and colleagues in 1967 (Buee and Delacourte, 1999).
The clinically observed symptoms include limb rigidity, aphasia, apraxia and alien limb
syndrome — where the patient is unable to control the movement of a limb and it feels

‘foreign’.

Like PSP, CBD is pathologically defined as a 4R tauopathy with inclusions in both neurons
and glial cells. However in CBD they are formed predominantly by the PHF variety
associated with AD (Buee and Delacourte, 1999; Robert and Mathuranath, 2007). Similar to

PSP, pathological damage is seen in the globus pallidus and the substantia nigra whilst a
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greater cortical distribution is observed. CBD is also distinguishable from PSP by the
additional presence of tau positive astrocytic plaques and ‘ballooned’ neurons that display

weak immunoreactivity to tau (Komori, 1999).

5.1.4. Frontotemporal lobe dementia

FTLD patients clinically display altered behaviour, language and motor disturbances. It can
be classed as either a tauopathy or a nontauopathy, the latter termed FTLD-ubiquitin (FTLD-
U) as they possess ubiquitin-positive neuronal inclusions that could include TDP-43 (Arai et
al., 2006). FTLD cases that exhibit tau pathology usually harbour mutations in the MAPT
gene, resulting in alterations in tau isoform ratio or abnormal tau protein (Goedert, 2005)
and as a result termed FTLD-MAPT. In total about 40 MAPT mutations have been identified
with the majority found within exons, particularly exons 9-12 and take the form of missense,
deletions and silent mutations (Fig. 5.2). Mutations also frequently occur in the introns

surrounding exon 10 (Gasparini et al., 2007).

Mutations located on exon 10 such as N279K affect splicing of exon 10. By disrupting the
splicing regulatory sequence, exon 10 becomes spliced in leading to overproduction of 4R
tau isoforms. N279K in fact strengthens the splicing-enhancer element present at the
beginning of exon 10, facilitating 4R tau mRNA and protein production. 4R tau formation is
also promoted by mutations in the non-coding region that follows exon 10 (Gasparini et al.,
2007). Intronic mutations such as exon 10+16 are proposed to disrupt the stem-loop RNA
structure that usually obscures the exon 10 splice site. This exposes the splice site, inviting
in splicing machinery and leading to increased splicing in of exon 10 (Ingram and Spillantini,

2002).
Mutations that occur away from exon 10 like R406W affect microtubule assembly resulting

in a predominantly neuronal based pathology. Mutations affect all 6 isoforms which form

PHF and SF within inclusions that are similar to those found in AD.
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Figure 5.2: Mutations in tau gene associated with FTLD-MAPT. A) Mutations in exons 1 and
9-13 of the tau gene are shown along with intronic mutations in the stem-loop structure
between exon 10 and 11. B) more detailed image of the stem-loop structure showing
locations of mutations that destabilise it thereby increasing splicing in of the preceding exon
10. Exon sequence represented by uppercase with lower case denoting intron sequence.

(Reproduced from Gasparini et al., 2007).

5.1.5. Pick’s Disease

PiD was first described by Arnold Pick in 1892. It is characterised by frontal and temporal
lobe dysfunction that induces behavioural changes and aphasia. Unlike other
parkinsonism’s, the substantia nigra is relatively well spared with the main pathology being
asymmetrical atrophy of the frontal and temporal lobes, severe neuronal loss, ballooned
achromatic neurons (Pick cells), gliosis and superficial cortical spongiosis (Kertesz, 2003;
Uchihara et al., 2003). Degeneration of frontal and temporal lobes brings it under the

umbrella of FTLD disorders and it may also be referred to as FTLD-Picks.

There are no NFTs or NTs found in PiD. Instead, neuronal cytoplasmic tau inclusions are
spherical and are termed Pick bodies (PBs). They are comprised of randomly coiled and SF

tau aggregates (Buee and Delacourte, 1999). Whilst inclusions are largely neuronal based,
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OCBs and astrocytic inclusions can be present to a lesser extent (Komori, 1999).
Interestingly, unlike PSP and CBD, 3R tau is the predominant tau isoform found in PiD
aggregates. However, a number of cases have been described with 4R tau pathology and in
some instances 4R tau has even been the most abundant isoform found in PBs (Kertesz et

al., 2003; Munoz et al., 2003).

5.2. Characterisation of DJ-1 positive tau

inclusions in tauopathies

5.2.1. Aim

Shortly after DJ-1 was identified as a cause of AR PD, two studies showed it to co-localise
with tau inclusions, indicting it in the pathogenesis of tauopathies (Neumann et al., 2004;
Rizzu et al., 2004). Here we aim to further our understanding of DJ-1 in tauopathies by

examining its association with both 3R and 4R tau isoforms,

5.2.2. Materials and methods

5.2.2.1. Pathological material

Immunohistochemistry was performed on 8um formalin-fixed wax-embedded sections from
cases detailed in table 5.1 below. Regions used were frontal cortex, temporal cortex,

hippocampus, basal ganglia and pons where appropriate or available.
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Case No. Diagnosis Sex Age Disease Length PMD Main Pathology

(years) (years) (hrs)
1 Control F 83 - 20 Minor age related NFTin hippocampus
2 Control M 86 - 53 Normal with some vascular pathology
3 Control F 77 - 23 Normal with some vascular pathology
4 Control F 81 - 14 Normal with some vascular pathology
5 Control M 81 - 40 Minor age related NFTin hippocampus
6 Control M 67 - 22 Normal with some vascular pathology
7 Control F 83 - 49 Normal with some vascular pathology
8 AD F 92 7 24 AD pathology Braak Stage VI
9 AD M 64 n/a 64 AD pathology Braak Stage V
10 AD F 91 n/a n/a AD pathology Braak Stage VI
11 AD F 94 n/a 28 AD pathology
12 AD F 57 11 26 NFT, massive tau accumulation
13 AD M 82 10 38 AD pathology
14 CBD M 80 5 66 NFT, NT, CB
15 CBD M 64 4 42 NFT, NT, gliosis
16 CBD M 69 n/a 7 Numerous astrocytic plaques, mild NFT
17 CBD M 65 n/a 24 NFT, NT, glial inclusions
18 FTLD-U F 78 3 37 Ubiquitin inclusions
19 FTLD-U M 69 5 28 Ubiquitininclusions
20 FTLD-U F 55 5 44 Ubiquitininclusions
21 FTLD-U M 70 3 24 Ubiquitin inclusions
22 PSP M 90 23 36 NFT, NT, TA, CB
23 PSP F 78 9 33 NFT, NT, TA, CB
24 PSP M 62 7 n/a NFT, NT, TA, CB
25 PSP F 63 2 51 NFT, NT, TA, CB
26 PSP F 90 33 37 NFT, NT, TA, CB
27 PSP M 78 6 66 NFT, NT, TA, CB
28 PSP M 72 21 27 NFT, NT, TA, CB
29 PSP M 69 6 44 NFT, NT, TA, CB
30 PSP M 80 24 70 NFT, NT, TA, CB
31 PSP M 74 13 37 NFT, NT, TA, CB
32 FTLD-Pick's F 69 10 48 PBs
33 FTLD-Pick's M 56 10 26 PBs
34 FTLD-Pick's F 62 10 46 PBs
35 FTLD-Pick's M 74 11 23 PBs
36 FTLD-Pick's M 68 8 31 PBs
37 FTLD-Pick's F 60 7 24 PBs
38 FTLD-Pick's M 61 13 36 PBs
39 FTLD-Pick's F 50 8 26 PBs
40 FTLD-MAPT R406W M 70 7 n/a NFT
41 FTLD-MAPT R406W F 71 13 n/a NFT
42 FTLD-MAPT N279K F 53 8 n/a NFT, glial cell tangles
43 FTLD-MAPT Ex10+16 M 55 5 34 NFT, glial cell tangles
44 FTLD-MAPTEx10+16 F 65 13 23 NFT, glial cell tangles

