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Abstract:

Parkinson’s disease (PD) is a common neurodegenerative disorder
symptomatically characterized by motor dysfunction caused by the selective loss of
nigral dopamine neurons within midbrain. The pathogenesis of PD remains unclear.
Although, originally thought to be sporadic, about ten percent of PD is familial. The
recent elucidation of mutations in genes linked to the disease has offered potential for
new animal models and understanding of PD pathogenesis. DJ-1 and LRRK?2 are genes
linked to autosomal recessive juvenile-onset PD and autosomal-dominant late onset PD,
respectively. How mutations in these two genes leads to PD remains uncertain and is
plagued by poor murine models that do not recapitulate the human condition. The
following dissertation attempts to characterize both mouse and fly models of DJ-1 and
LRRK?2 mediated PD and elucidate other genetic modifiers that may contribute to PD.
Firstly, the DJ-1 null mouse model, which lacks cell death, was improved by
backcrossing to a pure C57-B16 background. These DJ-1 null mice display a robust and
progressive unilateral-to-bilateral loss of nigral neurons accompanied by motor deficits in
aged mice. Secondly, a large scale screen was performed in Drosophila to determine
genes that modify mutant LRRK?2 toxicity in both the eye and dopaminergic neurons of
the fly. The screen revealed 36 genetic interactors that either suppressed or enhanced
LRRK2 induced cell death in the fly. One of these interactors was SCAR (human
WAVE-2). Due to the role WAVE-2 is known to have in immune cell phagocytic
function, we demonstrate that LRRK2 deficient/G2019S murine myeloid cells have
impaired/enhanced phagocytic activity which is correlated with a decrease/increase in

WAVE-2 protein, respectively. We furthermore suggest that LRRK2 and WAVE-2 may
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bind directly and that LRRK?2 phosphorylates WAVE-2 to maintain its stability. Finally,
as a proof of concept, we constructed a novel animal model of LRRK?2 in flies by limiting
LRRK2 over expression to central phagocytes of the Drosophila brain. This causes
lifespan deficits and motor dysfunction that can be rescued by down-regulation of SCAR.
Collectively, this body of work helped create the first germ-line, genetic model of PD that
recapitulates nigral loss and elucidated LRRK?2 interactors in the fly. Furthermore, we
demonstrate that one of these interactors mediated LRRK?2’s modulation of phagocytic

activity that may contribute to the pathogenesis of PD.
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Chapter 1: General Introduction to Parkinson’s disease




1.1 - Parkinson’s disease

Descriptions of an affliction causing tremulous motion, weakened strength and
forward leaning posture were first documented in ancient Chinese and traditional Indian
texts dating back to more than three thousand years ago. Aspects of this disease were then
partially described in the 17" and 18" centuries in Europe (Goetz, 2011). However, it was
the British physician Dr. James Parkinson who fully characterized this chronic and
progressive disorder in the essay ‘The Shaking Palsy’ (Parkinson, 1817). Parkinson’s
disease (PD) is the second most common neurodegenerative disorder, following
Alzheimer’s disease, and is the most common neurodegenerative disorder primarily
affecting movement (de Lau and Breteler, 2006). Currently, PD affects over four million
people worldwide (Huse et al., 2005). Aging is the largest risk factor for developing PD
and there is a sizeable aging population entering the mid-21* century. Therefore, PD
stands to cause a significant increase in burden to patients, caregivers and healthcare
networks across the globe.

1.1.1 - Epidemiology

The age of onset of PD is typically negatively skewed, with a sharp increase of
incidence at approximately 60 years of age (de Lau and Breteler, 2006). In Canada, the
mean age at onset (AO) of symptoms is 64.4 and of diagnosis about 66.2 years old
(Wong et al., 2014). The incidence of PD shows a 2:1 bias in males to females in cases
with early onset (EO) (<50 years at diagnosis), but balances out after menopause,
possibly due to the suggested neuroprotective actions of estrogen (de Lau and Breteler,
2006; Shulman, 2007). It was thought that rural living conferred increase risk to PD,

however this remains controversial and seems to be significantly correlated other



variables such as farming or pesticide use (Wirdefeldt et al., 2011). Within Canada, there
are approximately 55,000 current PD patients and a predicted increase with an aging
population (Wong et al., 2014). Currently the socio-economic burden of PD costs
Canadians over two hundred million dollars in direct costs and five hundred million
dollars indirect costs annually (Brain, 2007; Findley, 2007). Consequently, determining
new therapeutic avenues and understanding of PD is important to us all.

1.2 - Diagnosis and Symptomology of PD

PD is classically characterized by primary motor symptoms that include;
bradykinesia, resting tremor, muscular rigidity and impaired gait (Jankovic, 2008). These
motor symptoms are thought to be predominantly caused by the loss of dopaminergic
neurons within the Substantia Nigra pars compacta (SNc) (to be further discussed in
section 1.3.1). In fact, traditionally, diagnosis is only confirmed post-mortem after brain
histology of nigral cell loss. However, a highly trained neurologist using a simple
neurological exam can correctly diagnose PD over ninety percent of the time (Hughes et
al., 2002). More recently, secondary non-motor symptoms, some of which are suggested
to present prior to any motor disturbances, have been of increased study. Non-motor
related symptoms may include: autonomic dysfunction, neuropsychiatric disorders,
olfactory dysfunction, and sleep disruption. Although PD symptoms do not directly cause
early death, people with PD do tend to succumb to early death in comparison to healthy
individuals (Lang and Lozano, 1998). Common causes of death typically include
choking, falls, or pneumonia.

1.2.1 - Motor symptoms



The symptomatic onset and presentation of particular motor symptoms may be
heterogeneous in PD patients. The majority of patients (~70%) first notice a unilateral
tremor that eventually spreads to a bilateral phenotype in more advanced stages of the
disease. Many patients suffer from stiffness or rigidity as muscles feel tightened which is
usually followed by slowness of movement known as bradykinesia. An additive effect of
these symptoms can lead to postural dysfunction. This is typically a stooped posture. In
very advanced cases of PD, swallowing and voluntary respiration may become extremely
difficult (Jankovic, 2008).

1.2.2 - Non-motor symptoms

In recent decades, focus on non-motor related symptoms in PD has been of
increased study. In part, this has been due to an effort to diagnose PD earlier and is
complemented by more detailed patient history than in previous generations. PD patients
are of increased risk of developing dementia compared to age-matched controls
(Aarsland et al., 2001; 2003). Some cognitive impairment can also occur before PD
diagnosis (Cooper et al., 1991). Similarly, there is an increase in mood disorders, anxiety,
and depression in PD patients (Stein et al., 1990; Reijnders et al., 2008). Sleep
disturbances, most commonly a failure to achieve adequate paralysis during the rapid eye
movement (REM) sleep phase may also predict PD and future motoric dysfunction
(Mouret, 1975; Stocchi et al., 1998; Gjerstad et al., 2007; Bjornard et al., 2015). The vast
majority of patients succumb to some level of loss of smell. Olfactory dysfunction of
some kind has been described in 98% of PD patients and typically presents itself prior to
the onset of motor symptoms (Doty et al., 1988; Chaudhuri and Naidu, 2008; Hachner et

al., 2011). Additionally, it is common for patients to suffer autonomic dysfunction prior



to motor symptoms. These usually present as gastrointestinal problems, typically
constipation (Edwards et al., 1993; Adams-Carr et al., 2015).

1.3 - Pathophysiology of PD

Overwhelmingly, the focus of PD pathophysiology has been on the death of
dopaminergic neurons within the SNc¢ and subsequent motor symptoms. However, it is
important to note other affected areas of the central nervous system (CNS) as well as the
periphery (to be discussed in section 1.4.1). In the CNS, this is primarily a reduction of
the three monoamines: dopamine (DA), noradrenaline (NA), and serotonin (5-HT)
(Scatton et al., 1983).

1.3.1 - Dopaminergic loss in the Substantia nigra

Motor dysfunction in PD is predominantly characterized by the progressive loss
of DA neurons within the SNc within the basal ganglia. These pigmented, neuromelanin-
expressing and pace-making (2-4 Hz) neurons have cell bodies that reside in the SNc,
while their axons project and innervate mostly interneurons in the caudate nucleus and
putamen (humans) or collectively termed (particularly in rodents) striatum (STR)
(Surmeier et al., 2010). Clinically, reports suggest that only after a loss of 50 to 70
percent of cells in the SNc, does the onset of PD motor symptoms occur in patients
(Postuma et al., 2010). Consequently, evidence suggests that there are compensatory
mechanisms at the level of the STR that may include dendritic sprouting of striatal
interneurons (Tekumalla et al., 2001). However, eventually these potential mechanisms
fail to innervate the nigrostriatal axis as DA output from the SNc¢ decreases. Ultimately
this results in decreased innervation of the motor cortex, which results in motor deficits.

More specifically, there are both direct and indirect nigrostriatal pathways. These two



pathways are mediated by release of DA from the SNc to the STR. Within the STR, D,
(direct pathway, excitatory) and D, (indirect pathway, inhibitory) receptors bind DA on
mostly medium spiny neurons. The direct pathway sends inhibitory signals to the internal
part of the Globus Pallidus (GPi), that in turn inhibits the thalamus; and in PD results in a
subsequent decrease in activation of the motor cortex. The indirect pathway sends
inhibitory signals to the external part of the Globus Pallidus (GPe) that results in
inhibition of the Subthalamic Nucleus (STN) from GPi activation. However, in PD,
inhibition of the STN is decreased which in turn activates the GP1 that causes an increase
in inhibition of the thalamus, and again a decrease in activation of the motor cortex
(Graybiel, 2000)(See Figure 1.1). Interestingly, this loss of SNc¢ neurons in PD is
typically unilateral at symptom onset and will eventually affect both sides of the body at
later stages of PD. It is unclear as to why differential loss of nigral neurons and
subsequent symptomatic unilateralism exists (Hoehn and Yahr, 1967).

A remarkable feature of SNc loss observed in PD is the fact that the dopaminergic
neurons of the Ventral Tegmental Area (VTA) are relatively spared. Accordingly, some
research has focused on studying the differences between these two dopaminergic
clusters (Surmeier et al., 2011; Pacelli et al., 2015). This resistance of the VTA 1is
important as dopamine replacement therapy (see section 1.5) but may lead to VTA
mediated side-effects in PD patients such as gambling or sex addiction as well as

obsessive compulsive disorder (Ambermoon et al., 2011).



Figure 1.1: The nigrostriatal pathway in Parkinson’s disease

Dopaminergic neurons in the SNc¢ project to the dorsolateral putamen. Red arrows
indicate inhibitory signals as green indicates excitatory signals. The thickness of each
arrow indicates the relative strength of transmission. In sum, loss of SNc output to the
STR results in an increase of inhibition of the thalamus via both indirect (D, mediated)
and direct (D; mediated) pathways which in turn leads to diminished activation of the

primary motor cortex in Parkinson’s disease.
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1.3.2 - Noradrenergic loss in the Locus Coeruleus

Many PD patients also display loss of a subset of neuromelanin containing NA
neurons within the locus coeruleus (LC) (Zweig et al., 1993; Zarow et al., 2003). While
the pathology is described in more advanced cases, disturbances in this region correlate
well with REM sleep problems observed many patients; and REM sleep patterns have
been associated to the LC (Boeve et al., 2007). Additionally, the LC is associated with
anxiety and its dysfunction in PD may at least partially explain the comorbidity of
anxiety disorders with PD (Lauterbach et al., 2003).
1.3.3 - Serotonergic loss in the Raphe nucleus

An often-overlooked pathological observation in PD brains post-mortem is the
loss of 5-HT neurons within the median raphe nucleus of the pons (Halliday et al., 1990).
This correlates with the approximate 30-40% incidence of depression in PD patients
(Blonder and Slevin, 2011). This secondary symptom to the primary motor symptoms of
PD is commonly treated with both Selective Serotonin Reuptake Inhibitors (SSRIs) and
cognitive behavioral therapy.
1.4 - Cellular Pathology in PD

A significant number of surviving DA neurons in the SNc contain cytoplasmic
inclusions in both the soma and neurites, termed Lewy bodies or Lewy neurites,
respectively. These inclusions are aggregates of misfolded proteins showing robust
ubiquitin and a-synuclein (a familial PD gene) positive staining (Kuzuhara et al., 1988;
Spillantini et al., 1997). It remains unclear as to the precise role that Lewy bodies play in
PD. This has left the field somewhat divided between prion-like transmission of

misfolded a-synuclein and Lewy bodies being a precursor to death (discussed further in



section 1.8.1), or observing Lewy bodies as potentially protective. However, it should be
noted that not all PD patients display Lewy Body pathology (possibly due to
Parkinsonism disorders) and that incidental Lewy Bodies do occur in ‘healthy’
individuals.
1.4.1 - The Braak Hypothesis

Lewy body pathology is not restricted to only the SNc and other rostral nuclei
affected by PD. Efforts to stage the progression of PD has suggested that in fact Lewy
bodies become present in other areas of the brain and body including the olfactory bulb
and/or the enteric nervous system of the gut prior to midbrain pathology (Braak et al.,
2002; 2003a). This pathology correlates well with the previously discussed loss of
olfaction and gastrointestinal problems observed in many PD patients. While correlating
clinical progression with pathology at time of death, Braak and colleagues have
developed a hypothesis that Lewy body pathology may spread (possibly due to the a
proposed prion-like nature of misfolded a-synuclein) from the enteric nervous system via
the vagus nerve to eventually hit the midbrain. As PD progresses, pathology spreads in a
rostral fashion throughout the brain. It should be noted that this pathological observation
by Braak and colleagues may be an artifact of case selection and thus still remains
controversial in the field (Dickson, 2012). However, the Braak hypothesis is supported by
the extracellular propagation theory of a-synuclein (discussed further in section 1.8.1)
that could be a mechanism for the seeding required for the spread of the pathology.
Overall, the Braak hypothesis has peaked interest in the field as the nasal epithelium and
the gastro-intestinal system both may provide an interface for a suspected environmental

contribution to the pathogenesis of PD (Braak et al., 2003b).
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1.5 - Current Therapy in PD

1.5.1 - Dopamine replacement

Unfortunately, therapies for PD have remained relatively unchanged for the past
five decades. The gold standard treatment has been DA replacement by oral Levodopa
(L-DOPA) intake (Fehling, 1966; Mercuri and Bernardi, 2005). L-DOPA is a precursor
to DA that will provide DA to the nigrostriatal pathway. Used in conjunction with
Carbidopa to increase L-DOPA bioavailability in the brain, many patients experience a
reduction of motor symptoms for what has been termed the “honeymoon period”. Over
time patients notice a decrease in benefit from each dose and debilitating side-effects
known as dyskinesias (Stocchi et al., 2010). Again, this treatment does not cease or slow
PD progression and L-DOPA treatment is also associated with side-effects including
mood changes, psychosis, and addictions (Evans and Lees, 2004). Determining the
appropriate dose of L-DOPA has been a challenge due to its rapid metabolism and may
require hourly intake. Usually in conjunction with L-DOPA therapy, DA agonists are
used to achieve a similar goal of increasing DA bioavailability. This has also been
accomplished via monoamine oxidase (MAQ) inhibitors and catechol-O-methyl
transferase (COMT) inhibitors.
1.5.2 - Deep brain stimulation

Although an invasive surgery, deep brain stimulation (DBS) has shown
significant results in helping curb the motor symptoms of PD (Benabid et al., 2005). DBS
involves the surgical insertion of bilateral electrodes to the GP or the STN. Once turned
on, the electrodes stimulate these neurons to compensate for circuitry changes in the

nigrostriatal pathway, and allow for appropriate motor function. There are a number of
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screening criteria for choosing appropriate patients to undergo DBS that include: a
correct idiopathic PD (iPD) diagnosis, advanced severity of illness, L-DOPA
responsiveness, and absence of cognitive impairment (Marconi et al., 2008). It is still
unclear how effective DBS may be for patients that do not fit the selection criteria.
1.5.3 - Other treatments

The potential therapeutic use of stem cells in neurodegenerative disease has been
both exciting and marked with challenges. Exogenous fetal stem cell grafts have been
shown to have potential in preliminary studies, however double blind studies carried out
with sham surgeries revealed little benefit as well as graft-induced dyskinesias (Brundin
et al., 2010). There may also be complications by tissue rejection by the patient’s immune
system. It is still unclear if these grafts lead to proper integration into the basal ganglia
circuitry. Furthermore, it has been observed that Lewy body pathology spreads to grafted
tissue and may, at best, only delay PD progression (Kordower et al., 2008).

One of the most effective, practical, and economical treatment methods that have
been reported to increase quality of life in patients has been physiotherapy. While this
therapy will not delay the symptoms of PD, the activity and exercise involved is
suggested to make symptoms more manageable (Goodwin et al., 2008).

1.6 - Pathogenesis of PD

The underlying cause(s) of PD and nigral degeneration in general have remained
elusive. However, insights from both epidemiological and genetic data has led to insight
on the possible mechanism(s) involved. Epidemiological studies have implicated
pesticide use and heavy metals as factors that may increase PD risk (Barbeau et al., 1987,

Moretto and Colosio, 2013; Ward et al., 2014; Chen et al., 2015). Notably, in the early

12



1980s, an unfortunate group of drug users developed rapid (7-14 days) and advanced
Parkinsonism caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
contamination during synthetic heroin production (Langston et al., 1983). Both MPTP
and pesticides such as rotenone and paraquat will be discussed further in detail as toxin
models of PD.

The next landmark in PD research was twin-studies demonstrating a putative role
for genetics in the disease. Up until this point PD was mainly thought to be idiopathic in
nature. However, Tanner and colleagues showed that, at least with EO cases of PD, there
was a significant concordance rate in monozygotic twins given their sample size (Tanner
etal., 1999). A genetic component of the disease was furthermore confirmed in linkage
analysis of families with apparent heritability (Polymeropoulos et al., 1996). It is now is
estimated that about 10% of PD may be familial with a strong genetic component,
however, it should be noted that not all pathogenic mutations in these genes display
complete penetrance of the disease (Klein and Westenberger, 2012). The field now has 6
confirmed genes with pathogenic mutations linked to classical PD (to be discussed
further in section 1.8). Additionally, 9 genes have been linked to atypical Parkinsonism
that are typically from consanguineous families and display extrapyramidal symptoms
(Verstraeten et al., 2015).

It has been thought that for the majority of PD cases that have no known family
history, a genetic component may confer disease risk. More recent findings discovered
so-called susceptibility genes by utilizing genome wide association studies (GWANS).
This method examines data of both common and rare single nucleotide polymorphisms

(SNPs) or most recently due to lowering costs, whole genome or whole exome
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sequencing (WGS or WES, respectively). By examining associations between SNPs or
rare variants in large populations of people with iPD compared to healthy age matched
controls, we can determine what variants associate (or not) with the idiopathic disease.
GWAS have determined over 25 candidate genes that may be involved in conferring risk
of developing PD (Verstraeten et al., 2015).

The above milestones in PD research have allowed the field to begin elucidating
what cellular pathways may be involved in PD, particularly, nigral death. Taking
evidence from epidemiological, genetic and PD brain pathology, multiple cellular
pathways have emerged as potential pathogenic mechanisms. These are: 1) protein
quality control and recycling, 2) mitochondrial homeostasis, 3) oxidative stress, 4)
neuroinflammation and, 5) vesicular trafficking (Cook et al., 2012; Esposito et al., 2012;
Hirsch et al., 2012; Arena and Valente, 2015; Blesa et al., 2015).

1.6.1 - Protein quality control

One of the most striking pathological hallmarks of PD is the presence of Lewy
bodies. These aggregates of misfolded proteins typically do not arise in a healthy cell as
the unfolded protein response (UPR), ubiquitin-proteasome system (UPS) and autophagy
pathways may be activated to remove deficient cellular components such as proteins and
organelles as required.

Protein misfolded within the endoplasmic reticulum (ER) causes ER stress signals
to activate the UPR pathway. UPR activation leads to activation of chaperones to ensure
proper folding and may lead to activation of ER associated degradation (ERAD) to
eliminate misfolded proteins. Extended ER stress may lead to activation of apoptotic

pathways to perform programmed cell death. Evidence for both ER stress and UPR
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activation has been observed in the SNc of PD patients post-mortem (Hoozemans et al.,
2007). Parkinson’s related pathogenic mutations in a-synuclein have been shown to
increase UPR activation by increasing levels of classical UPR markers such as: CHOP
and phosphorylated elF2a leading to increased cell death (Smith et al., 2005).
Additionally, pathogenic a-synuclein has further been shown to physically inhibit ATF6
that leads to disruption of the ERAD pathway (Credle et al., 2015).

Another classical method of maintaining proteostasis in the cell is via the
ubiquitin-proteasome system (UPS). Briefly, this utilizes a network of broad-to-specific
ubiquitin-activating (E1), -conjugating (E2), and — ligating (E3) enzymes to tag identified
proteins with ubiquitin monomers for degradation by the proteasome. Parkinson’s related
mutations in the Parkin gene are responsible for a substantial portion of juvenile onset
(JO) PD (Kitada et al., 1998; Liicking et al., 2000). Parkin is an E3 ligase responsible for
sending target proteins to the proteasome. PD related Parkin mutations result in an
accumulation of these proteins (Imai et al., 2000; Shimura et al., 2000). Furthermore,
mice with conditional dopaminergic ablation of Psmc1, an essential component of the
26S proteasome, exhibit both neuronal death and a-synuclein positive inclusions
(Bedford et al., 2008).