Table 5.1: Demographic data of cases used to examine DJ-1 IR in tauopathies.

5.2.2.2. Immunohistochemical analysis

Immunoreactions were performed, as described in chapter 2, using polyclonal DJ-1 1130
and monoclonal tau antibodies AT-8. A semi-quantitative assessment, comparing DJ-1
immunoreactive inclusions with tau inclusions, was carried out independently by my

supervisor and me using a scale ranging from - = none to ++++ = numerous. Monoclonal RD3
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and RD4 tau antibodies were used to show the presence/absence of the two groups of tau
isoforms depending on case diagnosis. The same cases were then used for double
immunofluorescence study using both DJ-1 1130 and AT-8 antibodies, also described
previously. This was performed with the help of Dr Lashley. In all cases control slides were
produced without incubation with primary antibody to ensure no artificial or significant
background staining arose. Trial runs were also performed to identify the appropriate pre-

treatment for each antibody and the effects of double staining.

5.2.3. Results

Immunohistochemistry using a DJ-1 antibody showed all AD and FTLD cases contained DJ-1
positive inclusions. DJ-1 positive inclusions were also observed in CBD and PSP cases, but to
a lesser extent. No DJ-1 immunoreactive inclusions were noted in the FTLD-U cases. Staining
with AT8 for tau positive inclusions was robust for all samples. Table 5.2 above provides
semi-quantitative assessment of DJ-1 immunoreactive structures in relation to AT8 tau

positive inclusions and also cites the presence of 3R and 4R tau pathology for all the cases.

Within the frontal cortex of AD patients, DJ-1 IR was largely restricted to neuronal
inclusions, particularly NTs with glial inclusions being largely absent (Fig. 5.4). It was also
seen in abnormal neurites and NFTs associated with extracellular plaques. DFCM using DJ-1
and AT8 confirmed co-localisation of the two proteins in extracellular plaques and
standalone NFTs (Fig. 5.5). RD3 and RD4 antibodies were used to show all AD cases
contained both 3R and 4R tau inclusions. 4R tau was predominantly found within NFTs

whilst RD3 stained numerous NTs and to a lesser degree NFTs.

FTLD-Pick cases were characterised by the abundant presence of AT8 positive PBs in the
frontal cortex and for one case the hippocampus and temporal cortex (Fig. 5.6). In
comparison, staining with DJ-1 revealed the presence of DJ-1 in PBs ranged from slight to
moderate. Use of RD3 and RD4 antibodies showed that AT8 positive PBs were only positive
for 3R tau and not 4R. DFCM confirmed co-localisation of DJ-1 and hyperphosphorylated tau
in PBs (Fig. 5.7).
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Disease/case no. Region AT8 IR Type of DJ-1 IR RD3 IR RD4 IR

PBs NFTs NTs Gls
AD 8 FC +++H+ - ++ +++ O/+rare +ve +ve
9 FC ++++ - ++ ++ - +ve +ve
10 FC ++ - ++ +++ 0/+rare +ve +ve
CBD 14 FC ++ - - - 0/+ (APs) -ve +ve
15 FC +++ - - - 0/+ (APs) -ve +ve
16 FC ++ - - - 0/+ (APs) -ve +ve
17 FC +++ - - - + -ve +ve
PSP 22 Po, FC, Hi  ++++ - o/+ o/+ 0/+ (TA, CB) -ve +ve
23 Po +H++ - 0/+ - 0/+ (CB) -ve +ve
24 Po, Fc -+ - 0/+ o/+ 0/+(TA,CB)  -ve +ve
25 Po -+ - o/+ o/+ 0/+ (CB) -ve +ve
26 Po -+ - o/+ o/+ 0/+ (CB) -ve +ve
27 Po -+ - o/+ - 0/+(CB) -ve +ve
28 Po, FC, Hi  ++++ - o/+ o/+ 0/+(CB) -ve +ve
29 Po, FC +HH+ - o/+ o/+ 0/+ (TA, CB) -ve +ve
30 Po 4 - o/+ o/+ 0/+(CB) -ve +ve
31 Po 4+ - o/+ o/+ 0/+(CB) -ve +ve
FTLD-Pick's 32 FC, TC, Hi  ++++ +/+H[++ - - - +ve -ve
33 FC ++++ ++ - - - +ve -ve
34 FC +++ + - - - +ve -ve
35 FC ++++ ++ - - -
36 FC ++++ ++ - - - +ve -ve
37 FC ++++ ++ - - - +ve -ve
38 FC ++++ ++ - - - +ve -ve
39 FC -+ + - - - +ve -ve
FTLD-R406W 40 FC +++ - ++ ++ + +ve +ve
41 FC +++ - ++ ++ + +ve +ve
FTLD-N279K 42 FC ++++ - - o/+ ++ -ve +ve
FTLD-Ex 10+16 43 FC i - - o/+ ++ -ve +ve
44 FC +H++ - - o/+ ++ -ve +ve

Table 5.2: Semi-quantitative analysis of tau and DJ-1 neurolesions in neurological disorders
with 3R and/or 4R tau pathology. +ve (present) or —ve (absent) used to denote RD3 IR and
RD4 IR. Following scale used to assess DJ-1 IR: - = absent, 0/+ = rare, + = few, ++ = moderate,
+++ = many and ++++ = numerous. Gl = glial inclusions, AP = astrocytic plaque, CB = coiled
bodies, TA = tufted astrocytes, FC = frontal cortex, TC = temporal cortex, Po = Pons and Hi =

hippocampus.

For PSP, DJ-1 positive structures were rare in occurrence in comparison to the numerously
stained AT8 tau inclusions. DJ-1 IR was evenly associated with NFTs, NTs and glial inclusions
in both the pontine base and frontal cortex (Fig. 5.8). Some tufted astrocytes were also seen
in the latter region. DJ-1 was found to co-localise with tau in both neuronal and glial
structures (Fig. 5.9). Screening with both RD3 and RD4 resulted in visualisation of only 4R
tau positive structures. In CBD, DJ-1 IR was even rarer than in PSP and typically located in

astrocytic plaques in the frontal cortex where it could seen in several NTs (Fig. 5.3).
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Figure 5.3: Astrocytic plaques from frontal cortex of CBD cases. Plaques stained with AT8

(A) and DJ-1 (B).

Figure 5.4: DJ-1 IR in AD frontal cortex. A, B) AT8 IR in extracellular plaque in AD. C) AT8 IR in

an NFT. D, E) low power image of numerous DJ-1 IR NFTs in AD. F) DJ-1 IR NFTs and NTs in an
extracellular plaque in AD. G-I) DJ-1 IR NFTs in AD.
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DJ-1 AT-8
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Figure 5.5: Double confocal immunofluorescence of DJ-1 and tau in AD frontal cortex. DJ-1

is depicted in red, tau AT8 in green and yellow represents a merged co-localisation of the
two. A) Shows co-localisation of the two in NTs and NFTs in an extracellular plaque. B) an NFT

containing both proteins (arrow) and one that is only tau positive (+).
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Figure 5.6: DJ-1 IR in frontal cortex of FTLD-Pick’s cases that exclusively display 3R tau

pathology. A-C) 3R-tau positive PBs. D-F) Positive staining of PBs with DJ-1.
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Figure 5.7: Double confocal immunofluorescence of DJ-1 and tau in frontal cortex FTLD-
Pick’s case. DJ-1 is depicted in red, tau AT8 in green and yellow represents a merged co-

localisation of the two. Both A and B show co-localisation of DJ-1 and 3R tau proteins in PBs.
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Figure 5.8: Immunohistochemistry from basal pons of PSP cases demonstrating AT8 tau
and DJ-1 IR. A-C) ATS8 positive NFTs and tufted astrocytes from PSP. D-F) Glial cell inclusions
and NFTs from PSP displaying DJ-1 IR.
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DJ-1 AT-8 merged

Figure 5.9: Double confocal immunofluorescence of DJ-1 and tau in PSP frontal cortices. DJ-
1 is depicted in red, tau AT8 in green and yellow represents a merged co-localisation of the
two. Co-localisation of the DJ-1 and 4R tau is shown in A) a NFT, B and C) glial inclusion coiled

body.

DJ-1 IR was also assessed in a number of tauopathies induced by mutations in the MAPT
gene and are summarised in table 5.2. The FTLD-MAPT cases with a R406W mutation
displayed many AT8 positive tau inclusions in the frontal cortex. Both NFTs and NTs stained
positive for 3R and 4R tau (Fig. 5.10). The same region from the 2 cases also exhibited
moderate DJ-1 IR in NFTs and NTs. Co-localisation was again shown using DFCM, in this case
a peri-nuclear rim seems to be formed by the DJ-1 and tau inclusions. DFCM also showed
that both inclusions may be present within the same spatial vicinity of a neuron, but not co-

localised (Fig. 5.11).
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Figure 5.10: Tau and DJ-1 immunoreactivity from FTLD-MAPT R406W cases which possess

both 3R and 4R tau pathology. A, B) 3R positive tau NFTs. C) 4R tau positive inclusions. D)
Low power (10x) image of numerous DJ-1 positive NFTS. E, F) 40x image of DJ-1 positive
NFTs. G, H) High power (100x) images of DJ-1 IR NFTs and NT (I). All images from frontal

cortex.

For the single case with a N279K mutation, tau inclusions were found to be present within
the frontal cortex in greater numbers than in the R406W case and like PSP and CBD were
only positive for 4R tau (Fig. 5.12). A moderate number of glial cell inclusions that resembled
coiled bodies showed DJ-1 IR in the cortical white matter. No DJ-1 positive NFTs were seen

and NTs were rarely stained.
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Both the FTLD cases with a MAPT exon 10+16 mutation showed a similar distribution of DJ-1
and tau positive inclusions to the N279K case. Additionally, like the N279K mutation, all tau
inclusion in the exon 10+16 cases stained positive for 4R tau and negative for 3R tau (Fig.

5.12).

Figure 5.11: Double confocal immunofluorescence of DJ-1 and tau in frontal cortex of FTLD-

R406W case. DJ-1 is depicted in red, tau AT8 in green and yellow represents a merged co-
localisation of the two. A) Shows a ring-like peri-nuclear deposition of DJ-1 and tau. B) An

NFT where both DJ-1 and tau are present but not co-localised.
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Figure 5.12: DJ-1 IR in frontal cortex of FTLD-MAPT cases with 4R-tau pathology. A-C) 4R-

tau positive coiled bodies from FTLD-MAPT Ex. 10+16 cases. D-F) DJ-1 positive coiled bodies
from the same cases. Coiled bodies from a FTLD-MAPT N279K case, showing 4R-tau IR (G-I)

and DJ-1 IR (J-L).
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5.3. Comparison of DJ-1 expression between

tauopathies and controls

5.3.1. Aim

To determine whether DJ-1 mRNA and protein levels are compromised in tau related

neurodegenerative disorders.