The cell also utilizes lipid membranes for a process called autophagy to sequester
and degrade cellular components in the lysosome for recycling. This can be performed by
lysosomal engulfment of material directly (microautophagy), the formation of a lipid
bilayer called an autophagosome around the material to degrade prior to lysosomal fusion
(microautophagy), and finally chaperone-mediated autophagy (CMA), which is highly

selective and mediated by the hsc70 chaperone. The PD genes Parkin and PINK 1 have
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been associated with a subtype of macroautophagy that is specific for removal of
damaged mitochondria termed mitophagy (Vives-Bauza et al., 2010). However, both of
these genes as well as other PD genes including a-synuclein, LRRK?2, and DJ-1 have all
been associated with autophagy (Vogiatzi et al., 2008; Krebiehl et al., 2010; Tong et al.,
2010; Winslow et al., 2010; Manzoni et al., 2013). While other studies have found a-
synuclein, LRRK?2, and Vacuolar protein sorting-associated protein 35 (VPS35) involved
in CMA (Vogiatzi et al., 2008; Orenstein et al., 2013; Tang et al., 2015).

Taken together, there is a bulk of genetic evidence that the protein quality control
pathways in the cell may be dysfunctional in PD. Interestingly, many PD toxin models of
DA cell death, such as 1-methyl-4-phenylpyridinium ion (MPP+), 6-hydroxydopamine
(6-OHDA), and rotenone also activate the ER stress and UPR pathways (Ryu et al.,
2002). However, it is still unclear whether disruption of protein quality control is truly a
pathogenic mechanism in PD or a secondary response to other cell death or damaging
signals.

1.6.2 - Mitochondrial dysfunction

The evidence for mitochondria dysfunction in PD is compelling but remains
controversial. Post-mortem analysis of PD brains reveals there is disruption of
mitochondrial complex I (Mizuno et al., 1989; Schapira et al., 1989; 1990). PD patients
also exhibit increased mitochondrial DNA (mtDNA) mutations specifically in the SN¢
compared to healthy controls (Bender et al., 2006). Furthermore, skin fibroblasts
harvested from PD patients display mitochondrial abnormalities (Mortiboys et al., 2008;
2010). Toxins such as MPTP and rotenone, which may produce Parkinsonism in humans

are suggested to inhibit mitochondrial complex I (OBERG, 1961; Mizuno et al., 1987,
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Cleeter et al., 1992; Li et al., 2003). Conditional ablation of mitochondrial transcription
factor A (TFAM) in dopaminergic neurons of mice causes both nigral DA loss and L-
DOPA responsive motor deficits (Ekstrand et al., 2007). This reveals DA neurons are
heavily relient on mitochondrial function for survival.

Autosomal recessive (AR) genes implicated in JO-PD: Parkin, PINK1 and DJ-1,
have been implicated in mitochondrial homeostasis. Mitochondrial quality control
involves Parkin dependent clearance of dysfunctional mitochondria and fission and
fusion mechanisms to combat cellular stress (to be discussed in section 1.8). Dominant
genes such as a-synuclein and LRRK2 have also been implicated in mitochondrial health
as well (to be discussed in section 1.8). However, it should be noted that many of the
cellular studies implicating impaired mitochondrial clearance (mitophagy) have not been
performed in neurons and/or rely on overexpression paradigms (Parkin overexpression).

It has been suggested that the DA neurons of the SNc are one of the most
energetically demanding cells of the CNS due to their pace-making requirements or
relatively heavy axonal arborization (Surmeier et al., 2011; Pacelli et al., 2015).
Therefore, it could be that subtle changes in mitochondrial homeostasis could eventually
lead to the early death of these neurons due to intrinsic high metabolic demands of nigral
DA neurons.

1.6.3 - Oxidative Stress

The generation and management of free radicals in the cell are thought to be
important for redox signaling pathways in the cell. The free radical theory of aging
suggests that maintenance of oxidants or any reactive oxygen species (ROS) may

determine lifespan (Beckman and Ames, 1998). However, free radicals are also required
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for the destruction of intracellular pathogens by immune cells. One of the main oxidants
produced by the cell is superoxide. Superoxide may damage the cell when produced by
the mitochondria during respiration (Brand et al., 2004). Oxidative damage may degrade
many cellular components including nucleic acids, proteins and lipids, and may lead to
apoptosis.

There is evidence of elevated oxidative damage in PD brains. The SNc displays
increased peroxidation of lipids (Dexter et al., 1989), protein carbonylation (Alam et al.,
1997) and DNA oxidation (Zhang et al., 1999) when compared to controls. Additionally,
there are increased levels of free iron, which may lead to higher ROS, in the SNc of PD
patients (Mann et al., 1994).

DA metabolism and DA itself can also increase oxidative stress in a cell. MAO
degrades DA which produces hydrogen peroxide (H,O;) as a byproduct (Adams et al.,
1972). This increase in H,O, may lead to formation of hydroxyl radicals, by the Fenton
reaction, that are highly toxic to cells (Youdim et al., 1989). Additionally, DA itself may
be unstable and undergo auto-oxidation that produces DA quinones that also increase
ROS (Mufioz et al., 2012).

Toxins that are associated with Parkinsonism in humans including MPTP and
rotenone are associated with a robust increase in ROS (Sriram et al., 1997; Li et al.,
2003). MPTP is a by-product and contaminate of synthetic heroin production and has
since been shown to readily cross the blood brain barrier (BBB). Astrocytes then uptake
MPTP and convert it to MPP+ via MAO-B which then enters DA neurons by the
Dopamine Transporter (DAT) and subsequently causes nigral toxicity by inhibiting

mitochondrial complex I of the electron transport chain (ETC). This then leads to both
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ROS and reactive nitrogen species (RNS) via generation of superoxide and nitric oxide,
respectively (Przedborski and Vila, 2003).

Finally, similar to the findings on mitochondrial abnormalities reviewed in section
1.6.2, mutations in familial PD genes are associated with increased oxidative stress (Lin
and Beal, 2006; Henchcliffe and Beal, 2008; Hauser and Hastings, 2013). These will be
discussed further in section 1.8 on familial PD.
1.6.4 - Neuroinflammation

The resident immune cells of the brain are the microglia. The origins of these
“macrophages of the brain” remains controversial, however they are suggested to
originate from myeloid progenitors in the periphery (Ginhoux and Prinz, 2015). In
steady-state contexts, microglia survey the brain with filopodia-like processes to perform
various roles in the brain including, but not limited to: synaptic pruning, destruction of
pathogens that circumvent the BBB and removal of apoptotic corpses. The presence of
neuroinflammation in many neurodegenerative diseases has long been thought to be a
secondary pathogenesis to cell death which may exacerbate toxicity (Cappellano et al.,
2013). However, recent advances in genetics, as well as the discovery of a discrete
lymphatic system in the human CNS, have called for a re-examination of the role
neuroinflammation may play in disease pathogenesis (Louveau et al., 2015).

Activated microglia are observed in PD brains post-mortem (McGeer et al., 1988;
Hirsch et al., 2012). Patients with MPTP induced Parkinsonism also display activated
microglia, even years after exposure (Langston et al., 1999). Prolonged activation of
microglia generates elevated ROS, RNS, and cytokine release. Pro-inflammatory

cytokines such as: interleukin-1p (IL-1p), interleukin-6 (IL-6), tumor necrosis factor-a
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(TNF-a) and cyclooxygenase-2 (COX-2) are also elevated in PD brains (Teismann et al.,
2003). Furthermore, many of these pro-inflammatory cytokines are elevated in PD patient
cerebral spinal fluid (CSF) (Hirsch et al., 2012). Correlative data in humans suggests that
daily ibuprofen, a non-steroidal anti-inflammatory drug (NSAID), may lower the risk of
developing PD (Gao et al., 2011).

In animals models of PD, rotenone, MPTP, or paraquat cause microglia activation
and an increase in pro-inflammatory cytokines (Cztonkowska et al., 1996; Sherer et al.,
2003; Purisai et al., 2007; Ye et al., 2016). Inhibition of microglial activation via
minocycline treatment can curb degeneration in the MPTP mouse model (Wu et al.,
2002).

Furthermore, mice lacking interferon-gamma (IFN-y), an immune specific gene that
modulates the inflammatory response, are resistant to the MPTP toxin model of DA death
(Mount et al., 2007).

Lipopolysaccharide (LPS), also known as endotoxin, is a molecule typically
found on the cell wall of Gram-negative bacteria. LPS binds to toll-like receptor 4
(TLR4) which will elicit an immune response, including the release of pro-inflammatory
cytokines. LPS mediated DA cell loss has been demonstrated in both cellular studies and
in animals. The first studies suggested that direct injection of LPS into the SNc of rats
causes microglia activation and subsequent degeneration of DA neurons (Bing et al.,
1998; Castano et al., 1998). Similar studies have also been repeated in mice (Liu and
Bing, 2011). One group suggested that degeneration of the SNc could occur 7-10 months
after systemic LPS administration by intraperitoneal (i.p.) injection (Qin et al., 2007),

however this remains controversial as it has failed to be reproduced (Jeong et al., 2010).

20



Interestingly, LPS is suggested to lack toxicity in other brain areas such as the
hippocampus and cortex and indicates that DA neurons in the SNc¢ may be more sensitive
to microglial activation relative to other neural populations (Kim et al., 2000).

There is currently a lack of studies examining the role that familial PD genes may
play in microglia activation or neuroinflammatory signaling. However, aggregated o-
synuclein has been shown to activate microglia that may occur prior to any DA cell death
(Su et al., 2008). Parkin null mice and LRRK2-G2019S mutant rats are hypersensitive to
LPS treatment (Frank-Cannon et al., 2008; Moehle et al., 2015). In line with the mutant
gain of hyper-kinase activity hypothesis of LRRK2-mediated death, LRRK2 null rats
were found to be resistant to LPS (Daher et al., 2014)(Further discussed in section
1.8.6.7). Finally, DJ-1 may play a role in modulating the inflammatory response of
astrocytes (Waak et al., 2009; Ashley et al., 2016). Overall, neuroinflammation may play
a role in the pathogenesis of PD but evidence suggests that it may at least play a role in
the progression of the disease and could be a modulatory target for therapy.
1.6.5 - Vesicular trafficking

A more recently identified potential mechanism contributing to the pathogenesis
of PD has been disturbances in vesicular trafficking. Much of the evidence for vesicular
trafficking deficits arises from genetic data across familial and sporadic PD. The normal
function of PD-linked autosomal-dominant (AD) genes a-synuclein and VPS35 have
both been implicated in vesicular formation and endosomal trafficking (Bonini and
Giasson, 2005; Korolchuk et al., 2007; Munsie et al., 2015). Atypical forms of
Parkinsonism have been linked to DNAJC6 and synaptojanin (SYNJ1) which both play a

role in clathrin-mediated endocytosis (CME) (Edvardson et al., 2012; Quadri et al.,
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2013). Lastly, GWAS studies have implicated GAK and TMEM175 to PD, which are
suggested to have roles in this pathway way as well (Lee et al., 2006; Rhodes et al., 2011;
Cang et al., 2015; Lill et al., 2015). However, it still remains unclear whether vesicle

trafficking deficits underlie the cause of neurodegeneration in PD.

1.7 - Animals models of PD

Modeling PD has been a challenge in most model systems. As a disorder that
typically affects the CNS of aged humans, research has been constrained by using
animals that have much shorter lifespans. However, there are still a few avenues to
explore DA cell death in vivo.

1.7.1 - Invertebrate models

The fruit fly (Drosophila melanogaster) has been a staple in both
neurodevelopmental and neurodegenerative research. Exposure of rotenone in flies
causes loss of DA clusters in the fly brain as well as locomotor deficits that are L-DOPA
responsive (Coulom and Birman, 2004). Although flies lack any appropriate homolog to
a-synuclein, the expression of a-synuclein mutants in the fly causes loss of DA neurons,
Lewy body-like inclusions, and locomotor deficits (Feany and Bender, 2000). Similar
loss of DA neurons and locomotor deficits have been seen in other Tg flies expressing
LRRK2, Parkin, or VPS35 pathogenic mutants (Sang et al., 2007; Liu et al., 2008;
Venderova et al., 2009; Wang et al., 2014a). Flies expressing DJ-1 mutations are
sensitive to oxidative stress (Park et al., 2005), and flies missing the DJ-1 ortholog, dj-1
seem to have increased death when exposed to H,O, (Menzies et al., 2005). The power
and elegance of the Drosophila toolkit is that genes implicated in PD may be expressed

in other tissues types via the well-established GAL4/Upstream Activation Sequence
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(GAL4/UAS) system. This has allowed for in vivo suppression/enhancement screens to
elucidate genetically interactions of PD genes.

The nematode (Caenorhabditis elegans) can also be a powerful and rapid tool for
examining neuronal dysfunction related to PD. These worms are sensitive to MPP+,
rotenone and 6-OHDA, which causes loss of DA neurons and locomotor deficits in the
animal (Nass et al., 2001; Braungart et al., 2004; Ved et al., 2005). The expression of WT
or mutant a-synuclein causes DA cell loss and locomotive defects in worms (Lakso et al.,
2003). Lastly, knockdown of Parkin or DJ-1 orthologs cause increased sensitivity to
oxidative stress (Ved et al., 2005). These models are consistent with PD models in
Drosophila. Accordingly, the nematode provides another in vivo platform for studying
whole gene networks that may be involved in toxin-induced or gene-mediated DA cell
death.

1.7.2 - Vertebrate models

Zebrafish (Danio rerio) have allowed for modeling of DA cell death caused by
toxins that can be merely added to the water in their environment. Novel technologies
using the clustered regularly-interspaced short palindromic repeats - CRISPR associated
protein 9 (CRISPR-Cas9) system of gene editing also allow for rapid generation of
mutant zebrafish (Hwang et al., 2013). Zebrafish DA neurons are sensitive to MPTP and
6-OHDA and these fish display locomotor deficits (Anichtchik et al., 2004; Bretaud et
al., 2004). Loss of function in PINK1, DJ-1, or Parkin orthologs causes PD-like DA cell
death and motor disturbances (Bretaud et al., 2007; Flinn et al., 2009; Xi et al., 2010).
LRRK2 deficiency in zebrafish was reported to causes loss of DA neurons and motor

defects (Sheng et al., 2010) but failed to be reproduced (Ren et al., 2011). Loss of F-box
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only protein 7 (Fbxo7), which is linked to atypical JO-PD in humans, also causes PD-like
pathology in fish.

Mice are used for a multitude of toxin and genetic based models of PD. The
MPTP model in mice is commonly a gold-standard approach to cause loss of DA neurons
in mice. Different paradigms of MPTP exposure from acute to chronic treatment have
been established in attempts to mimic death in humans (Gibrat et al., 2009). Intriguingly,
rats are relatively resistant to selective DA loss with MPTP administration for reasons
currently unknown (Bové et al., 2005). Direct injection of 6-OHDA causes cell loss and
locomotor impairment in mice, rats, and monkeys (Mandel and Randall, 1985; Sauer and
Oertel, 1994; Crofts et al., 2001; Ma et al., 2002). Models of rotenone and paraquat have
been less consistent but may show future promise (Bové et al., 2005).

Mice have offered vast opportunities in genetic manipulation from gene
knockouts (KOs), knock-in (KIs) and Tg over-expressors. Additionally, there are systems
to conditionally KO a gene in a temporal and spatial manner. Unfortunately, the vast
majority of PD models created based on genes discovered in the familial disease have
failed to recapitulate the main aspects of the disease: nigral death and locomotor deficits.
However, many genetic mouse models may display some intracellular abnormalities or
are hypersensitive to PD toxins like MPTP (Lee et al., 2012). Conditional ablation of
TFAMI, Psmcl, or sonic hedgehog (SHH) in result in DA cell loss in the SNc (Ekstrand
et al., 2007; Bedford et al., 2008; Gonzalez-Reyes et al., 2012). There has also been some
success causing DA cell loss using viral injection of PD related genes such as the A53T

mutation of human a-synuclein (Kirik et al., 2002). However, recent genetic techniques
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have allowed for Tg and KO rats to be developed which have recently showed both DA
loss and motor deficits in both DJ-1 KO and PINK1 KO (Dave et al., 2014).

1.8 - Familial Parkinson’s disease

It is currently estimated that about ten percent of PD is familial. There is evidence
of a genetic component in iPD, but these risk alleles would not have a strong enough
penetrance to display observable heritability in family pedigrees. The first discovered
locus was PARK, later to be linked to mutations in a-synuclein (SNCA)
(Polymeropoulos et al., 1996). All loci found in linkage studies of families were termed
PARK loci until segregating mutations in a specific gene were determined. However,
currently employed strategies include WGS and WES in families has elucidated PD
linked genes that fall outside previous linkage analysis. These same methods have been
applied to sporadic PD in GWAS to elucidate risk alleles. There are now a total of 15
familial genes (classical and atypical). Furthermore, mutations in GBA are strongly
associated with PD yet do not yet fit familial criteria. Lastly, GWAS has provided over
25 associated risk genes that may contribute to iPD.

Currently there are 6 PD linked genes that are attributed to classical PD. There are
Parkin, PINK1, and DJ-1 that are linked to AR-PD and SNCA, LRRK2, and VPS35
linked to AD-PD. Additionally, there are mutations in ATP13A2, PLA2G6, FBX07,
DNA]JC6, SYN]1, EIF4G1 (may be linked to classical), ATP6AP2, COQ2, and DNAJC13
which are linked to atypical Parkinsonism (Verstraeten et al., 2015) (See Table 1.1).

For the purposes of this dissertation, extended focus will be given to DJ-1 and LRRK2.
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Table 1.1: Genetic of Parkinson’s disease
A list of Mendelian genes linked to both classical and atypical familial PD with known
age at onset and inheritance patterns. The table also described GBA, a strong risk allele

for PD.
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Mendelian Genes

Gene Location | Inheritance AoO Primary Function Reference
EO - (Polymeropoulos et
SNCA 4921 AD LO Synaptic function al., 1997)
PARKIN 6q25.2-q27 AR JO Mitochondrial function | (Kitada et al., 1998)
PINK1 1p36 AR JO Mitochondrial function | (Valente et al., 2004)
Response to oxidative
DJ-1 1p36 AR JO stress (Bonifati et al., 2003)
(Paisan-Ruiz et al.,
LRRK2 12q12 AD LO Trafficking 2004)
VPS35 16q12 AD LO Vesicle Trafficking (Zimprich et al., 2011)
Mendelian Genes - atypical PD
(Paisan-Ruiz et al.,
PLA2G6 22ql13.1 AR JO Mitochondrial function | 2009)
FBX07 22ql2.3 AR JO Ubiquitination (Shojaee et al., 2008)
ATP13A2 1p36 AR JO Mitochondrial function | (Ramirez et al., 2006)
(Edvardson et al.,
DNAIJC6 1p31.3 AR JO Synaptic function 2012)
SYNJI 21q22.2 AR JO Synaptic function (Quadri et al., 2013)
(Chartier-Harlin et al.,
EIF4G1 3qg27.1 AD LO Protein synthesis 2011)
(Korvatska et al.,
ATP6AP2 Xpll.4 X-linked JO-EO | Lysosome function 2013)
CcOQ2 4q21.23 AR LO Mitochondrial function | (Mitsui et al., 2013)
(Vilarifio-Giiell et al.,
DNAIJCI13 3q22.1 AD JO-LO | Vesicle Trafficking 2014)
Strongly Associated Risk Genes
GBA 1921 AD LO Lysosome function (Tayebi et al., 2001)
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1.8.1 - SNCA

Mutations in SNCA were first linked to PD in 1997 (Polymeropoulos et al.,
1997). It is still unclear what function its encoded protein, a-synuclein, has in the cell.
However, SNCA is ubiquitously expressed and strikingly, is a major component of Lewy
Bodies. Not only have other mutations in SNCA been found in families with PD but even
locus duplications, triplications, and quadruplications (Singleton et al., 2003; Chartier-
Harlin et al., 2004). This suggests that not only can mutant SNCA contribute to PD, but
an increase in dose of the WT SNCA may lead to PD in humans at earlier ages. These
variations in SNCA may lead to either EO (dose dependently) or LO PD and are inherited
in an AD fashion. SNCA also falls within a locus that is one of the shows the highest risk
factor variants in sporadic PD by GWAS (Lill et al., 2012).

The prevailing thought on how SNCA may contribute to PD based on animal and
cellular studies is that of SNCA stability and subsequent ability to spread an aggregate
prone form of SNCA. It is suggested that in PD monomeric SNCA misfolds into
oligomeric followed by fibrillar and finally aggregated beta sheet forms (Deleersnijder et
al., 2013). Furthermore, it is suggested that the oligomeric and fibrillar forms may be the
culprits for the spread of toxicity. Some studies suggest that these forms can cause
changes to WT monomers in a prion-like manner, evidently spreading in cell-to-cell
transmission (Luk et al., 2012; Volpicelli-Daley et al., 2014). SNCA remains a prominent
research focus with many studies attempting to discern it’s biological role in the cell and
the potential mechanism underlying the spread of the fibrillar form.