5.3.2. Materials and methods

5.3.2.1. Pathological material

Case Sex Age PMD pH mRNA Protein
Con1l F 77 23.0 5.60 X X
Con 2 F 86 46.5 6.17 X

Con 3 F 84 81.5 6.28 X

Con 4 M 85 43.4 6.68 X X
Con5 M 86 53.0 6.65

Con 6 M 86 23.3 6.55 X

Con7 M 81 40.0 6.48 X

Con 8 F 85 34.0 6.31 X X
Con 9 M 83 117.1 6.81

Con 10 M 79 56.4 6.60 X X
Con 11 M 75 64.5 6.18 X

Con 12 F 81 13.5 6.39 X X
Con 13 M 63 42.0 6.23 X

Con 14 M 57 78.5 6.03 X X
Con 15 F 78 233 6.07 X X
Con 16 M 71 38.5 N/A X X
Mean+SEM 78.6£2.1 48.6%6.7 6.340.1

PSP 1 M 78 66.10 6.45 X X
PSP 2 M 72 27-39 6.19 X X
PSP 3 F 90 35.50 6.75 X

PSP 4 F 79 27.35 6.38 X X
PSP 5 M 76 46.55 6.46 X X
PSP 6 M 79 32.15 5.93 X X
PSP 7 M 67 28.30 6.5 X

PSP 8 M 73 48.00 6.23 X

PSP 9 F 81 10 5.88 X

PSP 10 F 80 66.10 X X
PSP 11 M 70 14.40 5.96 X

PSP 12 M 62 50.40 6.62 X

PSP 13 F 75 74.30 6.06 X X
PSP14 M 79 44.00 6.21 X X
Mean+SEM 75.8+t1.8 41.8+5.2 6.240.1

Table 5.3: Demographic data of caudate tissue used to study DJ-1 expression.
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DJ-1 protein levels were compared in frontal cortex of 3 control cases (#1, 5 and 7), 3 AD
cases (#11-13) and 3 FTLD-Pick’s cases (#37-39) from Table 5.1. Levels of soluble DJ-1
protein in the caudate (striatum) of 8 PSP cases were compared against 8 controls. 14 PSP
and 16 control cases were also used to compare DJ-1 gene expression in the same regions.

Details of cases where caudate was extracted from are listed in table 5.3.

5.3.2.2. Biochemical comparison of DJ-1 expression levels

Protein separation on a 12% Tris-glycine gel and chemilluminescent protein detection was
used to measure soluble DJ-1 protein levels in control, AD and FTLD-Pick’s frontal cortex. DJ-
1 was detected using a monoclonal DJ-1 antibody and protein levels were normalised to B-
actin. Sarkosyl insoluble DJ-1 protein levels, extracted from the same cases using the
method described in the methods chapter and reproduced from Goedert et al., (1992) were
also measured in a similar manner. Monoclonal AT-8 and monoclonal DJ-1 were used to
detect insoluble tau and DJ-1 protein respectively. Fluorescent western blotting on the Li-
cor Odyssey scanner was used to compare soluble DJ-1 protein levels in PSP and control
caudate. Comparison of DJ-1 protein levels in AD, FTLD-Pick’s with control cases was
performed by my supervisor, Dr Bandopadhyay. Real-time PCR as described previously was
performed to measure DJ-1 mRNA expression in 14 PSP and 16 control caudate (striatum)
samples. Expression levels were normalised to both B-actin and B2M and compared using

an unpaired student’s T-test.

5.3.3. Results

Real-time PCR was used to study DJ-1 gene expression in PSP striatum (caudate) (Fig. 5.13C).
Comparison with controls using an unpaired student’s T-test showed no significant
difference (p = 0.262). Similarly, western blotting of soluble proteins from the same region
of 8 PSP and control cases showed no significant (p = 0.667) difference in DJ-1 protein
expression between the two groups (Fig. 5.13A and B). On a smaller scale, no statistical
change in soluble DJ-1 protein was noted in AD and FTLD-Pick’s frontal cortex when

compared with control homogenate (Fig. 5.13D and E).
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Figure 5.13: Expression of DJ-1 in sporadic tauopathies. A, B) Soluble DJ-1 protein levels in
PSP and control striatum show no significant difference after normalisation to B-actin and
comparison using unpaired student’s T-test. C) Quantitative analysis of DJ-1 gene
expression from PSP and control striatum. D) Soluble DJ-1 protein level in frontal cortex of
three FTLD-Pick’s cases, three AD cases and three control cases. E) Comparison of soluble
DJ-1 protein levels normalised to B-actin of samples in D show no difference between the
three groups. F) Insoluble DJ-1 and phosphorylated tau from sarkosyl-insoluble fractions of
FTLD-Pick’s (lanes 1 and 2), AD (lanes 3 and 4) and control (lanes 5-7) frontal cortices.
Intersecting line on graphs represents mean of group. G) Frontal cortex DJ-1 pl isoform
distribution from soluble fraction of 2 AD and 2 control cases. * highlight increased presence
of acidic DJ-1.
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Sarkosyl-insoluble homogenates were then formed from frontal cortex of two AD, two FTLD-
Pick’s cases and 3 control cases and separated on Tris-glycine gels. Immunoblotting with DJ-
1 monoclonal antibody revealed the presence of small amounts of sarkosyl insoluble DJ-1 in
control cases (Fig. 5.13F). Insoluble DJ-1 levels were elevated in both AD and FTLD-Pick’s
sarkosyl insoluble fractions which are enriched with tau PHF and tau SF respectively. Faint
bands representing higher molecular weight isoforms of DJ-1 were also noted in the
diseased homogenates but not control. Insoluble fractions were also probed with tau AT8
antibody and the typical tau bands were seen in both AD and FTLD-Pick’s but not control

tissue.

5.4. Discussion

In “lower” vertebrates such as rodents, both DJ-1 protein and mRNA expression can be seen
in glial and neuronal cell types (Bader et al., 2005; Bandopadhyay et al., 2005; Kotaria et al.,
2005). In contrast early reports on human control and IPD post-mortem brains reported DJ-
1 to be predominantly expressed by astrocytes, with some neuronal presence noticed
(Bandopadhyay et al., 2004). More recently, DJ-1 IR has been shown in striatal and
dopaminergic neurons in human and primate brains (Olzmann et al., 2007) suggesting DJ-1

is expressed by and functions in both cell groups.

In PD, the disease DJ-1 mutations are associated with, staining of LBs is highly uncommon
(Bandopadhyay et al., 2004; Rizzu et al., 2004). DJ-1 has however, been found within
pathological tau inclusions of AD and FTLD cases (Rizzu et al., 2004). These latter findings
have been confirmed by this study, which was extended to demonstrate DJ-1’s involvement

in a more comprehensive range of tauopathies.

The finding of this study show DJ-1 associates with the pathological features of PSP, CBM,
FTLD-Pick’s and FTLD with MAPT mutations, but displays a greater affiliation with the tau
inclusion of AD. DJ-1 IR was seen in a variety of inclusions including NFTs, NTs, glial, PBs and
extracellular amyloid plaques with the precise locations being dependent on the disease

type. DCFM confirmed co-localisation of DJ-1 with hyperphosphorylated tau in these
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structures. The inability to use formic acid pre-treatment with RD3 and RD4 antibodies
prevented us from directly showing co-localisation of DJ-1 with 3R and 4R tau isoforms.
Nevertheless its ability to associate with both tau groups can be surmised from the co-
localisation demonstrated in FTLD-Pick’s, a 3R tauopathy and the PSP cases which

exclusively exhibit 4R tau pathology.

Studying DJ-1 IR in FTLD cases with MAPT mutations reveal various DJ-1 staining patterns
that are of interest. Cases with R4A06W MAPT mutations displayed 3R and 4R staining of
diffuse cytoplasmic deposits in nerve cells and well formed NFTs shown previously (de Silva
et al., 2006) and confirmed by ourselves. In frontal cortex tissue from these cases, DJ-1 was
found to positively stain a significant portion of NFTs and NTs. Tissue sourced from the
individual with the N279K MAPT mutation, displayed no DJ-1 IR in NFTs. It was instead
restricted to glial cell inclusions within the cortical white matter which are reminiscent of
coiled bodies. Similarly, tissue from individuals harbouring MAPT exon 10+16 splice site
mutations also displayed a moderate number of DJ-1 IR glial cell inclusions. Both N279K and
exonl1l0+16 mutations are exclusively 4R tauopathies as previously documented (de Silva et
al., 2006) and their tau pathology may be characterised by presence of NFTs with glial

inclusions in white matter.

Reasons for the association of DJ-1 with both 3R and 4R tau are not exactly clear. However
observations within the department that DJ-1 antibody fails to recognise recombinant tau
on immunoblots appears to rule out any non-specific ‘sticking’ of DJ-1 antibody to tau
molecules. Instead, our collected data supports the notion of a chaperone role for DJ-1
towards both 3R and 4R tau. It was recognised early on that DJ-1 resembles the E. coli
molecular chaperone HSP31 (Lee et al., 2003). Its chaperone activity was further
investigated in vitro and in vivo using a-synuclein as the substrate (Shendelman et al., 2004;
Zhou et al., 2006). Shendelman and colleagues specifically reported that the chaperone
activity of DJ-1 is dependent on C53 oxidation. To date, no chaperone assay has been
performed using tau as a substrate though it has been conjectured that DJ-1 may function
to offset tau misfolding (Neumann et al., 2004). This would infer that DJ-1 should be found
within all tau inclusions which we have seen is not the case for at least AD, FTLD, PSP and

CBD. With this in mind we speculate that DJ-1 initially associates with tau as it undergoes B-
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sheet formation, aiming to facilitate its unwinding it, but as the disease progresses DJ-1
becomes sequestered and trapped with tau inclusions. Co-transfection of DJ-1 and tau into
COS-1 cells followed by immunoprecipitation showed no co-immunoprecipitation of the
two, suggesting association between the two is dependent on the hyperphosphorylation
state of tau (Macedo et al., 2003). Zhou et al., (2006) reported that over oxidation of DJ-1
perturbs its anti-aggregation properties against a-synuclein and we have found that there is
a greater abundance of oxidised DJ-1 in AD frontal cortex compared to controls. This
considered alongside our data showing DJ-1 can undergo irreversible oxidation in AD (Choi
et al., 2006), may be a sign that DJ-1's chaperone activity towards tau diminishes with
disease progression. The absence of DJ-1 from LBs casts a shadow over the idea that DJ-1
interacts with a-synuclein in human neurons. However, the two have been shown to co-
localise in a subset of oligodendroglial inclusions in MSA cases (Neumann et al., 2004). Any
chaperone activity exerted by DJ-1 may be specific towards certain substrates such as tau
and a-synuclein as highlighted by its absence from ubiquitin inclusions present in FTLD-U

cases.

In addition to a chaperone role, other reasons for DJ-1 to associate with tau inclusions
include oxidative stress or age-related modifications in the structure and properties of DJ-1
(Bandopadhyay et al., 2004; Meulener et al., 2006). It has also been reported that DJ-1 is
capable of down-regulating the tumour suppressor PTEN (Kim et al., 2005a) which exerts its
activity by inhibiting PkB/Akt which mediates a number of intracellular signalling pathways
and Akt can phosphorylate tau (Ksiezak-Reding et al., 2003). A number of other reports have
linked PTEN/Akt pathway with AD pathology (Griffin et al., 2005; Pei et al., 2003) whilst
inactivation of DJ-1 in Drosophila results in impaired P13’K/Akt signalling (Yang et al., 2005).
Thus DJ-1 could affect PTEN/Akt/tau phosphorylation pathways via direct or indirect means
and so account for its detection in tau inclusions inside vulnerable cell populations in
tauopathies like those studied here. Of note, DJ-1 is not the only FPD linked protein found to
associate with hyperphosphorylated tau. LRRK2 (PARK8) has recently been found in NFTs
and NTs of AD and other tauopathies (Miklossy et al., 2006). This could be indicative of a
common neurodegenerative pathway shared by PD and tauopathies, for which DJ-1 and

LRRK2 are part of.
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PARK7 mutations results in PD due to a loss of DJ-1 protein function. Thus it can be
speculated that changes in protein expression may have detrimental effects in sporadic
tauopathies. With the aid of western blotting techniques we showed that in the frontal
cortex of AD, FTLD-Pick’s and control subjects there was no changes in levels of soluble DJ-1
monomer. Due to the small number of cases (n=3) for each group these results are only
preliminary. A larger comparison (n=8) was performed using PSP and control striatal tissue
which also showed soluble DJ-1 levels to be consistent in the two groups. In line with this,
no change in DJ-1 gene expression was detected meaning there are no pre or post-
translational modifications to DJ-1 protein in PSP striatum. A previous study had reported
that soluble DJ-1 levels are increased in the frontal cortex of AD patients (Choi et al., 2006)
but we feel this difference may be down to experimental discrepancies including protein

loading and antibody selection.