1.8.2 — Parkin
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Recessive mutations in the Parkin gene are responsible for approximately 50% of
familial JO-PD and possibly 15% of JO sporadic PD (Abbas et al., 1999; Liicking et al.,
2000). Parkin is a E3-ubiquitin ligase that has been heavily implicated in mitochondrial
quality control and mitophagy. It has been proposed that another PD gene, PINK1 is
stabilized at mitochondria that have lost membrane potential and recruits Parkin which
then targets mitochondria for degradation (Vives-Bauza et al., 2010). Many of the studies
performed in vitro rely on Parkin overexpression and the use of carbonyl cyanide m-
chlorophenyl hydrazine (CCCP), a mitochondrial decoupler. Some suggest CCCP
treatment of cells may not be physiologically relevant as other toxins tend to not produce
Parkin recruitment to mitochondria (Scarffe et al., 2014). Interestingly, most PD brains
that have been autopsied of patients with Parkin mutations exhibit minimal presence of
Lewy bodies (Doherty and Hardy, 2013) . This suggests that there could be separate
mechanisms that led to SNc death in humans.

1.8.3 - PINK1

Mutations in PINK are responsible for approximately 8 percent of EO familial
PD (Valente et al., 2004; Mullin and Schapira, 2015). Seminal work in Drosophila,
discovered that Parkin and PINK1 act in a similar pathway involved in mitochondrial
fission/fusion and quality control. It was consistently found that Parkin expression could
rescue PINK 1 deficiency but not vice a versa (Park et al., 2006; Deng et al., 2008). Based
on CCCP treatment studies in vitro, it thought that in a steady state PINK1 is consistently
imported into the mitochondria, processed by various proteases and then released as a
truncated form that is then degraded. While the model is criticized for failing to be

evolutionarily parsimonious, evidence suggests that upon stress, the full length form of
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PINK1 remains on the mitochondria to signal Parkin recruitment and mitophagy. It
remains to be seen whether PINK 1/Parkin mediated mitophagy is critical for SNc health.
Lastly, although associated with Parkin, PINK1 PD brains do display some Lewy body
pathology, adding to the complexity of interpreting PINK 1 and Parkin in a linear pathway
(Samaranch et al., 2010).
1.8.4 - VPS35

The most recent gene linked to familial LO-PD is VPS35. Mutations showing AD
inheritance in VPS35 were elucidated using next generation sequencing techniques in
2011 (Vilarino-Gtiell et al., 2011; Zimprich et al., 2011). VPS35 is involved in retromer
complex function that sorts and traffics endosomes to the trans Golgi network
(Bonifacino and Hurley, 2008). However, it is still unclear how mutations in VPS35 may
contribute to the pathogenesis of PD.
1.8.5-DJ-1

Originally discovered as an a ras-dependant oncogene, mutations in PARK7 (DJ-
1) were linked to AR, JO-PD in 2003 (Bonifati et al., 2003). DJ-1 mutations are relatively
rare and may be implicated in 1-2% of AR JO-PD (Heutink, 2006). These mutations are
suggested to be loss of function, as the L166P point mutation (prevents dimer formation)
(Miller et al., 2003) found in an Italian family and a 4kb genomic deletion (which
removes the start codon) in a Dutch family (Clark et al., 2004). Highly oxidized DJ-1 has
been found in the brains of sporadic PD patients (Choi et al., 2006).
1.8.5.1 - DJ-1 biology

The DJ-1 (PARKY7) gene spans 8 exons on locus 1p36 in humans that encodes a

protein of 189 amino acids. DJ-1 is part of the DJ-1/ThiJ/Pfpl superfamily of proteins
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that is heavily evolutionarily conserved across species (Bonifati et al., 2003; Fioravanti et
al., 2008). Crystal structure studies of DJ-1 reveals that it consists of one folded domain
with no quaternary structure (Wilson et al., 2003). DJ-1 forms a homodimer that is
ubiquitous within the cell, as it has been found in the cytoplasm, nucleus and
mitochondria.

DJ-1 is suggested to have a multitude of roles including: regulatory function in
fertility, RNA binding, suppress phosphatase and tensin homolog (PTEN)-induced
apoptosis, ROS scavenging and act as a molecular chaperone (Takahashi et al., 2001; Li
et al., 2005; Yang et al., 2005; Shinbo et al., 2006; van der Brug et al., 2008).
1.8.5.2 - DJ-1 animal models

Similar to many other genetic PD mouse models, various DJ-1 nullizygous mice
fail to display SNc or striatal terminal loss (Goldberg et al., 2005; Chen et al., 2005;
Andres-Mateos et al., 2007; Manning-Bog et al., 2007; Chandran et al., 2008; Pham et
al., 2010; Ramsey et al., 2010). While some of these mice exhibited some abnormalities,
it was breeding to a pure C57-B16 background, required for MPTP studies, that DJ-1 KO
mice were hypersensitized to MPTP toxicity both in terms of DA counts in the SNc and
striatal DA terminals (Kim et al., 2005).

Given the JO phenotype of DJ-1, PINK1, and Parkin mediated PD in humans,
efforts were made to create a PD model by knocking out multiple genes in a mouse. A
triple KO mouse characterized by Kitada and colleagues lacked any SNc¢ degeneration
(Kitada et al., 2009). At this time, the Park laboratory was conducting studies on DJ-

1/PINK 1 double KO mice and began to observe a striking SNc loss in a subset of DJ-1
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KO controls and some double KO mice. This will be explored in Chapter 2 of this
dissertation and led to the first germline genetic model of PD (Rousseaux et al., 2012).
1.8.5.3 - DJ-1: Oxidative stress

Multiple groups have reported that DJ-1 is implicated in the oxidative stress
response and mitochondrial health (Aleyasin et al., 2010; Irrcher et al., 2010; Krebiehl et
al., 2010; Joselin et al., 2012). In response to oxidative stress, the isoelectric point of DJ-
1 shifts to more acidic forms as the sulthydryl group of a highly conserved cysteine
residue (C106 in humans) in the protein reacts with ROS forming a cysteine sulfinic acid
(Taira et al., 2004; Mitsumoto et al., 2009). Similar to the hypersensitivity of DJ-1 KO
mice to MPTP, primary cortical neurons lacking DJ-1 are hypersensitive to H,O,
treatment. Furthermore, exogenous expression of WT but not mutant DJ-1 increased
survival of WT neurons following H,O,; treatment (Kim et al., 2005).

Several studies have shown that DJ-1 translocates to the mitochondria following
oxidative stress (Canet-Avilés et al., 2004; Joselin et al., 2012). Additionally, in both
mice and human lymphoblast cells derived from DJ-1 mutation carrying PD patients
reveals aberrant fragmented mitochondrial morphology in which mitochondria undergo
fission when under stress (Irrcher et al., 2010). Some have thought that DJ-1 can directly
quench ROS via its atypical peroxiredoxin-like peroxidase activity. However, it is
thought that DJ-1 is protective through other mechanism as abilities as a ROS scavengers
were found to be relatively weak (Andres-Mateos et al., 2007).

DJ-1’s protective role following stress has also been linked to the AKT pro-
survival pathway and may be required and promote AKT phosphorylation (Aleyasin et

al., 2010; Zhu et al., 2014; Jaramillo-Gémez et al., 2015; Tanti et al., 2015). Also, DJ-1

32



has been suggested to positively regulate the transcription of tyrosine hydroxylase (TH),
the rate-limiting enzyme in DA synthesis (Ishikawa et al., 2009). The specific
physiological role of DJ-1 remains unclear, however it’s importance in ROS management
and mitochondrial dynamics may be vital in understanding PD pathogenesis.
1.8.6 - LRRK2

Autosomal dominant (AD) mutations in the PARKS locus on chromosome 12
were originally linked to familial PD in 2002 (Funayama et al., 2002). Two years later
mutations within a gene in that locus, LRRK2 were linked to PD by two independent
groups (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). LRRK2 is thought to be a very
important player in PD pathogenesis for a few reasons. Firstly, mutations in LRRK2 are
the most commonly linked familial gene found to cause PD. Approximately 3-7% of all
familial PD may be attributed to LRRK2 mutations (Lesage et al., 2005; Nichols et al.,
2005). However, in certain populations, LRRK?2 mutations can be responsible for
upwards 20 to 40 percent of PD within Ashkenazi Jews and North African Berbers,
respectively (Ozelius et al., 2006; Hulihan et al., 2008). Secondly, much of LRRK2-
linked PD displays late-onset and has been noted to be clinically indistinguishable from
iPD (Paisan-Ruiz, 2009). Lastly, GWAS studies have shown that variants in LRRK2 are
associated with sporadic PD (Skipper et al., 2005). Consequently, understanding LRRK2s
function within the cell and how pathogenic mutations lead to PD has been intensely
pursued.

LRRK2 contains 41 exons and is located on chromosome 12 and 15 in the human
and mouse genome respectively. The LRRK?2 protein is a multi-domain protein spanning

2527 amino acids and runs at approximately at 245 kDa on SDS-PAGE gel. As a member
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of the Roco superfamily of proteins, LRRK?2 contains a characteristic Ras-like GTPase
domain (Roc) and a C-terminal of Roc (COR) domain (Marin et al., 2008). Similar to
other Roco proteins, LRRK?2 also contains a serine/threonine kinase domain that shares a
relatively low homology to the Mitogen-Activated Protein Kinase Kinase Kinase
(MAPKKK) MAP-lineage(West et al., 2007). In addition to these catalytic domains,
LRRK2 contains a number of protein-interacting domains including Armadillo (ARM),
Ankyrin (ANK), Leucine rich repeats (LRR) n-terminal to the catalytic core with WD40
repeats c-terminal to the kinase domain (Gilsbach and Kortholt, 2014)(see Figure 1.2).
There are currently six known pathogenic mutations that are linked to PD. All six
are contained within the catalytic core (refer to figure 1.2) of the protein which may
indicate LRRK2 GTPase and/or kinase activity is important in PD. Zimprich and
colleagues identified the first two families with mutations in the Roc (Y1699C) and COR
(R1441C) domains respectively(Zimprich et al., 2004). In four separate families in Spain,
the R1441G mutation (likely from the same founder) was found along with another
family containing the Y1699C mutation(Paisan-Ruiz et al., 2004). A year later, a
Japanese pedigree was found to have a mutation in the kinase domain (12020T)
(Funayama et al., 2005). This was then followed by another kinase mutation (G2019S)
that was found in 13 families across North America and within PD patients with no
known family history of the disease (Kachergus et al., 2005). Finally, the R1441H
mutation has also been identified in PD patients (Ross et al., 2009). While these 6
pathogenic mutations have received the most study, there are many reports of risk

variants in other families, including the G2385R in certain Asian populations
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Figure 1.2: Schematic diagram of LRRK2 protein and pathogenic mutations in PD.
The diagram depicts LRRK2 protein with multiple domains. The ARM, ANK, LRR, and
WD40 domains are involved in protein-protein interactions. The Roc and COR form the
GTPase. The known pathogenically linked mutations in LRRK?2 fall within the GTPase

or Kinase domain. Diagram adapted from (Cookson, 2010)
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(Tan, 2006; Farrer et al., 2007; Funayama et al., 2007). After over a decade since
discovering LRRK2 linked PD, the G2019S mutation has been the most commonly
linked mutation found to segregate with PD in families. Although, the G2019S mutation
is responsible for approximately 84 percent of LRRK2-linked PD, the overall penetrance
of the disease phenotype is about 30 percent for G2019S carrier (Clark et al., 2006;
Ozelius et al., 2006; Ferreira et al., 2007). This has led some to theorize that LRRK?2
mutations may confer substantial risk to PD but may require an environmental or
possibly another genetic risk factor to result in symptomatic presentation of the disease
(Visanji et al., 2013). The neuropathology of LRRK2 linked PD is heterogeneous as
many report diverse pathologies. This varies from minimal to diffuse Lewy bodies, TAU
and amyloid pathology (Papapetropoulos et al., 2006; Poulopoulos et al., 2012).
1.8.6.1 - LRRK?2 biology

It has been a challenge to determine the biological function of the LRRK?2 protein,
let alone it’s role in PD pathogenesis. This is in part due to its large size, making it
difficult to work with in vitro. LRRK2 is widely expressed throughout the body and in
the brain. There are higher levels of LRRK2 within the SNc relative to the VTA, however
levels in the SNc are low when compared to the striatum (as reviewed in Cookson, 2010).
It is suggested that, sub-cellularly, LRRK?2 is associated with membranous structures
(Biskup et al., 2006). While mammals also possess LRRK1 which has been shown to be
able to form a heterodimer with LRRK2 (Déchsel et al., 2010), the expression patterns of
LRRK1 and LRRK?2 seem to be discrete in at least the rat brain (Giesert et al., 2013).

LRRK?2 studies in the past decade have implicated the protein to have a role in a

breadth of cellular processing including: mitochondrial dysfunction, neuronal toxicity,
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abnormal endocytosis of synaptic vesicles, autophagic dysfunction, translational
regulation, and inflammatory response (MacLeod et al., 2006; Plowey et al., 2008; Shin
et al., 2008; Mortiboys et al., 2010; Martin et al., 2014; Moehle et al., 2015). However,
many of the LRRK2 cellular phenotypes remain subtle, have yet to be reproduced, or fail
to shed insight on the selective loss of DA neurons in PD.
1.8.6.2 - LRRK2 animal models

A variety of LRRK2 mice have been created, including LRRK2 null, mutant
knock in, and transgenic human expressing mice (see Table 1.2). Similar to most PD
genetic mouse models, LRRK?2 mice fail to recapitulate loss of DA neurons and motor
deficits observed in humans. LRRK2 G2019S expressing via bacterial artificial
chromosome (BAC) rats also fail to show loss of DA neurons, although have motor
deficits (Lee et al., 2015). One explanation for lack a phenotype in rodents is that LRRK?2
is minimally expressed in the murine SNc and is undetectable in the rat, possibly due to a
lack of conservation between mammals of the transcriptional promoter region for LRRK2
(West et al., 2014). On the other hand, invertebrate models of LRRK?2 induced
neurodegeneration have been more successful in producing PD-like phenotypes. The
nematode (Caenorhabditis elegans) and fruit fly (Drosophila melanogaster) contain one
LRRK homolog, Irk-1 and Irrk, respectively. Ectopic expression of WT LRRK2 and its
pathogeneic mutants, particulary the G2019S mutant produces loss of DA neurons in
nemotodes (Yao et al., 2013) and flies (Liu et al., 2008). This has allowed for a platform
for candidate screening in vivo, that has had some success translating to the mammalian

system. For example, the ribsomal protein S15 was found to enhance dopaminergic loss
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in G2019S flies upon RNAi. The same group then also demonstrated that S15 mediates

dopaminergic death in mammalian cells (Martin et al., 2014).
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Table 1.2: Murine models of LRRK2

The table displays the majority of LRRK2 mouse models including transgenic, knock-in,
null, conditional, and viral delivery models. The vast majority of models fail to
recapitulate PD. (CamKII = Ca®/calmodulin-dependent protein kinase II, HSV = herpes
simplex virus, CMV = cytomegalovirus, CMVE-PDGFf = CMV-enhanced human

platelet-derived growth factor -chain)
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Loss of TH+ Motor
Model neurons impairment Reference
BAC human R1441G No Yes (Li et al., 2009)
BAC human WT No No
(Melrose et al., 2010)

BAC human G2019S No No
BAC human WT No No (Li etal., 2010)

ietal.,
BAC human G2019S No No
R1441C KI No No (Tong et al., 2009)
LRRK2 KO (exon 29,30) No No (T ¢ al. 2010)

ong et al.,
LRRK2 KO (exon 1) No No £
LRRK2 KO (exon 39-40) No No gﬁgg;eS'Mateos Al
Conditional G2019S
(CamK1I) ND No (Wang et al., 2008)
HSV delivery - G2019S No ND (Lee et al., 2010)

ee et al.,
HSV delivery - G2019S Yes (21 DPI) ND
CMVE-PDGFB -WT No No
CMVE-PDGFp - R1441C No No (Ramonet et al., 2011)
CMVE-PDGFB - G2019S Yes (20(15;10nths No
CMVE-PDGFB -WT No No

(Chen et al., 2012)

CMVE-PDGFB - G2019S Yes Yes
CMV 12020T No Yes (Mackawa et al., 2012)
Conditional ROSA26 - .
R1441C No No (Tsika et al., 2014)
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1.8.6.3 - LRRK2: Cell death
Many early studies found that the expression of LRRK?2 in cells was toxic. Both WT and
pathogeneic LRRK2 transfection in cortical neurons causes an increase in cell death with
most studies showing that pathogeneic LRRK?2 causes enhanced death compared to WT
expression (laccarino et al., 2007; Kanao et al., 2010; Cookson, 2012a). Some groups
have shown that loss of LRRK2 may cause cell death as well. LRRK2 null mice display
increased TUNEL positive neurons and activated caspase-3 in mouse kidneys (Tong et
al., 2010). LRRK2 mediated neurotoxicity has been shown to be dependant on a variety
of apoptotic related proteins including: caspase8, the death adaptor death adaptor protein
FADD (Ho et al., 2009), Apafl(Iaccarino et al., 2007) and chronic p38 activation (Yuan
etal., 2011). LRRK2 induces expression of BIM and HID by phosphorylating the
transcription factor FoxO (Kanao et al., 2010). Increased phosphorylated JNK and
mRNA levels of pro-apoptotic markers such as: Bim, FasL, caspase-9, caspase-8 and
caspase-3 have been observed in the SNc of G2019S-LRRK2-G2019S tg mice (Chen et
al., 2012). However, there are some studies suggest that expression of LRRK?2 is pro-
survival and loss of LRRK?2 function causes neuronal death (Chuang et al., 2014).

Some studies suggest less traditional pathways to LRRK?2 induced cell death.
Early studies suggested that pathogenic LRRK2 transfection in primary cortical cultures
delays neurite outgrowth (MacLeod et al., 2006). However, this phenomenon has been
suggested to be at best, transient, and has failed to be reproduced (Garcia-Miralles et al.,
2015). Furthermore, there is currently no evidence of this phenotype in endogenous KI
mice animals. Another study reported LRRK2 G2019S iPSCs to have nuclear envelope

deficits that leads to cell death (Liu et al., 2012). It remains to be seen whether nuclear
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envelope impairment in implicated in PD. Many overexpression studies also suggest that
mutant LRRK2 causes an increase in phospho-TAU inclusions within the cell (Lin et al.,
2010; Melrose et al., 2010; Bailey et al., 2013). This is notable as clinically, many
LRRK?2 mutant carriers display TAU pathology upon autopsy and in cerebrospinal fluid
(Papapetropoulos et al., 2006; Aasly et al., 2012; Poulopoulos et al., 2012).
1.8.6.4 - LRRK2: Mitochondrial and oxidative stress

Multiple lines of evidence including: PD brain tissue post-mortem, autosomal
recessive PD genes, and toxin models of dopaminergic death suggest that mitochondrial
dysfunction and oxidative damage may contribute to the pathogenesis of PD. The
examination of LRRK?2 and its potential role in mitochondrial health and oxidative stress
has remained arguably lacking when compared to the bulk of LRRK2 literature.
However, one of the earliest studies to indicate that LRRK?2 may play a role in
mitochondrial homeostasis demonstrated that mutant LRRK?2 expressing were sensitive
to the mitochondrial complex I inhibitor, rotenone, which could be rescued by Parkin co-
expression (Ng et al., 2009). Furthermore, Parkin expression can also rescue the enlarged
mitochondria observed in the indirect flight muscles of G2019S-LRRK2 expressing flies
(Ng et al., 2012). Mitochondrial abnormalities have been observed in flies expressing
G2019S-LRRK2 within DA neurons as well (Hindle et al., 2013). Condensed
mitochondria and mitochondrial clustering have been observed in both aged G2019S
BAC transgenic and G2019S knock in mice (Ramonet et al., 2011; Yue et al., 2015). A
decrease in mitochondrial membrane potential was observed in murine cortical cultures
transfected with G2019S or R1441C constructs which also lead to an increase in

mitochondrial clearance (mitophagy) (Cherra et al., 2013).In humans, two studies of skin
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fibroblasts harvested from G2019S patients and healthy controls were examined for
mitochondrial defects. Both mitochondrial membrane potential and ATP levels were
decreased in the G2019S fibroblasts (Mortiboys et al., 2010; Papkovskaia et al., 2012). A
decrease in mitochondrial respiration and an increase in mitochondrial mobility was
observed in neural cells differentiated from patient induced pluripotent stem cells (iPSCs)
(Cooper et al., 2012). LRRK2 may mediate these observed mitochondrial phenotypes via
its suggested interaction with dynamin-related protein (Drp1). DRP1 is required for
mitochondrial fission and DRP1 expression increases upon mutant LRRK?2 expression
which correlates with fragmented mitochondrial phenotypes (Niu et al., 2012; Wang et
al., 2012).
1.8.6.5 - LRRK2: Endolysosomal and vesicular trafficking

A moderate amount of evidence in the field suggests that LRRK2 may have
multiple roles involved in vesicle endocytosis, trafficking, autophagy, and lysosomal
function. These connected pathways seem to relate to LRRK2s putative activity at
membranes (Berger et al., 2010). The earliest work suggesting that LRRK2 may play a
role in synaptic vesicle endocytosis was performed in yeast, identifying Rab5b as LRRK2
interactor and furthermore observering that LRRK?2 and Rab5b co-localize in synaptic
vesicles and i1s a LRRK?2 kinase substrate (Shin et al., 2008; Yun et al., 2015).
Electrophysiological recordings of cortical neurons after shRNA knock-down of LRRK2
suggests that LRRK2 is involved in vesicle recycling (Piccoli et al., 2011). Additionally,
LRRK2 has been found to interact and phosphorylate Soluble NSF Attachment
Protein Receptor (SNARE) related proteins in the synapse including N-ethylmaleimide

sensitive fusion (NSF) protein and Snapin (Yun et al., 2013; Belluzzi et al., 2016). It has
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been suggested that LRRK2 may bind many of these presynaptic proteins via its WD40
domain (Piccoli et al., 2014). This has led some to examine LRRK2s role in
neurotransmitter release as inhibition of LRRK2 may decrease vesicle release as G2019S
neurons display increased release (Migheli et al., 2013; Cirnaru et al., 2014). However, it
should be noted that there is a lack of evidence that LRRK2 plays a role in DA release in
mammals (Sanchez et al., 2014; Volta et al., 2015).