Analysis of sarkosyl-insoluble fractions from FTLD-Pick’s, AD and control frontal cortex
showed an enrichment of DJ-1 in the diseased fractions. Additionally, small quantities of
HMW complexes of DJ-1 at 47 and 64kDa were detected in diseased factions. Traces of the
47kDa isoform were also seen in MSA cerebellum (Neumann et al., 2004). The nature of
these DJ-1 species remains unknown, but it is possible that these refer to an insoluble form
of DJ-1 dimer whilst the 64kDa isoform is an even higher order oligomer/aggregate. Probing
of sarkosyl-insoluble homogenates with AT8 antibody revealed the presence of multiple tau
bands in all samples except control, showing that the fractionation process was successful.
Again, the use of 2 samples for each disease group means these findings are provisional.
Nevertheless it can be seen that the amount of insoluble DJ-1 in FTLD-Pick’s and AD groups
are 3-4 times greater than for control tissue. DJ-1 may naturally become insoluble with
aging, which may explain the small amounts seen in control subjects. The elevated levels in
diseased tissue may arise from inactivation of DJ-1 due to oxidative damage, which causes it
to aggregate and become insoluble. The presence of HMW isoforms in diseased tissue could
support this. It has been noted that the mutant L166P DJ-1 protein also forms higher-order
structures of a similar size (Macedo et al., 2003). Our 2DGE analysis of DJ-1 pl isoforms in AD
frontal cortex show that DJ-1 is subject to a greater degree of oxidative stress than in
control with the accumulation of acidic pl isoforms 5.3 and 5.4. Choi et al., (2006) showed a

similar accumulation of DJ-1 pl isoform 5.5 in AD frontal cortex. It is also feasible that if DJ-1
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is trapped within tau tangles it will be drawn into the sarkosyl-insoluble fraction by the
hyperphosphorylated tau. The denaturing conditions present in western blotting protocols

would subsequently free it for detection by immunoblotting.

5.5. Conclusions

In this chapter we confirmed earlier work by Rizzu and colleagues (2004) and Neumann et
al., (2004) showing DJ-1 to co-localise with tau. We extended this to show co-localisation
occurred with both 3R and 4R tau isoforms and that DJ-1 has a differential expression profile
in pathological inclusions of various neurodegenerative disorders. It also proposes a role for
DJ-1 in the pathogenesis of AD, FTLD-Pick’s, FTLD-MAPT and to a lesser degree PSP and CBD

with no involvement in FTLD-U.
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6. Final Discussion
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6.1. Discussion

Though rare, mutations in PARK7 result in early-onset PD due to the severe and sometimes
total loss of DJ-1 protein function. It is therefore likely that in sporadic PD cases the
functional activity of DJ-1 may also be disrupted, albeit to a lesser degree, contributing to
the development of the disorder. Under this rationale, the research presented in this thesis
was undertaken with the intention of exploring altered DJ-1 functioning in vivo, for common
forms of PD. By using post-mortem human brain tissue, a number of key findings were
uncovered. First, in PD DJ-1 appears to undergo a transcriptionally regulated decrease in
protein expression in areas associated with motor symptoms. Second, regions associated
with non-motor symptoms like dementia display an increase in DJ-1 gene expression. These
regions are associated with AD pathology and in light of this we found DJ-1 to co-localise
with 3R and 4R tau. The third key finding is that DJ-1 is able to interact with multiple RNA
species in vivo, the majority of which are of importance to the mitochondria. Based on these
observations, we propose that under normal conditions DJ-1 is neuroprotective and that its
defensive activity is largely directed towards mitochondrial well-being. In PD however, this
protective activity becomes attenuated, resulting in mitochondrial dysfunction and

eventually the onset of apoptosis.

DJ-1 belongs to the PfPI superfamily of proteins which encompasses antioxidants, proteases
and chaperones. Based on homology comparisons, similar functions have been proposed for
DJ-1. Evidence in the literature that has mainly arisen from in vitro studies indicates that DJ-
1 primarily functions as an oxidative stress response protein. Crystallographic analysis of DJ-
1 protein structure shows that mildly oxidising conditions induce the formation of a stable
cysteine-sulfinic acid at C46, C53 and in particular, C106 (Wilson et al., 2003). A similar
phenomenon occurs at methionine residues (Choi et al, 2006). This purported
peroxiredoxin-like FR scavenging activity (Andres-Mateos et al., 2007) is what reportedly
confers protection against neurotoxins in vitro and in vivo. Though no protease activity for
DJ-1 has been found, a weak oxidation dependent chaperone activity towards a-synuclein
has been reported (Shendelman et al., 2004; Zhou et al., 2006). These findings however are
unlikely to fully explain the protective effects of DJ-1 as unlike other thiol containing

antioxidants e.g. glutathione, DJ-1 is less abundantly expressed and additionally, the
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scavenging activity of DJ-1 is a lot lower than other FR scavengers like catalase (Andres-

Mateos et al., 2007).

Instead, the identification of transcripts encoding for selenoproteins that function as
antioxidants suggest DJ-1 is a translational mediator of oxidative stress responses. By
freeing transcripts like GPx4 etc upon oxidation by ROS (Fig. 6.1), DJ-1 would instigate a
response that is more rapid and localised in nature than would be possible if mediated by
transcription. Indeed, up-regulation of antioxidants and components of the PTEN/Akt
pathway is in line with the observed effects of DJ-1 over-expression including elevated
glutathione synthesis (Zhou and Freed, 2005) and inhibition of Bax and other proapoptotic
proteins (Bretaud et al., 2007; Fan et al., 2008b). Given the viability of DJ-1 KO mice, these
cellular functions of DJ-1 do not appear vital for cellular functioning. Rather the early-onset
of PD in carriers of PARK7 mutations and the increased vulnerability of models to
neurotoxins suggests that cells simply have a lower threshold for acceptable oxidative
injury. With the time taken for transcription of mRNA strands, it is logical that some other
mechanism be in place to enable quick and localised responses to changes in the
microenvironment. It is this function that DJ-1 appears to hold, acting as a reservoir of

transcripts essential for cell survival and homeostasis.

It is less clear how DJ-1 interactions with mitochondrial transcripts for subunits of complex 1
contribute to PD pathogenesis. Mitochondria are a key source of ROS and numerous
subunits of complex 1 become oxidatively damaged during the production of the
mitochondrial membrane potential that is essential for the formation of ATP (Keeney et al.,
2006). Under oxidative stress conditions, logic dictates that mitochondrial activity would be
abated to minimise any further production of ROS. In this scenario, oxidised DJ-1 may
actually bind to transcripts for complex 1 subunits, preventing their translation. Once
oxidative stress levels become more acceptable, DJ-1 would be reduced to its normal state
thereby releasing mitochondrial transcripts which are then utilised to replace any damaged

subunits, enabling mitochondrial activity to return to normal.