Studies of flies with mutations in the Drosophila lrrk homolog have observed
defects in early endosomes, autophagosome accumulation, and enlarged lysosomes
(Dodson et al., 2014). LRRK2s potential role in endocytosis has been supported by
multiple interaction studies suggesting LRRK2 may: bind to Dynamin 1-3 (a mediator of
membrane scission in clathrin-mediated endocytosis), phosphorylate EndophilinA
(Critical for synaptic vesicle endocytosis), and interact with clathrin-light chains at
endosomes (Matta et al., 2012; Stafa et al., 2013; Schreij et al., 2015). Another
explanation for much of the evidence implicating LRRK?2 in vesicle trafficking are
studies associating LRRK2 with various Rab GTPase proteins known to be involved in
cytoskeletal and trafficking networks. Specifically, LRRK2 may interact with Rab5b
(Shin et al., 2008), Rab7 (Dodson et al., 2014), Rab7L1 (MacLeod et al., 2013), Rab9
(Dodson et al., 2012), Rab32 and Rab38 (Waschbiisch et al., 2014). Recent evidence has
indicated that LRRK2s role in the endocytic pathway may be dependant on the Notch
signalling pathway (Imai et al., 2015). Others have shown that LRRK2-associated
downstream defects on the lysosome maybe suppressed by two-pore channel 2 (TPC2)
inhibition (Hockey et al., 2015; Rivero-Rios et al., 2015). It is still unclear, what precise

role LRRK2 plays in trafficking and how that may lead to PD in humans.
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1.8.6.6 - LRRK2: Autophagy

Autophagy is the broad term used for the intracellular recycling of proteins and
organelles within the cell. Increasingly, LRRK2 has been implicated to have a role in the
autophagy-lysosomal pathway. Deregulated macro-autophagy (from now referred to
simply as autophagy) has been observed in both LRRK2 kinase (G2019S) and ROC
(R1441C) pathogenic mutants in vitro (Plowey et al., 2008; Alegre-Abarrategui et al.,
2009; Bravo-San Pedro et al., 2013). Furthermore, knock-down (KD) of LRRK2 by
siRNA is suggested to increase autophagic flux (Alegre-Abarrategui et al., 2009).
Similarly, LRRK2 kinase inhibition in human neuroblastoma cells also stimulates
autophagy (Manzoni et al., 2013). Loss of function of lrrk in Drosophila is also
associated with autophagic disturbances (Dodson et al., 2014). This is in line with work
in C. elegans suggesting that both G2019S and R1441C mutant expression in these
animals inhibits autophagy (Saha et al., 2014). LRRK2 involvement in autophagy is
further evidenced by localization studies attributing LRRK2 localization at autophagic
vacuoles (autophagosomes) and multi-vesicular bodies in both human brain and cultured
cell lines (Alegre-Abarrategui et al., 2009; Schapansky et al., 2014). Autophagic
abnormalities have been observed DA neurons derived from G2019S patient iPSCs
(Sanchez-Danés et al., 2012). Multiple in vivo studies of different LRRK2 knock-out
(KO) mice demonstrate autophagic disturbances in the kidney (Tong et al., 2010; Hinkle
etal., 2012; Tong et al., 2012). Both G2019S and R1441G transgenic mice display
autophagic abnormalities using Transmission Electron Microscopy (TEM) in the brain
(Ramonet et al., 2011; Tagliaferro et al., 2015). While the bulk of the preceding work has

been focused on generalized macro-autophagy, there is some evidence LRRK2 may be
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involved with chaperone-mediated autophagy (CMA). LRRK2 is suggested to be
degraded by CMA and mutant LRRK?2 may also inhibit CMA activity (Orenstein et al.,
2013).
1.8.6.7 - LRRK2: Regulatory elements

There is a portion of LRRK?2 studies that have focused on LRRK2 role in
translation particularly in global protein synthesis. This was originally sparked by studies
that showed that human LRRK?2 and Drosophila lrrk could phosphorylate the eIF4E-
binding protein, 4E-BP (Imai et al., 2008). In consequence of 4E-BP
hyperphosphorlyation by LRRK2, 4E-BP dissociates from elF4E and allows
uncontrollable 5’ cap-dependent translation. However, other studies have shown that
LRRK2 phosphorylation is weaker than LRRK?2 autophosporylation and the interaction
was not observed in mammalian cells (Kumar et al., 2010; Trancikova et al., 2012). More
recently, further work in Drosophila has shown that LRRK?2 stimulates both cap-
dependent and cap-independent mRNA translation and increases global protein synthesis
via phosphorylation of the ribosomal protein s15 (Martin et al., 2014). More studies in
mammalian cells are needed to expand on these findings.
1.8.6.8 - LRRK2: Neuroinflammation

While neuroinflammation has been described in PD, it has mostly been thought as
a secondary mechanism contributing to the pathogenesis of PD. However, recent
evidence implicating LRRK2s role in the immune response and inflammatory signaling is
potentially proving otherwise. Intriguingly, variants in LRRK2 may contribute to risk of
the immune disorders: Crohn’s disease and leprosy (Barrett et al., 2008; Marcinek et al.,

2013). While LRRK2 is moderately expressed in neurons, LRRK?2 is robustly expressed

47



in monocytes and macrophages but also has been shown to increase expression after toll-
like receptor 4 (TLR4) agonist treatment with LPS (Hakimi et al., 2011; Moehle et al.,
2012). Inhibition of LRRK2 kinase function has been shown to decrease phagocytic
engulfment of HIV1 tat protein (Marker et al., 2012). The pro-inflammatory cytokine,
IFN-y has been shown to upregulate LRRK2 expression as LRRK2 may subsequently
activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) (Gardet
et al., 2010; Thévenet et al., 2011). Furthermore, LRRK?2 ablation or kinase inhibition has
been shown to inhibit NF-«xB signalling in microglia (Kim et al., 2012; Russo et al.,
2015). In a collitis model of inflammatory bowel syndrome (IBS), LRRK2 KO mice were
hypersensitive to experimental collitis and LRRK2 was shown to negatively regulate the
transcription factor Nuclear factor of activated T-cells (NFAT)(Liu et al., 2011b).
LRRK2s potential role in inflammation may be evolutionarily conserved in freshwater
Hydra as it is upregulated following injury-induced immune response (Wenger et al.,
2014). Recently it has been observed that LRRK?2 null rats are resistant to DA cell death
upon intra-nigral LPS injections into the SN¢ when compared to WT littermates (Daher
et al., 2014) . Conversely, LRRK2-G2019S overexpressing rats are hypersensitive to LPS
induced nigral death (Moehle et al., 2015). Furthermore, LRRK2 G2019S microglia from
transgenic rats were shown to have enhanced chemotaxic response (Moehle et al., 2015).
However, another group has shown a decrease in motility in similar assays with microglia
derived from LRRK2 G2019S transgenic mice on a microglia reporter background (Choi
etal., 2015). LRRK2 is easily studied in immune cells due to LRRK2s inducible
response. However, it is unclear how LRRK2s role in immune cells could lead to DA cell

death.
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1.9 — Statement of research questions, hypothesis and objectives

The following three chapters encompass a body of work focused on two main
overall objectives. These are to firstly, characterize DJ-1 null mice on a pure C57-Bl16
background (Chapter 2) and develop novel genetic animal models of PD by expressing
LRRK2 in Drosophila central phagocytes (Chapter 4). The second is to determine
genomic modifiers that can: 1) explain penetrance issues in DJ-1 animal models (Chapter
2); 2) determine genetic pathways that modify LRRK2 induced toxicity in vivo (Chapter
3); and 3) to explore one of the modifiers found in Chapter 3, SCAR/WAVE-2 and
determine if LRRK2 plays a role in the phagocytic function of immune cells and may led
to loss of TH+ cells through a WAVE-2 dependent mechanism (to be discussed further in
Chapter 4).

1.9.1 - Hypothesis
Chapter 2: Progressive Dopaminergic Cell Loss With Unilateral-to-Bilateral
Progression in a Genetic Model of Parkinson’s Disease.

DJ-1 null mice on a pure C57-Bl16 background may exhibit dopaminergic cell loss and
motor deficits and lack of phenotypic penetrance may be due to additional genetic
modifiers within the colony.

Chapter 3: LRRK?2 functional genetic interactors modifying eye degeneration and

dopaminergic cell loss in Drosophila.

The elucidation of fly genes that enhance or suppress hLRRK2-mediated toxicity in the
Drosophila eye and dopaminergic system will provide functional relevance of LRRK2

interacting pathways important in Parkinson’s disease.
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Chapter 4: LRRK2-G2019S phosphorylates and stabilizes WAVE-2 to increase
phagocytic activity of myeloid cells leading to non-cell autonomous dopaminergic loss.
LRRK2 phosphorylates the actin assembly mediator WAVE-2 to mediate the phagocytic
immune response of myeloid cells that leads to dopaminergic death in PD.
1.9.2 — Specific objectives

Chapter 2: DJ-1 C57-Bl6 mouse

Objective 1: Determine whether DJ-1 null mice backcrossed to a pure C57-Bl6
background results in a dopaminergic cell loss and PD relevant motor phenotypes.
Objective 2: Determine any potential genetic modifiers that may segregate with only DJ-
1 null mice penetrant with PD-like pathology.

Chapter 3: LRRK?2 Drosophila screen

Objective 1: Perform an unbiased screen for interacting gene regions using the
Bloomington Deficiency line kit for chromosome two, three, and four of D.
melanogaster.
Objective 2: Identify specific candidate genes from phenotype-modifying interacting
regions.
2 1) Examine sub-regions and specific gene disruption lines for interacting regions
to identify specific gene interactors.
2 i1) Confirm interactors using at least one other LRRK?2 pathogenic mutant other
than the kinase domain.
2 ii1) Confirm specific gene interactors for modification of TH+ cell loss in the
dopaminergic cell clusters of Drosophila.

Chapter 4: LRRK2 and WAVE-2
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Objective 1: Determine if LRRK2 regulates phagocytic activity in mammalian immune
cells.

Objective 2: Determine the mechanism by which if LRRK2 modulates WAVE2.
Objective 3: Determine if LRRK?2 expression in Drosophila central phagocytes results in

Parkinsonism that is mediated by SCAR/WAVE-2.
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Chapter 2:
Progressive Dopaminergic Cell Loss With Unilateral-to-Bilateral Progression in a

Genetic Model of Parkinson’s Disease.

Proceeding of the National Academy of Sciences USA,

2012 Sep 25; 109(39): 15918-23.

Maxime Rousseaux, Paul C. Marcogliese, Dianbo Qu, Sarah J. Hewitt, Sarah Seang,
Raymond H. Kim, Ruth S. Slack, Diane C. Lagace, Michael G. Schlossmacher,

Tak W. Mak, David S. Park
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Statement of Author contribution:

The following manuscript was published in the Proceedings of the National
Acadamey of Science USA (Rousseaux et al., 2012). We reported a novel pre-clinical
model of PD in DJ-1 null mice fully back crossed on a C57-Bl6 background. This
phenotype that affected approximately 20-40% of mice recapitulated many aspects of
human PD including: progressive unilateral to bilateral loss of nigral neurons,
degeneration in the LC, compensatory post-synaptic activity in the striatum of young
mice and motor deficits in aged mice where striatal fiber density decreases. This was a
significant finding as this phenotype occurred without any exogenous stressor and is the
first whole germ-line model of PD that displays robust neuronal loss. We also conducted
whole exome sequence on affected and unaffected DJ-1 KO mice and determine
candidate modifiers that may explain the lack of full penetrance of the phenotype. This
model may now act as a platform to study PD progression.

As second author for this study, Paul C. Marcogliese designed and performed all
the behavioural experiments and assisted Maxime Rousseaux with histological
characterization. Dr. David S. Park supervised the project. Dr. Raymond H. Kim
generated the DJ-1 null mice. Dr. Diane C. Lagace provided access to the behavioural
core facility and technical support. Maxime Rousseaux, Paul C. Marcogliese and Dr.

David S. Park conducted data analysis and authored the manuscript.
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Abstract:

DJ-1 mutations cause autosomal recessive early-onset Parkinson disease (PD).
We report a model of PD pathology: the DJ1-C57 mouse. A subset of DJ-1-nullizygous
mice, when fully backcrossed to a C57BL/6 background, display dramatic early-onset
unilateral loss of dopaminergic (DA) neurons in their substantia nigra pars compacta,
progressing to bilateral degeneration of the nigrostriatal axis with aging. In addition,
these mice exhibit age-dependent bilateral degeneration at the locus ceruleus nucleus and
display mild motor behavior deficits at aged time points. These findings effectively
recapitulate the early stages of PD. Therefore, the DJ1-C57 mouse provides a tool to
study the preclinical aspects of neurodegeneration. Importantly, by exome sequencing,
we identify candidate modifying genes that segregate with the phenotype, providing
potentially critical clues into how certain genes may influence the penetrance of DJ-1—

related degeneration in mice.
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Introduction:

Parkinson disease (PD) is a progressive neurodegenerative disorder with complex
symptomology and etiology affecting an ever-increasing number of individuals. Although
multifactorial in nature, increasing insight has been gained with regard to the
pathogenesis of PD through investigation of genes linked to the disease. Because
monogenic forms of PD can be modeled in a laboratory, numerous animal models have
been created to recapitulate the disease. For instance, loss-of-function mutations in
the DJ-1 (PARK7) gene cause early-onset autosomal recessive PD (Bonifati et al., 2003;
Hague et al., 2003). Patients harboring D.J-1 mutations exhibit certain key characteristics
principally in early-onset PD and may lack certain neuropathological attributes present in
sporadic PD cases such as Lewy bodies (LBs)(Kitada et al., 2012). However, generation
of DJ-1-nullizygous mice (DJ-1"") on mixed background by various laboratories,
including our own, failed to detect any basal levels of neurodegeneration even in aged
mice (Goldberg et al., 2005; Chen et al., 2005; Kim et al., 2005; Andres-Mateos et al.,
2007; Manning-Bog et al., 2007; Chandran et al., 2008; Pham et al., 2010; Ramsey et al.,
2010) (see Table 2.S1). Similarly, a number of PD-related, genetically manipulated mice
have been created in attempts to recapitulate the disease process, whereas little or none
has shown clear or robust neurodegeneration specific to the substantia nigra pars
compacta (SNc) (reviewed in (Dawson et al., 2010)). Therefore, the creation of murine
PD models that demonstrate significant dopaminergic (DA) loss remains an acute need in
the field. The need for an early-onset model of PD is made more pressing given that no

postmortem analyses of human DJ-1 mutant-carrying patients have been reported. This is
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Table 2.S1. Comparison of previously generated DJ-1—/— mice. A comprehensive
search of the literature is presented in this table to note the gross differences between the
generation of these knockout animals. Specifically, we note that the number of
backcrossings (at least published) remain very low for other DJ-1—/— mice. MPTP, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyrindine. “6 for 2 mo” means six backcrosses for the

MPTP study.
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Gene Disruption  Background

Backcross #

(to C57BI/6) Phenotype

Study author

Year

No gross !e!aviora or !isto ogica

AExon 2-3 C57BI/6 mixed 1 Andres-Mateos etal. 2007
phenotype

AExon 2 129/SV(C57BI/6 1 Mild decrease in motor Chandran etal. 2008

mixed performance.

Mild decrease in motor

BEOR 15 4 129/;578% 1 performance. Increase in striatal DA Chen etal. 2005

promoter mixed ] .

and its metabolites
Mild decrease in motor
performance. Reduced DA
AExon 2 B6/129 1 overlow/increasad DA rauntake: Goldberg etal. 2004
Reduced response to DA.
129/0la 1(6for2 No gross unstimulated behavioral ;
ARxenata /C57BI/6 mixed months MPTP) or histological phenotype Kim et 2003
Gauetap B6/129 1 Subtle locomotor deficit Manning-Bog etal. 2007
between exon 6-7
Gene trap 129P2/OlaHsd/ 1 Mild decrease of TH+ cells in the P 2010
between exon 6-7 C57BI/6 mixed VTA. Mild cognitive impairment )
129P2/0laHsd/ i i i

Gene trap 1 No gross behavioral or histological Ramsey etal. 2010

between exon 6-7 C57BI/6 mixed

phenotype
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particularly critical if we are to understand how specific signaling pathways govern DA
loss in monogenic forms of early-onset human PD. Presently, most mechanistic studies of
DA loss rely on acute toxin models of Parkinsonism. However, the relevance of such
studies to the human condition remains uncertain, because acute neurotoxins are rarely
the culprit in the majority of PD cases. This potential discrepancy is highlighted by a
number of failed clinical trials that have heavily relied on toxin models as preclinical
evidence for efficacy (Waldmeier et al., 2006; Parkinson Study Group PRECEPT
Investigators, 2007; Marks et al., 2010; Snow et al., 2010). A more representative model
of DA loss that uses known factors in human PD is likely vital to develop better

therapeutic outcomes.
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Results:

In the course of our studies examining the effects of environmental perturbations
in DJ-17"" mice, we continued to examine the long-term effects of DJ-1 deficiency on DA
neuron loss. Importantly, this was accomplished in animals completely backcrossed onto
a C57BL/6 background (14x backcrossed, DJ-177; herein, referred to as DJ1-C57).
Intriguingly, unilateral SNc degeneration in a subset of these DJ1-C57 knockout mice is
observed as early as 2 mo of age (Fig. 2.14, Fig. 2.S1, and Table 2.S2). This phenotype is
not observed in animals younger than 2 mo (n = 8; Fig. 2.S1), thus indicating that this
defect is unlikely to be developmental in origin. Moreover, this phenotype is not
observed in any of the wild-type (WT) mice examined (» = 71). In addition, the ventral
tegmental area (VTA) of these mice is mostly spared (Fig. 2.1D). This latter finding is
particularly interesting given the observation that in postmortem brains from PD patients,
VTA neurons remain relatively protected compared with their nigral counterparts (Perl,

2011).
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Fig. 2.1: Young affected DJ1-C57 mice exhibit selective unilateral degeneration in
their SNc. (4) Representative midbrain sections of DJ1-C57 affected (7op), DJ1-C57
Unaffected (Middle), and WT (Bottom) mice depicting TH staining in the SNc and VTA.
(B and C) Quantification of 4 by stereology of total number of TH-positive cells in the
SNc (B) and of CV-stained cells at the level of the MTN in the SNc (C). (D)
Quantification of TH-positive neurons in the VTA of WT and DJ-1 affected mice. Note
that WT, DJ1-C57 affected and DJ1-C57 unaffected are represented by blue, red, and
yellow bars, respectively. Side A is depicted as solid shading and side B as hatched
shading. NS, not significant (P > 0.05); ***P < 0.001; ANOVA, followed by Tukey’s

LSD post hoc tests. Data are represented as means (n = 7-80 per group) = SEM.
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Fig. 2.S1: Unilateral DA cell loss in the SNc of a subset of DJ1-C57 mice as early as 2
mo of age. Stereological counts of TH-positive neurons in midbrain sections from WT
and DJ1-C57 mice were performed at various time points. No mice were qualified as
affected according to the >40% unilateral criteria in 6-wk-old mice. Each data point
represents mean = SEM (n = 1-37 per data point). **P <0.01 by ANOVA, followed by

Tukey’s LSD post hoc test.
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Table 2.S2: Penetrance of affected phenotype over time in DJ1-C57 and WT mice.
Penetrance was measured as an animal possessing a greater than 40% loss of neurons on
one side of the SNc (side A) vs. the other side (side B). Samples were gathered at 1.5, 2,
3.5, 6, 12, and 15 mo. Sample sizes (n) for each group varied from 5 to 37. Only DJ1-C57
animals exhibited the phenotype that begins at 2 mo of age (n = 15 penetrant DJ1-C57 vs.

n = 0 penetrant WT). Dashes represent not applicable.

65



Genotype Age (mo) Sample size (n) Unilateral phenotype Penetrance (%)

WT 1.5 5 No 0
2 9 No 0
3.5 19 No 0
6 16 No 0
12 10 No 0
15 12 No 0
Total WT — 71 No 0
DJ1-C57 1.5 8 No 0
2 8 Yes 12.5
3.5 37 Yes 16.2
6 23 Yes 17.4
12 7 Yes 42.9
15 13 Yes 7.7
Total DJ1-C57 — 96 Yes 15.6
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To objectively assess this phenotype, mice in this study are classified as either
“affected” (unilateral phenotype: having a greater than 40% unilateral reduction of DA
cells in the SNc compared with the other side) or “unaffected” (no unilateral phenotype:
having similar bilateral DA cell numbers). No clear side or sex specificity is observed
(right, 53%; female, 67%, respectively). Thus, to maintain consistency, “side A” is the
term given for the side of the brain with the least number of neurons, regardless of the
genotype (side B being the side with more DA neurons). When quantified, affected DJ1-
C57 mice exhibit a dramatic reduction of neurons in their SNc, as visualized by tyrosine
hydroxylase (TH) and cresyl violet (CV) staining (Fig. 2.1B and C and see Fig. 2.34).
Upon closer magnification of the SNc, the affected DJ1-C57 mice exhibit TH-positive
fiber staining but with clear neuronal process disruption. When quantified, the remaining
fibers at the level of the SNc¢ in the affected DJ1-C57 mice display an elevated number of
shortened processes with obvious neuritic beading (Fig. 2.24) compared with unaffected
DJ1-C57 or control mice. Consistent with this finding, an increase in CD11b-positive
microglia is noted in young, affected animals (Fig. 2.3B), whereas no clear increase in

astrocytosis on the affected side is observed (Fig. 2.S2).
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Fig. 2.2: Widespread process disruption and aberrant striatal innervation in young
affected DJ1-CS57 mice. (A) Fiber sprouting in WT (Upper Left) and DJ1-C57 affected
animals (Upper Right). Distribution of quantified uninterrupted process (TH+) length in a
single vision plain (in microns) is presented (Lower). (B) Representative sections of
striatum stained for AFosB in young WT (Left) and DJ1-C57 affected (Center) mice.
(Right) Quantification of AFosB-positive puncta in the striatum. (C) Representative
sections of the striatum stained for TH as in B. Quantification of striatal TH density is
shown (Right). WT, DJ1-C57 affected, and DJ1-C57 unaffected are represented by blue,
red, and yellow bars, respectively. Side A is depicted as solid shading and side B as
hatched shading. NS, not significant (P > 0.05); *P < 0.05; **P <0.01; ANOVA,
followed by Tukey’s LSD post hoc tests. Data are represented as means (n = 3—11 per

group) = SEM.
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Fig. 2.3: Focal microgliosis in young affected DJ1-C57 mice. (4) Representative
midbrain sections stained for CV in young WT and DJ1-C57 affected mice (1000%
magnification). Thin arrows denote typical morphology of DA neurons of the SNc; thick
arrows denote shrunken, dead nuclei; and arrowheads denote appearance of cells with
altered morphology. (B) CD11b staining in the midbrain of young WT (Lef?) and DJ1-
C57 affected (Right) mice was quantified and represented as the number of Cd11b-
positive cells in the MTN region of the SNc. WT and DJ1-C57 affected are represented
by blue and red bars, respectively. Side A is depicted as solid shading and side B as
hatched shading. NS, not significant (P > 0.05); *P < 0.05; ANOVA, followed by

Tukey’s LSD post hoc tests. Data are represented as means (n = 3—9 per group) = SEM.
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Fig. 2.S2: No visible astrocytic aggregation in affected DJ1-C57 midbrain. (Upper)
Midbrain sections from young WT (n = 6) and DJ1-C57 affected (n = 6) (Left) or aged
WT (n=4) and DJ1-C57 mice (n = 4) (Right) were costained for GFAP and TH. (Lower)
GFAP-positive puncta in the SNc (MTN region) were quantified in three representative

sections. NS denotes a nonsignificant difference by means of ANOVA.
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To assess whether this histopathological phenotype corresponds with a functional
outcome, we subjected animals to behavioral testing. However, DJ1-C57 affected mice
do not exhibit a clear decrease in gross motor function at 2, 6, or 12 mo of age (Fig.

2.83 A4-C) or any differences in drug-induced rotational behavior (Fig. 2.S3D). The lack
of behavioral differences may be accounted for by two observations. First, examination
of the striatal DA terminals revealed no clear loss in striatal fibers in young animals (Fig.
2.2B). This finding raised the possibility that sprouting of neurites within the nigrostriatal
pathway may be compensatory in young mice. This is of marked interest because we note
significant sprouting of dysmorphic neurites (as seen in Fig. 2.24) in the SNc, which may
be compensating for the loss of cell bodies as reported previously (Pritzel et al., 1983;
Song and Haber, 2000). Second, an increase in the striatal postsynaptic marker AFBJ
murine osteosarcoma viral oncogene homolog B (AFosB) is observed in affected DJ1-
C57 mice (Fig. 2.2C). PD patients have been shown to have up-regulated AFosB in their
caudate/putamen (Tekumalla et al., 2001). Moreover, AFosB has been shown previously
to be up-regulated in toxin models of neurodegeneration such as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyrindine (MPTP) and 6-hydroxydopamine (6-OHDA) as a
compensatory response to a loss of DA innervation (Doucet et al., 1996; Pérez-Otafio et

al., 1998).
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Fig. 2.83: No visible motor behavior defects in young DJ1-C57 mice. (A—C)
Littermate DJ1-C57 mice (n = 15) and WT (n = 12) controls were subjected to motor
behavioral testing at 2, 6, and 12 mo. No significant differences were observed in either
beam break (A), open field test (B), or rotorod (C). (D and E) Amphetamine- and
apomorphine-induced rotational behavior was also performed at 6 mo. No significant

differences in turn number or directionality was observed. Bars represent means + SEM.
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With aging of DJ-1-deficient animals, an increase in the prevalence of the DJ1-
C57 affected unilateral phenotype was observed over time, peaking at 12 mo of age
(42.9% penetrance, Fig. 2.44 and Table 2.S2). When only affected unilateral DJ1-C57
animals are considered, there was a clear loss in total number of SN¢ DA neurons even at
early time points (Fig. 2.54). However, if all (affected and unaffected) DJ-1—-deficient
animals were evaluated together, the total number of DA neurons was not significantly
reduced until later aging stages (15 mo). At this time, the unilateral phenotype dissipated
and a more bilateral phenotype of nerve cell loss was observed (Fig. 2.4 4 and B
and Table 2.S2). Interestingly, these aged mice, unlike at the earlier times, exhibited a
decrease in DA-synthesizing TH-positive striatal terminals (Fig. 2.4C). Upon evaluation
of any neuritic beading in these aged animals, we noted that although process length itself
did not further change between young and aged DJ1-C57 mice (Fig. 2.S5 4 and B), aged
DJ1-C57 mice exhibited a decreased number of sprouting processes in the SN¢ region
(Fig. 2.S5C). Moreover, long-term behavior testing revealed a mild motor defect in the
aged (14—16 mo) DJ1-C57 mice when examined by both the grid test (Fig. 2.4F) and the

pole test (males; Fig. 2.4F).
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Fig. 2.4: Aged DJ1-C57 mice exhibit bilateral DA and noradrenergic denervation in
the brainstem. (4) Penetrance of unilateral phenotype over time. Penetrant threshold:
greater than 40% loss of DA neurons on one side (side A) vs. the other (side B). (B) Total
stereological counts of DA neurons in the SNc of WT and DJ1-C57 aged (15-mo)
animals. (C) Representative striatal sections of aged (12—15 mo) WT (Upper Left) and
DJ1-C57 (Lower Left) mice stained for TH. Quantification of TH expression in the
striatum relative to the corpus callosum was performed in young and aged animals
(Right). (D) Representative micrographs of LC sections in the pons stained for TH for
either aged WT (Left) or aged DJ1-C57 (Center). Quantification of TH-positive neurons
for both young and aged animals is shown (Right). (E) The grip test evaluated the
capacity of the mouse to stay on an inverted metal grid for 60 s. () The pole test
evaluated the latency of mice to descend a gauze-wrapped pole (in seconds). NS, not
significant (P > 0.05); *P < 0.05; ANOVA, followed by Tukey’s LSD post hoc tests.

Data are represented as means (n = 3—13 per group) = SEM.
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Fig. 2.54: Bilateral DA cell loss in the SNc of aged DJ1-C57 mice. Stereological
counts of TH-positive neurons in midbrain sections from WT and DJ1-C57 mice were
performed at various time points. Each data point represents mean = SEM (n = 1-37 per

data point). *P < 0.05; **P <0.01 by ANOVA, followed by Tukey’s LSD post hoc test.
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Fig. 2.S5: DJ1-C57 affected mice exhibit neuritic beading in the SNc¢ throughout
their lifespan but show a marked decrease in fiber density with age. (A)
Representative pictures of affected DJ1-C57 mice vs. WT animals. (B) Quantification of
uninterrupted process length as in Fig. 2A. (C) Quantification of relative fiber density in
the SNc. Each box represents mean + SEM (n = 4-11 per data point). *P < 0.05; ***P <

0.001 by ANOVA, followed by Tukey’s LSD post hoc test.
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The neuropathology of PD encompasses degeneration not only of the SNc but
also of other nuclei in the brainstem including the /locus ceruleus (LC) (Forno and
Alvord, 1974). Therefore, LC of DJ1-C57 mice were examined for TH-immunoreactive
cell bodies. A significant reduction in TH-positive cells of the LC was observed in aged
DJ1-C57 mice compared with WT controls (Fig. 2.4D). Furthermore, because a-
synuclein aberrant processing is a hallmark of idiopathic PD, we examined whether our
DJ1-C57 mice exhibited altered expression or localization of the protein. No visible
changes were noted in the expression of endogenous a-synuclein between DJ1-C57 mice
and littermate controls (Fig. 2.S6 4 and B). In addition, upon examination of leucine-rich
repeat kinase 2 (LRRK2) expression (another autosomal dominant PD-linked protein),
we did not note any significant changes in expression or localization of the protein (Fig.

2.S6B).
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Fig. 2.S6: DJ1-C57 affected mice do not show visible alterations in a-synuclein
expression. (A) Representative midbrain sections stained for a-synuclein and LRRK?2 at
the level of the MTN. SNCA KO denotes a-synuclein—null animal tissue. (B) Changes in
a-synuclein and LRRK?2 expression were also determined by Western blot. Striatal
punches were taken from SNCA KO, LRRK2 KO, DJ-1 KO, and WT animals to assess

expression of a-synuclein and LRRK2, as well as confirm loss of DJ-1, in the brain.
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Finally, to elucidate potential mechanism(s) through which this selective
neurodegeneration occurs in a subset of these DJ1-C57 mice, we performed whole-exome
sequencing on affected (n = 3) and unaffected (n = 3) DJ-1-C57 mice as an approach to
identify candidate modifiers (Fig. 2.54). After filtering for coding regions and for
variants found in all three affected but none of the three unaffected mice, only five
candidates in coding regions were identified as potential modifiers of the phenotype
[signal regulatory protein 3 (Sirbp)1A, 2610203C20Rik, zinc finger, SWIM domain
containing 6 (Zswim6), kinesin family member (Kif) C5b, and SWI5-dependent
recombination repair 1 (Sfrl); Fig. 2.5B]. Moreover, because exome sequencing also
covers flanking intronic sequences, an additional 23 candidates were identified in
noncoding regions (Table 2.S3), although none of these were in known intron—exon
splice sites. Together, these results suggest the segregation of several genomic loci with

the phenotype.
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Fig. 2.5: List of exonic variants unique to affected DJ1-C57 mice. (4) Schematic
workflow of exome sequencing to determine candidate mutations in affected DJ1-C57
mice (vs. unaffected littermate controls). (B) Table of variants present in all three
examined affected animals and no unaffected littermates. See Experimental

Procedures for selection criteria.
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A

Genomic DNA isolation from Targeted Exome Capture lllumina HiSeq2000 P — S — dentify Putative Mutations:
' 'y i _’ Paired end sequencing = (C5: i e ariant Calling ' fy

affected/unaffected DJ1-C57 (Agilent SureSelect*) 78Bl/6J lysis Toolkit) Segregation by group
B (2x100bp)
Mutation Presence
Gene name Gene description Position Chromosome " Codon Effect Amino Acid Function
Affected Unaffected
(/3) (/3)
Sirpbla signal-regulatory protein beta 1A 15,417,016 3 SNP tCc/tTc  Missense Mutation S84F Phagocytosis 3 0
Sirpbla signal-regulatory protein beta 1A 15,417,020 3 SNP Cat/Tat  Missense Mutation H83Y Phagocytosis 3 0
2610203C20Rik  RIKEN cDNA 2610203C20 gene 41,389,287 9 SNP Acc/Ccc Missense Mutation T59P Unknown 3 0
2610203C20Rik  RIKEN cDNA 2610203C20 gene 41,389,294 9 SNP cAc/cCc  Missense Mutation H61P Unknown 3 0
Zswim6 zincfinger, S.WIM domaln 108,679,774 13 SNP gCg/gGg Missense Mutation A157G Unknown 3 0
containing 6
Kifc5b kinesin family member C5B 27,061,155 17 SNP Gtc/Atc  Missense Mutation V3191 Chromost?mal 3 0
segregation
sfr1 SWI5 Gependent recombination ;57 353 19 SNP Ccc/Acc  Missense Mutation  P93T DNAL 3 0
repair 1 recombination
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Table 2.S3: Noncoding putative modifiers that segregate with the DJ1-C57
phenotype. The table shows variants present in all examined affected animals (n = 3) and
no unaffected littermates (n = 3) as in Fig. 5. See Experimental Procedures for selection
criteria. AKT, serine/threonine kinase; Het, heterozygous; Hom, homozygous; Kv
channel, voltage-gated potassium channel; NLRP3, NLR family, pyrin domain—
containing 3; ROS, reactive oxygen species; SRY, sex-determining region Y; TAG,

triacylglycerol. Dash represents not defined.
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Chromo- Mutation Presence

Gene name Gene description Position some type Location  Genotype Function Affected Unaffected
(/3) (/3)
. phosphatidylinositol glycan .
Pigt " . 164,332,071 2 Indel Intron het GPI-transfer to proteins 3 0
anchor biosynthesis, class T
Sox2 SRY-box containing gene 2 34,549,323 3 SNP UTR5' het Transcription factor 3 0

Ptgr1 prostaglandin reductase 1 58,994,758 4 Indel Intron het Metaboie |n§ct|vat10n Zl 3 0
leukotriene B4

Gm13150 predicted gene 13150 146,356,934 4 SNP Intron het Unknown 3 0

Modulates calcium

Sri sorcin 8,062,470 5 Indel Intron het homeostasis by directly 3 0
binding to it
RP24-
449D6.1 - 15,032,507 5 SNP Intron het Unknown 3 0
Plxnd1 plexin D1 115,920,073 6 SNP Intron het Semaphorin signalling 3 0

Homologue of "foggy’, a

suppressor of Ty 5 homolog (5. zebrafish gene which shows

Supt5h i 29,116,278 7 Indel Intron het DAergic degeneration when 3 0
cerevisiae)
KOed, regulates
transcriptional elongation
Myhi4 myosin, heavy chain 7B, cardiac 51,894,551 7 SNP — bt Cardiac and skelgtal muscle 3 0
muscle, beta contraction

Negatively regulates NLRP3
Trim30a tripartite motif-containing 30A 111,578,560 7 Indel Intron het inflammasome activation and 3 0
reduces ROS formation

Calcium binding EF-hand

Nucb2 nucleobindin 2 123,671,348 7 SNP Intron het . 3 0
protein
Gm10348 - 20,020,424 8 SNP Upstream het Unknown 3 0
Glycoprotein involved in cell-
Thy1 thymus cell antigen 1, theta 43,855,093 9 SNP Intron het cell interactions in thymocytes 3 0
and neurons
Snora62 small nucleolaréF;NA, RIACAbox 120,044,385 9 SNP Downstream het Processing rRNA precursors 3 0
Phospholipid and TAG
Dgka diacylglycerol kinase, alpha 128,160,214 10 SNP Intron het synthesis. Regulates RAS and 3 0
RHO.
Kcnip1 Kv channel-interacting protein 1 33,545,464 n Indel Intron het Synaptic tran'smlssmn 3 0
regulation
Fam33a family with sequence similarity 86,929,722 1 SNP Intron het Chromosomal segragation 3 0
33, member A
Tecpr2 tectonin, beta—PrlopeIIer repeat 112,136,799 12 Indel Intron hom Unknown 3 0
containing 2
Sic34al solute carrier family 34 (sodium 55,504,541 13 Indel Intron het Sodium-Phosphate co- 3 0
phosphate), member 1 transporter (Renal)
ATPase, aminophospholipid . . N
Atp8a2 transporter-like, class |, type 8A, 60,392,606 14 Indel Intron het Drive uphill transport of ions 3 0
across membranes
member 2
1710029699 RIKEN CDNA 1110020609 gene 9,001,555 15 SNP Intron het Unknown 3 0
pdpk; ~ >Phosphoinositide dependent 5, 50 47 SNP Intron het pAtes AKT at Thr308 3 0
protein kinase 1
Tete] t-complex-associated testis 45,676,562 17 SNP - het Testes specific of unclear 3 0

expressed 1 function
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Discussion:

In our DJ1-C57 mice, we have uncovered an early PD-type phenotype that
progressed with age and showed incomplete penetrance. In backcrossing and extensively
interbreeding DJ-1-null mice, we obtained a subset of DJ1-C57 mice that exhibited
robust unilateral nigral degeneration as early as 8 wk of age: a finding potentially
consistent with the early-onset pathogenicity of DJ-1 loss in human carriers of DJ-1
mutations (Bonifati et al., 2003). This cell loss was accompanied with compensatory
sprouting and the appearance of dysmorphic and beading neurites, as well as
microgliosis, a result congruent with the notion that microglia may induce neuritic
beading during neuronal dysfunction (Takeuchi et al., 2005). Furthermore, findings of
compensatory sprouting upon cell loss, dysmorphic neurites, and an increase in
proinflammatory responses are all present in postmortem samples from PD patients
(McGeer et al., 1988; Greenwood et al., 1991; Nagatsu and Sawada, 2005; Ouchi et al.,
2005; Mount et al., 2007; Whitton, 2007). Therefore, given the early age of onset of
degeneration in these mice, our findings are of particular significance and may correlate
with features of autosomal recessive PD. This loss-of-function phenotype has not yet
been modeled successfully in rodents, with the possible exception of a partial reduction in
LC neurons in one parkin”~ mouse model (Coelln et al., 2004).

We also noted that although DJ-1 loss—mediated neurodegeneration will

invariably lead to PD in humans, this might not be as dramatic in mice with a relatively

short lifespan of ~24 mo. However, early pathological changes associated with this

genetic form of PD are nonetheless observed. Thus, much like preclinical PD, where no

clear clinicopathological correlate may be apparent until over 80% of the nigral cell
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population has been lost, a compensatory mechanism such as neuritic sprouting or
postsynaptic sensitization may account for the lack of motor defects in these young
animals. Furthermore, the relevance of this model is made even more apparent as the
DJ1-C57 mice age. Aged DJ1-C57 mice progressed to bilateral degeneration of their
SNc, as well as of their nigrostriatal projections to the forebrain. Thus, this preclinical
phenotype likely first occurs at 2 mo and progresses over the course of the following 10—
12 mo. In addition, at this older stage, these mice exhibited cell loss at the level of the
LC, a pathological characteristic of the human condition. Finally, aged mice beyond 12
mo start to show basal behavioral deficits. Therefore, our DJ1-C57 mouse model presents
a potentially important role in filling the gap in our understanding of early-onset
preclinical PD in humans.

The reason behind the observed phenotype remains unknown. To begin to explore
this issue, we performed whole-exome sequencing to identify potential genes that may
contain polymorphisms in affected but not unaffected mice. Surprisingly, the list of genes
that met these criteria was limited to five candidates with exon-containing changes. One
potential modifier gene candidate, Sirbpla, was particularly interesting given the increase
in microglial activation observed in the affected DJ1-C57 mice. SIRBP1A has been
associated with a role in promoting phagocytosis in macrophages and monocytes
(Hayashi et al., 2004). It is possible that disruption of this function may result in aberrant
microglial activity. Future studies will seek to elucidate the putative relationship between
DJ-1 and SIRBP1A, as well as with other coding modifiers. These exon candidates,
although intriguing, are not the only factors that may account for the degenerative

phenotype. Other possibilities include intron changes, particularly at loci-flanking exons.
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In this regard, we observed that 23 intronic modifiers segregated with the phenotype. The
specific role of these polymorphisms/indels remains unclear, because they do not
correspond to splice donor/acceptor sites. Finally, it is possible that a combination of all
of these factors may contribute to the phenotype. Therefore, more careful analyses must
be performed to examine among these possibilities. What is important, however, is that
our studies demonstrate that a defined group of polymorphisms can segregate with our
phenotype. How these factors regulate DA loss in DJ-1—deficient mice will require
further analyses.