However, this strategy may lead to ATP shortfalls and the presence of damaged subunits

may increase electron leakage which would further fuel the production of FR. Additionally

183



there would be a decrease in ATP production which would make cells vulnerable to the
weak excitotoxic effects of glutamate. ATP depletion would also impair UPS functioning
causing an accumulation of oxidised proteins that would promote further ROS generation
and may ultimately induce LB formation (Fig. 6.2). Dopamine release and re-uptake may
also be compromised by energy reductions and may result in dopamine toxicity. Reductions
in the mitochondrial membrane potential would also diminish the mitochondria’s capacity
for Ca**, leading to cytosolic Ca”* overload. Thus, replacement of damaged subunits in times
of oxidative stress would provide energy for other oxidative stress responses and normal

cellular activities.
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Figure 6.1: Neuroprotective actions of DJ-1. Mitochondria are the powerhouse of the cells
and during the production of ATP, ROS are generated as a harmful waste product. If not
properly disposed of, ROS can damage components of the ETC and inhibit further energy
production. In mammals, a small amount of DJ-1 is resident within the mitochondria where
they act as oxidative stress sensors. If oxidative conditions reach a certain threshold, DJ-1
acts in 3 ways to return conditions back to basal levels. Firstly, DJ-1 acts as a free radical
scavenger by undergoing oxidation at multiple cysteine and methionine residues. This then
induces its most effective neuroprotective actions. In its reduced state, DJ-1 represses the
translation of protein by binding to a proportion of RNA transcripts. These are released
following oxidation of C106, and immediately induce an up-regulation of antioxidants which
work rapidly to reduce ROS levels within the mitochondria. One such antioxidant, GPx4, also
prevents the dissociation of cytochrome c from the inner mitochondrial membrane. Other
transcripts that are released by mitochondrial DJ-1 include those encoding for subunits of
complex 1 (comp 1). This ensures energy production is not compromised by replacing any
oxidatively damaged subunits. FR’s that manage to escape into the cytosol would initiate a
similar response for cytosolic DJ-1. In addition to raising cytoplasmic levels of antioxidants,
oxidised DJ-1 also releases transcripts involved in PTEN/Akt signalling resulting in an up-
regulation of anti-apoptotic proteins. In particular this inhibits the opening of mitochondrial
pores by BAX, preventing the escaped of free dissociated cytochrome c. It is also possible
that in its oxidised state, DJ-1 may bind to other groups of transcripts eg those that are pro-
apoptotic in nature. Furthermore, oxidation of cytosolic DJ-1 initiates a translocation into the
mitochondria, possibly through mortalin, to tackle ROS production at the source. The last
protective mode of action for DJ-1 is as a chaperone. Following oxidation when oxidised, DJ-1
may possess some chaperone activity and assist it the unfolding of misfolded proteins which
may include a-synuclein and tau. Once oxidative stress conditions have subsided, DJ-1 is

reduced through unknown means.

Mitochondria are able to instigate apoptosis through activation of caspases and are
therefore mediators of cell survival. The identification of transcripts for complex 1 subunits,
GPx4 and PTEN/Akt components like BAD suggests a role for DJ-1 in minimising ROS activity
and cytochrome c release. In healthy controls these would work in tandem to prevent
mitochondrial dysfunction and fragmentation. Our unsuccessful attempts to isolate DJ-1
bound transcripts in PD frontal cortex could be due to the observed reduction and increased
oxidation of DJ-1 which together suggests that DJ-1 function have been compromised. PD is

an ongoing progressive disorder and the tissue used by us displayed neocortical pathology
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highlighting a prolonged disease duration. We have suggested that DJ-1 acts as a rapid
response protein towards oxidative stress. If this is true then it is likely that DJ-1 is
unsuitable to combat sustained assault by ROS and oxidative stress and is intentionally
down-regulated once it has served its purpose, thereby allowing long-term strategies to be

implemented.

Such strategies could involve other PD proteins. DJ-1 has been shown to negatively
regulated PTEN (Kim et al., 2005a) which in turn induces Pinkl expression (Unoki and
Nakamura, 2001). Pink1 reportedly confers protection against rotenone and MPTP toxicity
in vitro (Deng et al., 2005) and has both a mitochondrial and cytoplasmic localisation like DJ-
1 (Gandhi et al., 2006; Weihofen et al., 2008). Pink1 also specifically phosphorylates the
mitochondrial chaperone protein TRAP1 to protect against oxidative stress induced
apoptosis (Pridgeon et al.,, 2007). Pinkl may additionally interact with HSP90 and HtrA2
(Plun-Favreau and Hardy, 2008), both of which also display chaperone activity. Interestingly
a single heterozygous mutation in the DJ-1 and PINK1 gene has been described in a Chinese
family, suggesting a possible digenic mode of inheritance and further supporting some form
of functional interaction between the two proteins (Tang et al., 2006). Pink1 has also been
shown to have a genetic association with parkin (Clark et al., 2006; Park et al., 2006), with
KO of either in drosophila producing similar defects. Further investigation showed over-
expression of parkin could rescue Pinkl phenotype in PINK1 deficient flies (Yang et al.,,
2006). However, the opposite was not true suggesting that the two share a common
pathway with Pink1l upstream of parkin. DJ-1 is unable to rescue either phenotype (Dodson
and Guo, 2007; Exner et al., 2007) indicating that DJ-1 may act upstream of both Pink1 and
parkin. Overexpression of parkin increases mtDNA transcription and replication whilst
parkin null mice reportedly have lower levels of complex 1 subunits. Similarly, PINK1
silencing also results in decreased levels of mtDNA and mtDNA synthesis (Gegg et al., 2009).
Thus DJ-1 may indirectly regulate the activity of two other PD proteins, Pinl1 and parkin and
that in the latter stages of PD, DJ-1’s protective activity is sacrificed in order to promote the

combined protective effects of Pink1, parkin and other pro-survival proteins.