Collectively, we present a murine model that reproduces a clinically detectable
phenotype owing to the modification of a PD-related gene. Affected DJ1-C57 mice
display: (7) unilateral DA cell loss with a predilection for the SNc¢ versus VTA as early as
2 mo of age; (if) development of aberrant neuritic processes with ensuing microgliosis in
the SNc and increased AFosB staining in the striatum at a young age; and (iif)
progression to bilateral degeneration of the nigrostriatal axis and of the LC at an older
age (model; Fig. 2.6), which are associated with mild motoric changes. This progression
to a bilateral phenotype is of particular interest to us given the typical unilateral-to-
bilateral progression of the disease in humans (Pahwa et al., 2003). Interestingly, no
significant changes were noted in a-synuclein or LRRK2 expression, suggesting a disease
process independent of Lewy body generation. These results strongly suggest that this
murine model of early parkinsonism mimics autosomal recessive early-onset PD
pathology, rather than that of sporadic PD (Kitada et al., 2012). It, thus, provides a tool to
elucidate the cascade of pathogenic changes that occurs in autosomal recessive, early-

onset PD, as well as a platform to explore neuroprotective interventions in the future.
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Fig. 2.6: DJ1-C57 preclinical model of DA neurodegeneration. (4) Altered
representative micrographs reproduced with permission from the Mouse Brain Library
[www.mbl.org; Rosen et al. (Rosen et al., 2003)] depicting healthy (red) SNc, striatum,
and LC in 6-wk-old DJ1-C57 mice or all WT groups examined. (B) Affected DJ1-C57
mice demonstrate unilateral DA cell loss in the SN¢ but not in the LC. (C) Aged DJ1-C57

mice exhibit widespread degeneration in their nigrostriatal tract, as well as their LC.
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Experimental Procedures:

DJ1-C57 Mouse Creation: DJ-17" mice were generated as described previously (Kim et

al., 2005). Mice were subsequently backcrossed 14 times onto a pure C57BL/6
background (Charles River) to obtain DJ1-C57 mice. Animals were then interbred
extensively for colony maintenance and experimentation. Animals were kept at 25 °C on
a light (12 h)/dark (12 h) cycle with ad libitum access to standard rodent laboratory chow
and water. Animal care was carried out in accordance with the guidelines of the Canadian
Council and Care of Animals in Research and the Canadian Institutes of Health Research
and was approved by the University of Ottawa Animal Care Veterinary Services.
Histology: After being perfused transcardially, mouse brains were fixed in 4%
paraformaldehyde and cryoprotected as described elsewhere (Crocker et al., 2001).
Midbrain sections containing the SNc (40 um), pontine sections containing LC (40 up),
and striatal (14 um) sections were immunostained via avidin—biotin complex staining as
described previously (Mount et al., 2007).

DA Cell Survival Quantification: DA neuron survival in the SN¢ was blindly assessed by

stereology using Stereo Investigator as described previously (Mount et al., 2007). Striatal
TH quantification was performed at 200x. For each picture, five samples of striatum and
one sample of corpus callosum were used for densitometric analysis. Relative intensity of
immunodetection was calculated using ImageJ v.1.410 (National Institutes of Health).
For each sample, three slices of striatum were used to calculate the mean striatal density.

Neuritic Beading Measurement: Neuritic beading was measured using ImageJ. Briefly,

average length of uninterrupted process in a visually focused plane was measured as 20
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measurements/section and measuring three sections per animal. Raw data were then
binned into five categories of length and represented as percentage distribution.

AFosB and CD11b Measurement: Striatal (AFosB) and midbrain [cluster of

differentiation (CD)11b] sections were stained, and three pictures were taken per animal,
per side. Puncta in a given visual field were assessed blindly using ImageJ v1.410.

Locus Ceruleus Neuron Quantification: Noradrenergic cell survival in the LC was

measured by counting four representative sections and projecting their counts to a total
value as described previously (German et al., 2000).

CV Quantification: CV staining and quantification were performed as described

previously (Mount et al., 2007). Briefly, cell viability in the medial terminal nucleus
(MTN) region of the midbrain was assessed as per the nuclear integrity of the cells
present.

Antibodies Used: CD11b (1:200; AbD Serotec), FosB (1:250; Santa Cruz

Biotechnologies), glial fibrillary acidic protein (GFAP) (1:1,000; Cell Signaling), DJ-1
(1:50,000; Abcam), a-synuclein (1:1,000; BD Transduction), LRRK2 (1:50,000;
Epitomics), and TH (1:10,000; Immunostar or 1:2,000; Chemicon) were used for either
avidin—biotin complex (ABC) visualization by 3,3’-diaminobenzidine (DAB) or via
fluorophore-conjugated secondary antibody.

Motor Behavior Testing: The grid test was carried out by placing DJ1-C57 affected,

unaffected, and WT mice on a metal grid (0.5-cm spacing between metal wires) and then
turning the grid over for 60 s. If a mouse could hold on for the entire 60 s, it was scored
as “success,” whereas if it fell before the set time, it was scored as a “fail.” The pole test

was used to measure the latency to descent an 18-inch pole wrapped in gauze.
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Exome Sequencing: Genomic DNA (6 ug) was isolated from ear samples of

affected/unaffected mice using the DNeasy Blood and Tissue kit (Qiagen). Samples
underwent targeted exome capture using the Agilent SureSelectXT Mouse All Exon kit
and subsequently underwent next-generation sequencing via an Illumina HiSeq 2000
sequencer. Raw data were aligned to the mouse genome, and variants were called using
the Broad Institute GATK (Genome Analysis ToolKit).

Statistical Analysis: Data throughout the paper are expressed as averages = SEM for a

given sample size (n). Statistical analysis for histological and behavioral data were
performed by means of either a paired ¢ test or one-way ANOVA, followed by Tukey’s
least significant difference (LSD) post hoc test, as indicated in S/ Text and the figure

legends.
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Supplementary Information:
SI Experimental Procedures:

Additional Motor Behavior: In all behavior tests except for the pole test, mice were

habituated to the testing room with white noise for an hour before testing. In the open

field test (OFT), mice were placed in the corner of a novel (~45-cm3 ) box, and video

was analyzed for 10 min. Total distance moved was measured in centimeters. In the
rotorod test, mice were placed on an accelerating rotorod, and latency to fall of the rod
was measured in seconds. In the beam break test, mice were subjected to a novel cage for
24 h, and total activity (beam breaks) was recorded. All video data were obtained and
analyzed with the Noldus Ethnovision 8.0 software. Data analysis was carried out in age-
matched littermates for 2, 6, and 12 mo. Amphetamine- and apomorphine-induced
rotational behavior was performed in an open field environment (see open field test).
Briefly, animals received an i.p. injection of amphetamine (2 mg/kg) or an s.c. injection
of apomorphine (2 mg/kg) and were placed in the open field 5 min following the
injection. Rotations [clockwise (CW) or counterclockwise (CCW)] were measured, and
analysis was carried out post hoc using side A as the presumed affected side to compute
net rotations.

Relative Density of Fibers in the SNc: Density of fibers in the SNc was performed using

Imagel. Briefly, pictures originally taken for the beading experiments were taken (at 40x)
and subjected to the following processing. Background was reduced by selecting
“subtract background” with a rolling ball radius of 15 pixels. Images were then converted
into binary format, after which the area occupied by black within the field was measured

as an indirect measurement of fiber density in the region of the SNc.
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Chapter 3:
LRRK2-12020T functional genetic interactors modifying eye degeneration

and dopaminergic cell loss in Drosophila.
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Sarah Seang, Gang Li, Ruth S. Slack, M. Emdadul Haque, Katerina Venderova,

David S. Park
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Statement of Author contribution:

The following manuscript follows the format for submission to the journal PLOS
Genetics to which it will be submitted. This body of work encompasses an unbiased in
vivo screen for LRRK2 genetic interactors in Drosophila. It was conducted based on
LRRK?2 mediated toxicity in the eye that the Park lab previously characterized
(Venderova et al., 2009). Importantly, the 36 interactors elucidated from the screen were
then examined in the fly dopaminergic system to determine if they could modify
dopaminergic cell loss observed in LRRK?2 expressing flies. Pathway analysis of
interactors in the eye and dopamine system reveals potentially distinct pathways for
LRRK?2 mediated toxicity by cell type.

Initial screening efforts were primarily performed by Paul C Marcogliese (2" and
4™ chromosome) and Sameera Abuaish (3™ chromosome). Both PCM and SA performed
dopaminergic characterization. Paul C. Marcogliese performed further studies including:
locomotor assays, EGFR screening, and pathway analysis. Paul C. Marcogliese

interpreted results and wrote the manuscript. David S Park edited the manuscript.
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Abstract:

Progressive degeneration of dopaminergic neurons in the substantia nigra is the
primary cause for motor symptoms observed in Parkinson’s disease (PD). Mutations in
leucine-rich repeat kinase 2 (LRRK?2) are the most commonly linked contributor to
familial PD. LRRK2 is suggested to be involved in a wide variety of cellular processes
but deciphering its role in PD has been difficult. Modelling PD in rodents has been a
persistent challenge for the field. However, the fruit fly has been utilized successfully to
recapitulate PD gene related dopaminergic cell loss. Using the GAL4-UAS system and
established models of hLRRK2 induced eye degeneration in Drosophila, we conducted a
suppressor / enhancer screen to uncover genetic modifiers of LRRK2. We have identified
36 candidate interactors that modify LRRK?2 toxicity in the eye. Importantly, we
determined if these interactors also modified hLRRK2-12020T induced dopaminergic cell
loss in the fly brain and uncovered 17 genes that modify dopaminergic cell loss. Pathway
analysis of eye and dopaminergic interactors reveals EGFR and ubiquitin signalling as a
common pathway amongst the interactors, in the eye and DA neurons respectively. Our
results offer critical targets for further study of LRRK?2 function providing insight into

PD pathogenesis.
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Introduction:

Parkinson’s disease (PD) is predominantly characterized by the progressive
degeneration of the dopamine (DA) neurons of the nigrostriatal pathway. Motor
symptoms arise typically after at least fifty percent of the DA neurons in the Substantia
nigra pars compacta (SN¢) have been lost. Currently, patients are treated symptomatically
by DA replacement strategies. While the underlying etiology of PD has remained elusive,
oxidative stress, mitochondrial damage, protein quality control and inflammatory
processes have all been implicated in PD pathogenesis. Importantly, an increasing
number of familial PD genes have been identified. LRRK?2 mutations account for up to
42% of familial PD and potentially up to 10% of the sporadic disease making it the most
commonly linked PD gene (Correia Guedes et al., 2010; Bardien et al., 2011). It encodes
for a large, 2547 amino acid, multi-domain protein. Flanked by leucine-rich repeats and a
WD40 domain at the N and C terminus respectively, the catalytic core of LRRK2
consists of a ROCO GTPase and a MAP-K like kinase domain (Mata et al., 2006).
LRRK2 has been implicated in a wide variety of cellular process including: vesicular
trafficking, mitochondrial dynamics, cytoskeleton dynamics, protein degradation
pathways and autophagy, inflammatory response, and translational control (Shin et al.,
2008; Mortiboys et al., 2010; Hébig et al., 2013; MacLeod et al., 2013; Martin et al.,
2014). Unfortunately, there is an incomplete understanding of LRRK?2 function as it
relates to PD. LRRK2 mouse models, as with other PD genes, generally fail to
recapitulate the primary characteristics of the disease. However, multiple groups have
had success in modeling LRRK2 induced Parkinsonism in the fruit fly, Drosophila

melanogaster (Liu et al., 2008; Venderova et al., 2009). Our previous work has shown
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that human (h) LRRK2 mutant expression within the Drosophila tyrosine hydroxylase
positive (TH+) neurons causes TH+ cell loss and locomotor deficits. We furthermore
established a rapidly assessable model of degeneration by expressing the 12020T PD
mutant in the compound eye of flies using the GMR-GAL4 promoter (Venderova et al.,
2009). Using this model, we conducted a functional genetic screen for LRRK2 interacting
genes that may enhance or suppress LRRK?2 induced degeneration. Identified interacting
genes were also confirmed in flies expressing the R1441C and Y1699C pathogenic
mutants or the [1122V risk allele. Finally, in order to make our findings more relevant to
PD, we determined if any identified candidates from the eye screen also modified TH+
cell loss in our hLRRK2-12020T flies. Using this strategy we identified novel candidates
that converged onto a distinctive genetic pathway than the interactors from the eye
screen, supporting growing evidence in the field that LRRK2 may have diverse roles in

different cell types.
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Results:

The widely established GAL4-UAS (upstream activation sequence) system was
utilized to first ectopically express [2020T-hLRRK?2 in the retinal ganglion cells of the
compound eye of D. melanogaster. We have previously shown that hLRRK2 expressing
flies maintained at 29°C display retinal degeneration marked by loss of red pigmentation
and occasional black spots (Venderova et al., 2009). To test if this phenotype could be
suppressed or exacerbated by modifying other genes, we initially conducted an unbiased
screen of chromosomes two, three, and four in the organism utilizing the Bloomington
deficiency kit. This covers approximately 96% of the autosomal genes in the Drosophila
genome. This consists of a total of 297 fly lines that have large hemizygous gene
deletions that may range from usually 20-100 genes. Notably, taking advantage of the
temperature dependency of the GAL4-UAS system, fly screening was conducted at both
29°C and 25°C. This was to ensure accurate sensitivity of the screen since hLRRK2
expressing flies at 25°C display a normal eye with no macroscopic degeneration (see

Figure 3.1).
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Figure 3.1: Schematic representation of the screen phenotypic readout, process and
Drosophila genetics. Cartoon representation of parallel screen based on dose-dependent
toxicity of LRRK?2 expression in the eye due to the temperature dependency of the
GAL4-UAS system (A). Diagram describing the screening process from large
hemizygous deficiencies to narrowing with sub-region deficiencies and finally specific
gene disruptions (B). Example of Drosophila genetics underlying the screening process

including control and experimental crosses for a second chromosome deficiency (C).
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Eye screen:

Upon screening of the primary hemizygous deficiencies, we found 38 regions that
phenotypically modified hLRRK2-12020T expression under the GMR-GAL4 promoter
(see Table 3.1). Of these, there were 9 lines on the second chromosome, 29 lines on the
third and none found on the fourth. We found 7 deficiency lines that suppressed the loss
of pigmentation, surface roughness and black lesions of the GMR-GAL4; UAS-
hLRRK?2-12020T flies incubated at 29°C. There were no deficiencies found that led to an
enhancement of the GMR-GAL4; UAS-hLRRK2-12020T at 29°C. We did discover
deficiencies that caused strongly defective eyes, however, these phenotypes were always
found in the GMR-GAL4/deficiency control, and therefore not due to hLRRK2.
Expression of UAS-hLRRK2-12020T under the GMR-GAL4 does not produce any
macroscopic degeneration of the eye at 25°C. We screened the deficiency kit at 25°C in
parallel to the screen performed at 29°C. We found 31 deficiencies that produced an
obvious loss of pigmentation and damage to the retina when crossed with UAS-hLRRK-
12020T at 25°C. For both temperatures and wherever possible, flies hemizygous for sub-
regions within identified interacting primary regions were also analyzed to further narrow
down candidate interacting regions (see Table 3.1). These are smaller deficiency regions
not provided with the primary deficiency kit. All screened sub-regions that modified
GMR-GAL4; UAS-hLRRK2-12020T eyes displayed consistent phenotypes to the
corresponding primary deficiency that they genetically reside within (see Table 3.1 -
indents). Scanning electron microscope (SEM) images of deficiencies causing an
enhancement or suppression at 25°C or 29°C were obtained for Df(3L)BSC20 and

Df(2L)C144 respectively (see Figure 3.2). After the initial screening of the deficiency kit
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and analyses of available sub-regions, we obtained 474 potentially interacting genes
candidates that required further analyses. For screening these gene candidates, we utilized
a) specific RNAi knock-down flies obtained from Vienna Drosophila RNAi Center
(VDRC) b) disruption constructs (gene traps, mobile activating elements) and c) deletion
generators from Bloomington when available. Overall, these are mostly loss of function
or over-expression lines. Upon crossing over 1000 fly lines at 25°C and 29°C we
identified 36 genes of the 474 that consistently modified the hLRRK2-12020T eye
phenotype (see Table 3.2). It is important to note that a specific gene was not necessarily
identified for all 38 primary deficiency lines that modified the GMR-GAL4; UAS-
hLRRK2-12020T phenotype. There were 15 deficiencies where no specific gene
disruption could be uncovered. There were 11 deficiencies where multiple LRRK2
genetic modifiers were found within the same primary deficiency. Of the 36 interactors,
13 fly lines caused a suppression of hLRRK2-12020T toxicity at 29°C (7 down-regulated;
6 over-expressed). Again, there were no gene disruption lines that caused an
enhancement of hLRRK2-12020T induced damage at 29°C. There were 23 of 36 LRRK2
gene interactors that developed degeneration when crossed with the GMR-GAL4; UAS-
hLRRK2-12020T fly at 25°C (20 down-regulated; 3 over-expressed). Optical and SEM
images of specific gene interactors causing an enhancement or suppression at 25°C or
29°C were obtained for the fly genes CBL and CathD respectively (see Figure 3.3). To
confirm our results and test if phenotypic modification was mutation specific, we then
crossed these 36 candidate genes with four other hLRRK?2 expressing flies: wildtype
(WT), two pathogenic mutants, R1441C and Y1699C, and a susceptibility mutation,

[1122V (see Table 3.3). Screening specific gene disruptions with ectopic expression of
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other hLRRK2 flies was fairly consistent in producing a similar modification (26/36 with
at least one other LRRK2 line showing a consistent phenotype). There were 8 gene
disruptions that did not modify hLRRK2-WT/I1122V/Y 1699C or R1441C phenotypes.
Finally, there were 2 gene disruptions (Hrs and CG10809) that suggested potential

opposing effects in different hLRRK?2 flies.

113



Table 3.1: List of primary hemizygous deficiencies with corresponding sub-regions
that modify hLRRK2-12020T toxicity in the compound eye. Hemizygous Drosophila
lines from the Bloomington deficiency kit are crossed to GMR-GAL4; UAS-hLRRK2-
[2020T and may cause no change, suppress or enhance hLRRK2-12020T toxicity at 29°C
or produce visible damage at 25°C. Flies were analyzed by a minimum of two

independent researchers and at least 20 flies per line were examined.
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Deficiency

; Deleted Segment Temperature Direction
- Subregion
Df(2L)dp-79b 22A2--22E1 25°C & 29°C Enhancement
Df(2L)C144 22F4--23C3 29°C Suppression
- Df(2L)BSC692 23B3--23B7 29°C Suppression
- Df(2L)BSC180 23B7--23C3 29°C Suppression
- Df(2L)Exel6008 22F4--23A3 29°C Suppression
Df(2L)ED250 24F4--25A7 29°C Enhancement
Df(2L)Mdh 30D--31F 29°C Suppression
- Df(2L)BSC251 30F5--31A1 29°C Suppression
Df(2L)BSC145 32C1--32C1 29°C Suppression
Df(2L)BSC147 34C1--34C6 25°C Enhancement
Df(2R)en-A 47D7--48B2 25°C Enhancement
- Df(2R)BSC358 47E5--47F8 25°C Enhancement
Df(2R)BSC40 48E1--48E10 25°C Enhancement
Df(2R)Exel7131 50E4--50F6 25°C Enhancement
Df(3L)ED50002 61A1--61B1 25°C Enhancement
Df(3L)ED201 61B1--61C1 29°C Suppression
- Df(3L)BSC128 61B2--61B2 29°C Suppression
Df(3L)ED4287 62B4--62E5 25°C Enhancement
Df(3L)BSC119 62E7--62F5 25°C Enhancement
Df(3L)BSC23 62E8--63B6 25°C Enhancement
Df(3L)M21 62F--63B10 25°C Enhancement
Df(3L)ED208 63C1--63F5 25°C Enhancement
Df(3L)ED210 64B9--64C13 25°C Enhancement
Df(3L)Exel6109 65C3--65D3 259C Enhancement
Df(3L)BSC389 66C12--66D8 25°C Enhancement
Df(3L)BSC35 66F1--67B3 29°C Suppression
Df(3L)BSC392 67C4--67D1 29°C Suppression
- Df(3L)BSC394 67C9--67D1 29°C Suppression
Df(3L)BSC20 76A7--76B5 25°C Enhancement
Df(3L)6B-29+Df(3R)6B-
29 h53--h58 25°C Enhancement
Df(3R)10-65 81F--81F 25°C Enhancement
Df(3R)BSC633 84B2--84C3 25°C Enhancement
Df(3R)BSC466 84E1--85A10 25°C Enhancement
Df(3R)ED5428 85E1--85F8 25°C Enhancement
Df(3R)BSC515 88F6--89A8 25°C Enhancement
- Df(3R)BSC569 89A1--89A5 25°C Enhancement
Df(3R)Ubx109 89E1--89E2 25°C Enhancement
Df(3R)BSC517 92C1--92F13 25°C Enhancement
Df(3R)BSC819 93A2--93B8 29°C Suppression
Df(3R)BSC489 94F3--95D1 25°C Enhancement
Df(3R)ED6232 96F10--97D2 25°C Enhancement
- Df(3R)BSC495 96F6--97B4 25°C Enhancement
- Df(3R)ED6235 97B9--97D12 25°C Enhancement
Df(3R)L127 99B5--6;99F1 25°C & 29°C Enhancement
Df(3R)BSC620 99C5--99D3 25°C Enhancement
Df(3R)R133 99E1--5;3Rt 259C Enhancement
Df(3R)ED6361 100C7--100E3 25°C Enhancement
Df(3R)ED50003 100E1--100E3 25°C Enhancement
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Figure 3.2: Representative deficiency suppression and enhancement of GMR-
GAL4; UAS-hLRRK2-12020T eyes.

Scanning electron microscope (SEM) images of GMR-GAL4; UAS-hLRRK2-12020T
/Df(3L)BSC20 causing an enhancement to hLRRK2-12020T expression at 25°C (A) and
GMR-GAL4/Df(2L)C144; UAS-hLRRK2-12020T mediated suppression of bristle
disorganization and structural abnormalities of the GMR-GAL4; UAS-hLRRK2-12020T

fly eye at 29°C (B).
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Table 3.2: List of specific genes that modify hLRRK2-12020T toxicity in the
compound eye.

Gene disruption lines for genes within the deficiency regions that modified hLRRK?2-
12020T eye phenotypes were screened. Multiple gene disruption lines for 474 genes were
crossed to GMR-GAL4; UAS-hLRRK2-12020T and 36 genes were found to either
suppress or enhance hLRRK2-12020T toxicity at 29°C or produce damage at 25°C. Flies

were analyzed by a minimum of two independent researchers with at least 20 flies per

group.
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Type of Deleted Human
disruption Gene Segment Location Homolog Temp. Direction
Down-regulated genes
Deletion CG31935 22A3-22A3 2L:1,594,822..1,611,157 RAB3GAP1 25°C  Enhancement
dsRNA Hrs 23A3-23A3 21:2,739,986..2,743,377 HGS 29°C Suppression
Deletion Rbp9 23C3-23C3 2L:2,954,762..2,968,434 ELAVL2 29°C Suppression
dsRNA SCAR 32C1-32C1 21:10,976,772..10,982,395  WAVE1/2/3 25°C  Enhancement
dsRNA CG8888 48D8-48E1 2R:12,064,565..12,079,543 BDH1 25°C  Enhancement
dsRNA Hsc70-5 50E6-50E6 2R:14,252,598..14,256,192 HSPA9 29°C Suppression
dsRNA convoluted 50E6-50E6 2R:14,270,729..14,275,495 IGFALS 25°C  Enhancement
dsRNA Mdr50 50E6-50E6 2R:14,246,966..14,252,597 ABCB1 25°C  Enhancement
dsRNA CG7028 61B2-61B2 3L:207,184..211,457 PRPF4B 29°C Suppression
dsRNA aly 63A3-63A3 3L:3,024,129..3,026,521 LIN9 25°C  Enhancement
dsRNA rasp 63B8-63B8 3L:3,162,180..3,163,852 HHAT 25°C  Enhancement
dsRNA CG32266 63F1-63F1 3L:3,790,804..3,791,560 SORBS2 25°C  Enhancement
dsRNA rpd3 64B12-64B12 3L:4,626,734..4,629,467 HDAC2 25°C  Enhancement
dsRNA CG32236 64B13-64B13 3L:4,665,927..4,667,389 PPIA 25°C  Enhancement
dsRNA gef6ac 64B13-64B17 3L:4,692,783..4,796,253 ITSN1 25°C  Enhancement
dsRNA cbl 66C12-66C12 3L:8,424,954..8,432,246 CBL 25°C  Enhancement
Deletion rdl 67A1-67A1 3L:9,145,838..9,182,149 GLRA3 29°C Suppression
dsRNA cdk8 67C10-67C10 3L:9,837,080..9,838,670 CDK8 29°C Suppression
dsRNA pipe 76A5-76A6 3L:19,298,623..19,337,609 HS2ST1 25°C  Enhancement
Deletion vtd 80F-80F 3L:27,136,525..27,157,999 RAD21 25°C  Enhancement
dsRNA CG1091 84B2-84B2 3R:7,083,225..7,086,083 ZCCHC6 25°C  Enhancement
dsRNA aTub85E 85E6-85E6 3R:9,731,221..9,733,250 TUBALC 25°C  Enhancement
dsRNA CG5191 92F1-92F2 3R:20,560,865..20,573,000 FAAH 25°C  Enhancement
dsRNA Atpa 93A4-93A4 3R:20,948,714..20,976,239 ATP1A3 29°C Suppression
Deletion CG6154 97A7-97A7 3R:26,262,662..26,277,050 DPEP1 25°C  Enhancement
dsRNA tx 97B2-97F9 3R:26,440,778..26,448,991 ATOH1 25°C  Enhancement
dsRNA Modulo 100E3-100E3 3R:32,052,060..32,054,974 RBM39 25°C  Enhancement
Over-expressed genes
Transgenic CG2991 23B6-23B7 2L:2,857,164..2,868,548 MARCH3 29°C Suppression
Transposon
glg\sottegr CG5846 30F2-30F2 21:9,956,175..9,957,019 RFXANK 29°C Suppression
gf}mﬁg CG13130 30F5-30F5 21:9,983,671..9,984,743 UNC13b 29°C Suppression
Elg\sottegr CG4747 30F5-30F5 21:10,003,832..10,008,889 GLYR1 29°C Suppression
Elevated cathD 43E18-43E18 2R:7,822,111..7,823,569 CTsD 29°C Suppression
promoter
glg\sottegr CG10809 67C11-67C11 3L:9,857,383..9,859,889 ANKRD54 29°C Suppression
E“?fa”;er mip84b 84C1-84C1 3R:7,113,522..7,117,732 CSRP2 25°C  Enhancement
Gene Trap beat-VII 97C3-97C4 3R:26,645,282..26,681,966 MUC18 25°C  Enhancement
Gene Trap CG2003 100E1-100E1 3R:31,978,121..31,990,909 SLC17A7 25°C  Enhancement
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Figure 3.3: Representative optical and SEM images of specific gene suppression and
enhancement of hLRRK2-12020T eyes. Down-regulation of CBL via RNAi combined
with overexpression of hLRRK2-12020T at 25°C produces a loss of pigmentation
phenotype with further structural abnormalities observable under SEM (A). CathD
overexpression at 29°C at least partially rescues loss of pigmentation and structural

abnormalities of the hLRRK2-12020T fly.
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Table 3.3: Determination of phenotypic modulation of other hLRRK2 flies.
Specific gene disruption lines found to modify the GMR-GAL4; UAS-hLRRK2-12020T
eye phenotypes were crossed with other hLRRK?2 constructs including: UAS-hLRRK2-
WT, UAS-hLRRK2-11122V, UAS-hLRRK2-Y1699C, and UAS-hLRRK2-R144C. (N =

no phenotypic change). Analysis was conducted on at least 20 flies per group.
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Type of Gene Human WT I1122V R1441C Y1699C
disruption Homolog
Down-regulated genes causing 12020T Enhancement (25°C)
Deletion CG31935 RAB3GAP1 Enhancement  Enhancement  Enhancement N
dsRNA SCAR WAVE1/2/3 Enhancement Enhancement Enhancement Enhancement
dsRNA CG8888 BDH1 N N N N
dsRNA convoluted IGFALS N N N N
dsRNA Mdr50 ABCB1 Enhancement  Enhancement  Enhancement N
dsRNA aly LIN9 Enhancement N N N
dsRNA rasp HHAT N Enhancement N
dsRNA CG32266 SORBS2 Enhancement  Enhancement N N
dsRNA rpd3 HDAC2 N N N N
dsRNA CG32236 PPIA Enhancement  Enhancement  Enhancement N
dsRNA gef6dc ITSN1 N N N N
dsRNA Cbl CBL Enhancement  Enhancement Enhancement Enhancement
dsRNA pipe HS2ST1 Enhancement Enhancement N N
Deletion vtd RAD21 Enhancement  Enhancement N N
dsRNA CG1091 ZCCHC6 N N N N
dsRNA aTub85E TUBA1C N N Enhancement  Enhancement
dsRNA CG5191 FAAH N Enhancement  Enhancement N
Deletion CG6154 DPEP1 N Enhancement N N
dsRNA tx ATOH1 Enhancement  Enhancement  Enhancement N
dsRNA Modulo RBM39 N N N N
Down-regulated genes causing 12020T Suppression (29°C)
dsRNA Hrs HGS Enhancement N N N
Deletion Rbp9 ELAVL2 Suppression Suppression Suppression Suppression
dsRNA Hsc70-5 HSPA9 Suppression Suppression Suppression Suppression
dsRNA CG7028 PRPF4B Suppression Suppression Suppression Suppression
Deletion rdl GLRA3 N N N N
dsRNA cdk8 CDK8 N N Suppression Suppression
dsRNA Atpa ATP1A3 Suppression N N N
Over-expressed genes causing 12020T enhancement (25°C)
Enhancer mlp84b CSRP2 N N N N
Gene Trap beat-VII MUC18 N Enhancement N N
Gene Trap CG2003 SLC17A7 Enhancement N N
Over-expressed genes causing 12020T suppression (29°C)

Transgenic CG2991 MARCH3 Suppression Suppression Suppression Suppression
Elevated CG5846 RFXANK Suppression Suppression Suppression Suppression
Elevated CG13130 UNC13b Suppression Suppression Suppression Suppression
Elevated CG4747 GLYR1 Suppression Suppression Suppression Suppression
Elevated cathD CTSD Suppression Suppression Suppression Suppression
Elevated CG10809 ANKRD54 N Enhancement Suppression Suppression
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Dopaminergic loss:

To extend our results from the eye to a more PD relevant model, we were able to
screen 27 of our 36 candidates with expression of hLRRK2-12020T with the dopamine
decarboxylase (DDC-) GAL4 promoter. We were limited to screening 27 lines as our
original DDC-GALA4 flies perished during our studies. We have previously shown that
expression of the hLRRK2-12020T mutation under the tyrosine hydroxylase (TH-GAL4)
promoter causes both a loss of TH+ staining and locomotor deficits in the flies
(Venderova et al., 2009). We were able to reproduce loss of TH+ staining in 10 day old
DDC-GAL4; UAS- hLRRK2-12020T adult flies as quantified by confocal microscopy
(see Figure 3.4A-C). Furthermore, we confirmed that overexpression of hLRRK2-WT or
hLRRK2-12020T under the DDC-GAL4 promoter causes a decrease in locomotor activity
using the Drosophila Activity Monitor system (see Figure 3.4D). It was necessary to use
the DDC-GAL4 promoter (on the second chromosome) over the TH-GAL4 promoter for
screening as both our hLRRK2 constructs and the TH driver are on the third chromosome
of the fly which would genetically restricts us from screening the third chromosome
candidates. We examined four dopaminergic clusters: protocerebral posterior lateral
(PPL) 1, protocerebral posterior medial (PPM) 1/2, PPL2, and PPM3. These are
traditionally the main dopaminergic clusters that may mediate motor function in
Drosophila (Mao and Davis, 2009). Fly heads were dissected and the brains stained with
TH antibody and quantified using confocal microscopy. We found that 16 of the 27
candidates screened in this manner modified the loss of TH positive cells observed in the
DDC-GAL4; UAS-hLRRK2-12020T fly (see Table 3.4). Unexpectedly, 15/16 gene

disruptions caused suppression of hLRRK2-12020T induced TH+ cell loss, while only
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one (CG31935) gene disruption caused exacerbated death. We did not observe any
modification in the PPL2 region in any flies. Strikingly, of these 16 candidates, 6 were in

the same direction of modification as the eye phenotype as 10 were the opposite.
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Figure 3.4: hLRRK2-12020T flies show TH+ cell loss and locomotor deficits.
Schematic diagram displaying the dopaminergic clusters of the Drosophila central
nervous system (A). Quantification and representative confocal images of TH+ cell
number of 10 day old flies in the PPL1, PPM1/2, PPL2, and PPM3 clusters of DDC-
GAL4; UAS-hLRRK2-12020T (n=11) and DDC-GALA4; + (n=12) flies (B & C).
Locomotor activity was analyzed of DDC-GAL4/+ (n=11), DDC-GAL4; UAS-hLRRK2-
WT (n=15) and DDC-GAL4; UAS-hLRRK2-12020T (n=15) aged 10 days with the
Drosophila Activity Monitor system over 24 hours (D). One-way ANOVA followed by

Tukey’s least significant difference (LSD) post-test.
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Table 3.4: Specific gene disruptions that modify loss of TH+ staining in the
hLRRK2-12020T dopaminergic clusters of the Drosophila CNS.

Of the 36 interactors found in the eye screen, 27 specific gene disruptions were crossed to
the DDC-GAL4;+ and DDC-GAL4; UAS-hLRRK2-12020T flies with a minimum of 8
flies per group. After dissection and staining, quantification of TH+ cell clusters for
PPL1, PPM1/2, PPL2, and PPM3 was performed on experimental and control flies
including DDC-GAL4;+ (n=13) and DDC-GAL4; UAS-hLRRK2-12020T (n=17) flies.
Groups had a minimum One-way ANOVA followed by Tukey’s least significant
difference (LSD) post-test. NS = not significant. (Note: enhancement by deletion of

CG31935 under the DDC-GALA4 alone did not cause degeneration).
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TH+ Cluster - Direction

(significance)

Type of disruption Gene Human Homolog
PPL1 PPM1/2 PPM3
Down regulated genes
Deletion CG31935 RAB3GAP1 En (****) NS NS
dsRNA Hrs HGS Su (**) Su (***) Su (**)
Deletion Rbp9 ELAVL2 NS NS NS
dsRNA SCAR WAVE1/2/3 NS NS NS
dsRNA CG8888 BDH1 Su (**) NS NS
dsRNA Hsc70-5 HSPA9 NS NS NS
dsRNA convoluted IGFALS Su (F**x) NS Su (*)
dsRNA Mdr50 ABCB1 NS NS NS
dsRNA CG7028 PRPF4B NS NS NS
dsRNA aly LIN9 Su (**) Su (**) Su (**)
dsRNA CG32236 PPIA Su (*) NS NS
dsRNA gef64c ITSN1 Su (**) Su (*¥*) Su (**)
Deletion rdl GLRA3 NS NS Su (**)
dsRNA cdk8 CDK8 NS NS NS
Deletion vtd RAD21 NS NS Su (*)
dsRNA CG1091 ZCCHC6 Su (*) NS NS
dsRNA aTub85E TUBA1C Su (*) NS NS
dsRNA Atpa ATP1A3 Su (***) Su (*) Su (*)
Deletion CG6154 DPEP1 Su (**) NS NS
dsRNA tx ATOH1 NS NS Su (**)
dsRNA Modulo RBM39 NS NS NS
Over-expressed genes
Transgenic Transposon CG2991 MARCH3 NS NS NS
Elevated promoter CG5846 RFEXANK NS NS NS
Elevated promoter CG13130 UNC13b NS NS NS
Elevated promoter CG4747 GLYR1 NS NS NS
Elevated promoter cathD CTSD Su (F**x) Su (F**) Su (*)
Elevated promoter CG10809 ANKRD54 Su (**) NS Su (F**)
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LRRK2 gene network using STRING v10 analysis:

In order to determine if the wide variety of genetic interactors shared any
common molecular pathways we conducted STRING pathway analysis. All candidates
that modified hLRRK2-12020T toxicity in the eye were input into the STRING v10
analysis software to examine if any known connectome would provide a clear picture as
to what pathways were elucidated. Allowing for two extra nodes within the network,
trimming any unconnected candidates and using a medium confidence level (0.400) we
have produced a connectome based on the confidence of the protein associations found in
the STRING v10 database (see Figure 3.5). The most connected central node binding
most of the gene candidates in the eye was epidermal growth factor receptor (EGFR). We
then determined if EGFR disrupted flies could modify hLRRK2-12020T toxicity in the
eye. Down regulation of EGFR by RNAI causes the appearance of black lesions in GMR-
GAL4; UAS-hLRRK2-12020T/EGFR flies at 25°C (see Figure 3.S1). STRING analysis
was also conducted for the 16 genes that modified TH+ cell loss of DDC-GAL4; UAS-
hLRRK2-12020T flies as above. This gene network was clustered around ubiquitin C

(UBC) (see Figure 3.6).
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Figure 3.5: Gene network of eye interactors using the STRING v10 software reveals
a central cluster within the EGFR signaling pathway.

The 36 genetic interactors from the eye screen were analyzed with STRING v10 using
confidence view. Analysis allowed for two extra nodes within the network with a
medium confidence level (0.400). Genes that failed to connect to the central network

were removed. Thicker lines represent stronger associations.
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Figure 3.S1: Down-regulation of Drosophila EGFR enhances hLRRK2-12020T
toxicity in the eye.

Down regulation of EGFR by RNAi under the GMR-GAL4 promoter causes the
appearance of minimal black lesions. A significant increase in black lesions is apparent in
GMR-GAL4; UAS-hLRRK2-12020T/EGFR flies at 25°C. One-way ANOVA followed

by Tukey’s least significant difference (LSD) post-test.
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Figure 3.6: Gene network of dopaminergic interactors using the STRING v10
software reveals a central cluster that converges on the ubiquitin signaling pathway.
The 16 genetic interactors that modified TH+ cell loss of DDC-GAL4; UAS-hLRRK2-
12020T flies were analyzed with STRING v10 using confidence view. Analysis allowed
for 2 extra nodes within the network with a medium confidence level (0.400). Genes that
failed to connect to the central network were removed. Thicker lines represent stronger

associations.
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Discussion:

In attempts to elucidate LRRK?2 genetic interactors and associated pathways, we
conducted an unbiased functional genetic screen in Drosophila. We utilized a previously
established model of LRRK2 induced toxicity in the eye that provided a phenotype that
could potentially be both suppressed or exacerbated. Furthermore, we took advantage of
lowering LRRK?2 expression, removing any damage to the eye, to reveal genetic
interactors that could synergistically cause degeneration of the eye when combined with
LRRK2 expression. Many of these interactors and their related signaling pathways are
associated with LRRK?2 in the literature. An interesting candidate is a-tubulin1C
(TUBAI1C) as LRRK2 has been shown to directly interact with some tubulin family
members involved in microtubule dynamics (Law et al., 2014). LRRK2 is associated with
various RAB protein family members including RAB3 GTPase’s and our screen revealed
that down regulation of RAB3GAP1 enhanced both eye toxicity and loss of TH+ neurons
(Steger et al., 2016). Hepatocyte Growth Factor-Regulated Tyrosine Kinase Substrate

(HGS) and LRRK2 both have potential roles in clathrin-mediated endocytosis (Raiborg
et al., 2001; Schreij et al., 2015). Furthermore, LRRK?2 has been implicated in synaptic
vesicle recycling as has intersectinl (ITSN1), a protein that interacts with clathrin and
other endocytic machinery (Yu et al., 2008; Matta et al., 2012; Cirnaru et al., 2014).
LRRK2 has been predicted to have a role in actin dynamics (Meixner et al., 2011). Both
WAVE3 and SORBS2 form a complex that controls the actin cytoskeleton (Cestra et al.,
2005). Mitochondrial health is implicated in both PD and LRRK2 function (Saha et al.,
2009; Mortiboys et al., 2010; Wang et al., 2012). Both mortalin (HSPA9) and 3-

Hydroxybutyrate Dehydrogenase (BDH1) are involved in mitochondrial homeostasis and
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energy production (Tieu et al., 2003; Kaul et al., 2007). Some of the interactors
discovered have been implicated in PD. For instance, the transcript for PRPF4B has been
found to be up-regulated in the SNc of PD patients (Cowherd and Lee, 2015).
Additionally, polymorphisms in five LRRK2 interactors: CTSD, UNC13b, ATP1A3,
HSPA9 and ABCB1 have been associated with risk of developing PD (Schulte et al.,
2003; de Carvalho Aguiar et al., 2004; De Mena et al., 2009; Westerlund et al., 2009; Liu
et al., 2011a). Overall, these results suggest LRRK2 may interact with other PD risk
factors and lends confidence to our screen. Pathway analysis of the LRRK2 genetic
interactors converged onto EGFR, which was found to enhance LRRK2-12020T toxicity
upon RNAi mediated down-regulation. Interestingly, LRRK1, although not linked to PD,
has been shown to regulate EGFR endosomal trafficking (Hanafusa et al., 2011; Ishikawa
et al., 2012; Kedashiro et al., 2015). Recently, LRRK2 has been implicated in EGFR
trafficking as well, as PD related LRRK2 mutants have been shown to delay trafficking
of EGFR from early endosomes to multi-vesicular bodies, which may be mediated by
RAB7 and/or RAB5b (Gomez-Suaga et al., 2014; Yun et al., 2015). The role of the
EGFR degradation pathway remains to be examined in context of nigral death.