It could also be hypothesised that the down regulation of DJ-1 we observed in some PD

regions could occur in order to prime cells for apoptosis. Reduced levels of DJ-1 may result
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in an up-regulation of members of proapoptotic pathways and would also favour the release
of cytochrome c into the cytoplasm where it would activate caspases (Fig. 6.2). DJ-1 KO in
zebrafish results in up-regulation of Bax and p53 transcriptional activity which promote
apoptosis via the opening of pores on the outer mitochondria membrane (Bretaud et al.,
2007). By promoting apoptosis, cell death via necrosis would be minimised and enable
salvaging of cellular components whilst simultaneously preventing cytoplasmic
contamination of the extracellular space and inflammatory responses that would be harmful
to neighbouring cells. In support of this hypothesis, cancerous tissue where apoptotic
mechanisms have been switched off often display elevated levels of DJ-1 (Le Naour et al.,
2001; Liu et al., 2008b; MacKeigan et al., 2003) and indeed the original description of DJ-1

was as an oncogene that enhanced transformation of cells (Nagakubo et al., 1997).
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Figure 6.2: Compromised DJ-1 functioning in PD. In a number of PD brain regions, DJ-1 levels
are significantly lower than in controls and the relatively small amount that is present is
often in an oxidised state due to the constant elevated oxidative stress conditions. Thus in PD
tissue, the neuroprotective actions of DJ-1 are minimal. As DJ-1 is already oxidised, it is
unable to act as an antioxidant. Additionally, if DJ-1 is constantly oxidised, it would be unable
to induce translation of antioxidants, anti-apoptotic proteins and component of the ETC.
Instead, responses to elevated oxidative stress would be transcriptionally mediated by both
the nuclear and mitochondrial genome. Within the mitochondria, this would mean an
increase in the time taken to replace damaged subunits of the ETC which would result in
greater FR production. With no DJ-1 induced rapid up-regulation of antioxidants, the extra FR
would play havoc within the mitochondria resulting in cytochrome c dissociation and further
damage to ETC machinery. The increased presence of ROS within the mitochondria may also
produce mutation in the mtDNA. In the cytosol, increased ROS levels would cause greater
protein damage, of which DJ-1 itself may be a victim of. Though in an oxidised state, the
chaperone activity of DJ-1 may also be compromised to degree, which would place more
burden on the UPS system. Unfortunately, reduced energy production by the mitochondria
may result in proteasome dysfunction and favour the formation of LB like inclusion bodies.
Accumulation of aggresomes would further exacerbate cellular stress condition and possibly
overload cell-survival mechanisms. Reduced ATP levels may also impair the energy
dependent process of transcription. Finally BAX induced opening of mitochondrial pores
would allow cytochrome c to enter the cytosol and initiate apoptosis. X indicates processes

that are likely to be compromised in PD.

DJ-1 protein expression is not completely abolished in PD tissue, suggesting it still exerts
some functional effect. It is possible that this is based on its potential capacity to act as a
chaperone. We found DJ-1 to co-localise with tau in a number of pathological inclusions in
various tauopathies. This may explain our observed up-regulation of DJ-1 mRNA in PD
regions that reportedly have a high density of LBs and AD pathology (Lashley et al., 2008). It
is also hypothesized that NFTs confers some form of protection against ROS, with oxidative
stress levels found to be inversely correlated to levels of AB pathology and NFT numbers
(Eggers, 2009). If this assumption is true, it may augment the protective effects of DJ-1 and
help extend its “shelf-life”, thereby providing an alternative explanation as to why
decreased DJ-1 levels were not seen in transentorhinal regions of PD brains nor in either the
caudate or frontal cortex of tauopathies. The stable state of DJ-1 in tauopathies may also

highlight the different processes involved in PD and tau based disorders. Though
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mitochondrial dysfunction has been reported in AD, it is thought to be only a casual

contributor to pathology which is in stark contrast to its principle role in PD.

The data presented here provides evidence for a loss of DJ-1 activity in the development of
IPD cases. Down-regulation in certain regions of PD brain further implicates a vicious cycle
of mitochondrial dysfunction and oxidative stress as the primary instigators of PD
pathogenesis. DJ-1’s proclivity to interact with RNA provides a simple biochemical
mechanism that helps explain its involvement in multiple cellular activities. Moreover, it
delineates a role for DJ-1 as a “first at the scene” response protein that works quickly to
bring oxidative stress conditions under control without compromising cellular energy
production. Oxidative stress and mitochondrial dysfunction is a common theme in a range
of neurodegenerative disorders including PD, AD, ALS and HD. Thus further defining
interactions between DJ-1 and RNA, particularly those associated with the mitochondria
may not only unravel a common pathway for neurodegeneration, but also provide

invaluable insight into therapeutic approaches for the protection of neurons.

6.2. Future work

The data presented in this thesis raises a number of interesting points that would be
suitable for further investigation. Dependent on tissue availability, it would be worthwhile
analysing DJ-1 protein levels in amygdala and entorhinal cortex to determine whether
protein expression mirrors DJ-1 mRNA and shows an up-regulation in PD. Given that these
two regions display AD pathology and that we have shown DJ-1 to co-localise with both 3R
and 4R tau, a chaperone assay directed towards tau may provide a functional explanation
for the observed increase in DJ-1 mRNA. Another approach that may explain the
bidirectional changes in DJ-1 gene expression would be to analyse the expression of the

alternatively spliced exon 1% and 1°in multiple control and diseased brains.

We used real-time PCR to detect differences in gene expression. In situ hybridisation could

be employed to help determine whether changes in expression are uniform or restricted to
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particular cell groups. In a similar manner, immunohistochemistry on flash frozen sections
may identify population specific changes in DJ-1 protein expression. A recent paper
reported that neuronal staining is more prominent in tissue that has been fixed for shorter

periods of time (Baulac et al., 2009), by using flash frozen tissue this issue can be alleviated.

Our data regarding binding of RNA transcripts with DJ-1 in vivo provided another avenue for
future research. The techniques we used to co-IP RNA were unsuccessful in PD tissue. An
alternative method that might have more success is the cross-linking and IP (CLIP) method
(Ule et al., 2003). Here brain tissue is irradiated with UV light in order to induce the
formation of covalent bonds between proteins and their associated RNA transcripts. This
would help increase the amount of RNA collected and minimise any none specific pull-
down. It may also be possible to utilise RNA amplification kits like MessageAmp™ Il aRNA
Amplification Kit from Ambion to increase RNA levels prior to cDNA synthesis and real-time
PCR. If sufficient RNA was isolated, it may also be possible to examine transcripts on an
array chip which would allow cellular pathways to be identified. RNA-IPs should also be
performed in astrocytic cell lines and compared to transcripts isolated in neuronal cell lines.
Data suggests that DJ-1 KO in astrocytes is detrimental to neuronal well-being and

comparing transcripts from both cell groups may shed some light on this.

Lastly we have speculated that DJ-1 forms a first line of defence against oxidative stress and
other changes to the microenvironment and that once its beneficial effects have been
exhausted, it is down-regulated to boost Pink1 and parkin function. Comparison of protein
and gene expression of these two PD associated proteins between IPD and normal control
brains may support this theory. Examination of whether either parkin or Pink1 could rescue
the phenotype of DJ-1 KO models would further support this theory and moreover may

uncover a single mechanism that explains the pathogenesis of recessive parkinsonisms.
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