Surprisingly, we did not reveal any LRRK2 enhancements at 29°C. LRRK2
induced damage at this temperature may be fully saturated under our GMR-GAL4
promoter. Furthermore, screening was performed rapidly with optical microscopy that
may have failed to observe any potential ultra-structural changes to the eye.

Some interactors could not be confirmed with LRRK2 WT or other pathogenic
mutant expression in the eye. These hLRRK?2 transgenic fly lines when originally

established showed variable expression, most likely due to their random insertion into the
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genome (Venderova et al., 2009). This may explain some of the lack of consistency.
Furthermore, while the 12020T mutation may increase the kinase activity of LRRK2, it is
still unclear how the two GTPase mutations (R1441C and Y1699C) or the leucine-rich
repeat risk allele (I1122V) may affect these genetic pathways.

Unexpectedly, many of the genetic interactors that lead to an enhanced eye
phenotype when combined with LRRK2-12020T revealed suppression phenotypes when
examined in the dopaminergic system. However, the expression of hLRRK?2 and/or the
specific fly gene disruption may result in a different cellular responses depending on cell
type. Additionally, STRING analysis for genetic interactors that modified TH+ cell loss
converged on ubiquitin C (UBC). Ubiquitin C is the precursor to polyubiquitin C and has
a wide variety of roles in the cell, particularly in protein degradation. Changes in the
ubiquitin-proteasome system have been observed in PD and PD models (St P McNaught
et al., 2003; Olzmann et al., 2007). It is unclear how specific down-regulation of many of
these specific genes suppresses LRRK2-12020T TH+ cell loss.

In summary, we fully saturated an unbiased autosomal screen for LRRK2-12020T
modifiers in both the eye and dopaminergic system of the fly. We noticed a particular
difference in both the direction of modification phenotype between the eye and the
dopaminergic system. A point that further suggests that LRRK2 may result in different
cellular outcomes in the context of cell type. Furthermore, not all LRRK2 mutations
interacted with the gene candidates suggesting that not all LRRK?2 mutations necessarily
work in the same way. This could be particularly true when looking at direct interactions

where LRRK?2 mutations may affect its repertoire of binding partners. Future studies may
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determine if any of these genetic interactors relate to LRRK?2 function or pathology in

mammals.
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Methods:

Drosophila stocks: All flies were maintained on a standard cornmeal/agar medium at

ambient RT or at 25°C / 29°C when under experimental conditions. hLRRK2 flies were
previously created and characterized in Venderova et al. (2009). The primary deficiency
kit, sub-regions lines, all elevated promoter, deletion, transgenic transposon, enhancer
trap, gene trap, DDC-GAL4 and some dsRNA lines were obtained from the Bloomington
Drosophila Stock Centre (Bloomington, Indiana). GMR-GAL4/BC and w1118 flies were
a gift from Dr. Yong Rao (Cafferty et al., 2006) and Dr. Margaret Sonnenfeld (Sun et al.,
2006), respectively. All other dsSRNA lines were obtained from the Vienna Drosophila
Research Centre.

Suppressor/enhancer screen genetics: hLRRK?2 flies were kept balanced as GMR-

GAL4/Cyo;UAS-hLRRK2/TM2 as our GMR-GAL4 is homozygous lethal. The flies for
the TH+ screen were kept as DDC-GAL4/DDC-GAL4; UAS-hLRRK2/TM2. Regardless
of screen, these lines are crossed to deficiency or gene disruption lines and w1118 control
flies. Importantly, deficiencies and gene disruption lines are also crossed to GMR-
GAL4/BC or DDC-GAL4/DDC-GALA4 lines to determine if the they cause a phenotype
sans hLRRK2. Finally, we always cross GMR-GAL4/BC or DDC-GAL4/DDC-GALA4 to
w1118 flies to control for any driver effects.

Phenotypic scoring for the eye screen: All experimental and control flies were rapidly

screened for loss of red pigmentation, obvious black lesions and any gross morphological
changes to the ommatidia under stereo microscopy at 25°C. Due to the lack of
degeneration in hLRRK2 flies at this temperature, scoring was clear among users. The

hLRRK2 fly eye at 29°C has a variable phenotype (from simple loss of pigmentation on
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half of the eye to loss covering the entirety of the eye and the presence of black lesions).
Suppression phenotypes were considered disruption lines that returned the eye to the
GMR-GAL4;+ eye at 29°C (some visible surface roughness, minor loss of pigmentation).
Our threshold for enhancements at 29°C was high due to the variable LRRK?2 phenotype;
we did not find any interactors that met this threshold. All interactors found in the screen
were confirmed by at least two researchers, blindly. Phenotypic modifications were
virtually complete in penetrance. All flies were male.

SEM Imaging: 10 day old heads of male flies were fixed in 2% glutaraldehyde in 0.1M
sodium cacodylate buffer (pH 7.3) for 2 hrs and dehydrated in ethanol. The SEM was
performed by the Advanced Bioimaging Center, Mount Sinai Hospital, Toronto.

Quantification of TH+ neurons: Male experimental (DDC-GAL4; UAS-hLRRK-12020T)

and control (DDC-GAL4;+) flies were aged to 10 days at 25°C. Briefly, flies were
dissected in PBS and fixed in 4% PFA and stained with polyclonal rabbit anti-TH
antibody (EMD Millipore AB152) at 1:300 in PBT (0.3% Tween), 5% normal goat serum
following standard fly brain protocol (Wu and Luo, 2006). Secondary antibody was
donkey anti-rabbit conjugated Alexa 488 (Invitrogen). Whole brains were mounted to
slides using the bridge method and confocal images (Zeiss LSM510) were taken (20X
objective) in Z-stack to form a 3-D image used for counting the dopaminergic clusters of
the fly brain.

Locomotor activity: Male DDC-GAL4; UAS-hLRRK-WT or 12020T and DDC-GAL4;+

flies were aged to 10 days at 25°C and placed in the Drosophila Activity Monitor (DAM)

system (TriKinetics). The apparatus has 32 chambers (one for each fly). Flies are able to
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walk back and forth within the chamber and have access to food. An infrared beambreak
system sums activity every 5 minutes and flies are quantified for a 24 hour period.

Pathway analysis: STRING v10 open access online software was used to determine

associated protein networks using confidence view. We input the list of human orthologs
of fly genes elucidated in eye and TH+ loss screen. Analysis permitted up to two extra
nodes within the network using a medium confidence level (0.400). Genes failing to
connect to the network were removed. Thicker blue lines represent stronger associations.

Statistical analysis: The data were analyzed as specified, expressed as means =+ standard

error of means, and denoted * if P < 0.05, ** if P <0.01, *** if <0.001 and **** if p<

0.0001.
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Statement of author contribution:

The following manuscript follows the format for submission to the journal Nature
Cell Biology to which it will be submitted. This manuscript examines a LRRK?2 genetic
interactor, SCAR (human WAVE-2), which was identified by Paul Marcogliese from the
LRRK?2 fly screen described in Chapter 3. Here we show that WAVE-2 protein levels are
decreased/increased in LRRK?2 null and G2019S myeloid cells which correlates with
decreased/increased phagocytic activity, respectively. We provide evidence that LRRK2
and WAVE-2 bind directly and LRRK2 phosphorylates WAVE-2. Furthermore, we show
that G2019S immune cells may display increased engulfment of neuronal cells. Lastly,
we created a novel PD model in flies by expressing mutant LRRK?2 only in fly brain
phagocytes that is rescued by SCAR inhibition. Together, this manuscript provides
evidence that LRRK?2 function in myeloid cells may contribute to PD.

All experiments were designed by Paul Marcogliese, Dr. Kwang Soo Kim and
David S Park. Paul Marcogliese conducted the screen work that elucidated SCAR as a
LRRK?2 interactor. Dr. Kwang Soo Kim performed the in vitro phagocytosis assays and
biochemistry. Paul Marcogliese performed and analyzed the in vivo phagocytosis assays,
Drosophila characterization, and aided in some of the analysis of the in vitro
phagocytosis assays. Paul Marcogliese wrote this manuscript with aid from Dr. Kwang
Soo Kim in the Methods section.
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Schlossmacher, and Erwin Schurr.
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Abstract:

Mutations in leucine-rich repeat kinase 2 (LRRK?2) are implicated in both familial
and sporadic Parkinson’s disease (PD). Determining LRRK2’s role in dopaminergic cell
death has been a challenge to elucidate. However, evidence in the field has been
mounting that LRRK2 may be involved in immune cell function. We uncovered the
actin-nucleation complex protein SCAR from an unbiased in vivo screen for LRRK2
genetic interactors. Due to SCAR’s role in immune function, we explored LRRK2’s role
specifically in Drosophila ‘microglia’. We ectopically expressed human LRRK?2
specifically in Drosophila CNS phagocytes (ensheathing cells) which leads to locomotor
and lifespan deficits in flies. In mammals, we show both in vitro and in vivo that LRRK2
G2019S knock-in primary microglia and bone marrow-derived macrophages display
increased phagocytic activity that correlates with an increase in WAVE-2 (SCAR), an
actin nucleating protein crucial for phagocytosis. Conversely, LRRK2 null myeloid cells
display impaired phagocytic activity correlating with a decrease in WAVE-2 protein
levels. We also provide evidence that LRRK2 binds WAVE-2 directly and
phosphorylates WAVE-2. Finally, we return to flies, modeling locomotor and lifespan
deficits in flies expressing G2019S in fly central phagocytes to show that these deficits
may be rescued by down-regulation of SCAR. Taken together, our data implicate
LRRK2s function in microglial and phagocytic hyper-activity in the pathogenesis of

LRRK?2-mediated Parkinson’s disease.
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Introduction:

The pathogenesis underlying the progressive death of midbrain dopamine (DA)
neurons in the substantia nigra pars compacta (SNc¢) in Parkinson’s disease (PD) has
remained elusive. Autosomal-dominant mutations in leucine rich repeat kinase 2
(LRRK2) are the most commonly linked cause of familial PD and spontaneous alterations
in LRRK2 are potentially present in up to 10% of sporadic PD (Correia Guedes et al.,
2010). Known pathogenic mutations in LRRK?2 reside within its two catalytic domains, a
GTPase and a serine/threonine kinase. While LRRK2 has been implicated in a wide
variety of cellular processes, the field has yet to find a clear and reproducible mechanism
for LRRK2 function, particularly as it relates to PD. In our hands, we have failed to
discern a robust role for LRRK2 in neurons in models of oxidative/mitochondrial stress
or autophagy (Abdel-Messih et. al., unpublished). This has led us to begin examining
LRRK2 outside of neurons where it is more heavily expressed. Recent studies have
implicated LRRK2 in modulating the neuroinflammatory response. LRRK2 shows
relatively high expression in both brain and peripheral immune cells, responds to immune
activation and modulates interferon-gamma (IFN- y) and NF-KJ3 pathways (Gardet et al.,
2010; Hakimi et al., 2011; Thévenet et al., 2011; Liu et al., 2011b; Moehle et al., 2012).
LRRK2 null rats are resistant to dopaminergic cell death when injected with the toll-like
receptor (TLR)-4 agonist lipopolysaccharide (LPS) directly into the SNc (Daher et al.,
2014). Conversely, G2019S BAC transgenic rats are hypersensitive to LPS induced
nigral death (Moehle et al., 2015). Curiously, polymorphisms in LRRK2 are also
associated to the immune disorders: Crohn’s disease and leprosy (Barrett et al., 2008;

Fava et al., 2016).
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The field has struggled with observing any robust and reproducible phenotypes in
LRRK2 transgenic mice. On the contrary, LRRK2 models in Drosophila have shown
promise in both recapitulating the disease and elucidating possible relevant LRRK?2
function in mammals (Liu et al., 2008; Venderova et al., 2009; Martin et al., 2014).
Recently, we found SCAR (orthologous to human WAVE family members) as a potential
LRRK?2 interactor in an unbiased suppressor/enhancer screen of hLRRK?2 induced eye
degeneration in flies (Marcogliese et al., unpublished). SCAR/WAVE promotes actin
nucleation via activation of the actin-related protein-2/3 (ARP2/3) complex. This has
been shown to be required for cytoskeletal remodeling for processes such as phagocytosis
in both the invertebrate and mammalian systems (Kitamura et al., 2003; Evans et al.,
2013).

It has long been known that neuroinflammation may modulate the progression of
PD (Hirsch et al., 2012), but the role of microglia may have in the pathogenesis of this
disease has largely been ignored. Here we show LRRK2 genetically interacts with SCAR.
Furthermore, we establish a model in restricting LRRK2 expression to fly CNS
phagocytes that produces both Parkinsonism and survival deficits in flies. In mammals,
we demonstrate that LRRK2 reveals itself as a modulator of the phagocytic response via
phosphorylation of WAVE-2. Additionally, we show that G2019S microglia exhibit
increased engulfment of dopaminergic like cell axons. Finally, we show that
Parkinsonism and survival deficits in flies expressing LRRK2 only in CNS phagocytes

may be rescued by down-regulation of SCAR.
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Results:
LRRK?2 genetically interacts with SCAR:

In an unbiased screen to elucidate genetic interactors of LRRK?2 in flies, we
ectopically expressed UAS-hLRRK2-12020T in the eye under control of the GMR-GAL4
promoter as previously characterized (Venderova et al., 2009). In this model, hLRRK?2
expression in eyes at 25°C fails to produce and visible degeneration, however, in
combination with down regulation of SCAR by RNA, there is enhanced toxicity to
hLRRK2 pathogenic compound eyes (see Figure 4.1A&B). In order to determine the
consistency of this interaction, we over-expressed SCAR in hLRRK?2 flies. hLRRK2
expression in eyes at 29°C produced loss of pigmentation and black lesions in the
drosophila eye as previously described (Venderova et al., 2009). Co-expression of UAS-

SCAR caused a decrease in black lesions in these flies (see Figure 4.1C).
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Figure 4.1: SCAR genetically interacts with LRRK2.

Down-regulation of Drosophila SCAR (UAS-SCAR-RNAI1) combined with over-
expression of hLRRK2 (WT and pathogenic mutants) in the compound eye (GMR-
GALA4) at 25°C causes surface roughness, and black spots (white arrows) under optical
microscopy and SEM (A) as quantified (B). Conversely, over-expression of UAS-SCAR
causes a reduction in black lesions observed in hLRRK2-12020T flies at 29°C (C). One-

way ANOVA followed by Tukey's least significant difference post test.
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LRRK?2 expression in ensheathing cells causes locomotor and survival deficits in
flies:

SCAR is known in invertebrates to have a role in immune function, particular as it
relates to cell migration and phagocytosis (Evans et al., 2013). In order to test if LRRK2-
G2019S expression in immune-like cells could led to cell death, we used the GAL4-UAS
system in Drosophila to express LRRK2 in ensheathing cells. Ensheathing glia have been
established as the primary phagocyte of the Drosophila brain responsible for axonal
clearance, apoptotic corpse removal and innate defence (Doherty et al., 2009). We
expressed hLRRK2 WT or G2019S in ensheathing glia under the mZ0709-GAL4 (MZ-
GALA4) promoter. Ectopically expressing WT or G2019S LRRK2 in ensheathing glia
results in locomotor deficits in 5 day old flies when compared to control driver flies (see
Figure 4.2A). Additionally, flies expressing the 12020T mutation in ensheathing cells
have decreased lifespan when compared to mZ0709-GAL4/+ controls (see Figure 4.2B).

This interesting phenotype led us to examine SCAR in the mammalian system.
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Figure 4.2: LRRK2 expression in CNS phagocytes causes locomotor and lifespan
deficits.

Locomotor activity was assessed for 5 day old male flies expressing LRRK WT and
G2019S in ensheathing cells by the Drosophila Activity Monitor system for 24 hrs (A).
Lifespan was assessed in control and mZ0709-GAL4; UAS-hLRRK?2-12020T flies (B).
Flies were assessed for survival deficits were observed daily. All flies were incubated at
25°C. Locomotor assays — one-way ANOVA followed by Tukey’s least significant

difference. Survival assay — Logrank test.
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WAVE-2 levels are dependent on LRRK2:

The Drosophila SCAR protein is orthologous to the WAVE-1/2/3 family
members in humans. The WAVE family members form a complex to activate the
ARP2/3 complex to mediate cytoskeletal remodeling (Chen et al., 2010). We first
determined if the levels of any WAVE family members were altered in different cell
types. In the murine, BV2 microglia like cell line, WAVE-2 levels specifically were
decreased after down-regulation of LRRK?2 by siRNA (see Figure 4.S1A). The protein
levels of WAVE-1 and WAVE-3 remained unchanged, as did the mRNA level of
WAVE-2 (see Figure 4.S1B). WAVE-2 levels were unchanged in other cell types
including primary astrocytes, cortical neurons, and mouse embryonic fibroblasts (MEFs)
(see Figure 4.S1C-E). Due the decrease in WAVE-2 protein level in LRRK2 knock-down
(KD) BV-2 cells, we determined if WAVE-2 was altered in other cells of the myeloid
lineage. Primary microglia and bone marrow-derived macrophages (BMDMs) from
LRRK2 null mice display a significant reduction in WAVE-2 protein when compared to
their wildtype (WT) counterparts (see Figure 4.3A&B). Conversely, LRRK2 G2019S
endogenous knock-in mice display an increase in WAVE-2 protein in microglia and
BMDMs. Furthermore, BMDMs from BAC mice over-expressing human LRRK?2 display

increased murine WAVE-2 protein (see Figure 4.3B — far right panel).
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Figure 4.S1: WAVE-2 is decreased in LRRK2 KD BV2 cells but not LRRK?2 null
primary astrocytes, cortical neurons nor MEFs.

WAVE family members were probed in lysates of BV2 cells after siRNA mediated
knock-down of LRRK2 for protein (A) and mRNA (B). Similarly, WAVE-2 was probed
by Western blot in LRRK?2 null primary astrocytes (C), primary cortical neurons (D), and

MEFs (E). Unpaired student T-test.
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Figure 4.3: WAVE-2 levels are altered in LRRK2 primary microglia and
macrophages.

WAVE-2 protein and mRNA levels were probed in LRRK2 null and G2019S KI primary
microglia. Similarly, WAVE-2 protein was probed in LRRK2 null, G2019S KI, or WT-

hLRRK2 BAC BMDMs. Unpaired student t-test.
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LRRK?2 deficiency impairs phagocytic activity in myeloid cells:

Given that a) LRRK2 modulates the levels of WAVE-2, b) WAVE-2 is central in
regulating actin dynamics, and ¢) WAVE-2 is reported to play a critical role in
phagocytic activity, we next examined for LRRK?2’s potential role in phagocytic activity
by conducting engulfment assays in primary microglia from LRRK2 null mice. LRRK?2
null microglia have impaired uptake of either latex beads or E. coli bioparticles both
basally and after treatment with various TLR agonists, lipopolysaccharide (LPS),
poly(I:C), or zymosan (see Figure 4.4A&B). A similar phagocytic impairment was
observed in LRRK2 null primary BMDMs, which was ameliorated by exogenous
WAVE-2 expression via transfection (see Figure 4.4C). To extend these findings in vivo,
we directly injected, pH-sensitive beads into the midbrain, that fluoresce once engulfed
and fused to the lysosome as previously characterized (Lucin et al., 2013). There was
approximately a 25% reduction in uptake of the beads in LRRK2 null mice when

compared their WT littermate controls.
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Figure 4.4: Loss of LRRK?2 impairs phagocytic engulfment in myeloid cells.

Latex beads were incubated with primary microglia from LRRK2 null mice and were
treated with LPS (100ng/mL), poly(I:C) (10ug/mL), or zymozan (50pug/mL) as quantified
by confocal microscopy (A). Incubation of e. coli bioparticles with LRRK?2 null
microglia with further stimulation via LPS was also quantified by confocal microscopy
(B). WT or KO primary BMDMs transfected with mock or WAVE-2 plasmid were
incubated with latex beads and stimulated with LPS (C). Three month old LRRK2 WT
and KO mice were injected with pH-sensitive latex beads into the SNc and transcardially
perfused 24 hours post injection. Images were obtained by confocal microscopy (D).

Two-way ANOVA — Bonferroni (A-C), Student t-test (D).
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LRRK2 G2019S increases phagocytic activity of myeloid cells:

In order to determine if PD related LRRK?2 mutations could modulate phagocytic
activity, we conducted similar bead engulfment assays as we did with our LRRK2 null
immune cells utilizing microglia obtained from G2019S KI mice. LRRK2-G2019S KI
microglia display increased engulfment of either latex beads or E. coli bioparticles
basally and after treatment TLR agonists by confocal analysis (see Figure 4.5A&B). We
observed that the G2019S mutation caused an increase in engulfment activity consistently
in BMDMs by flow cytometry and confocal analysis (see Figure 4.5C-E). Importantly,
AV-shRNA mediated reduction in WAVE-2 in G2019S BMDMs returned phagocytosis
to WT levels (see Figure 4.5F). Finally an increase in engulfment was observed in vivo
after direct injection of pH-sensitive beads into the SNc¢ of LRRK2-G2019S mice (see
Figure 4.5G). We also wanted to test if exogenous human LRRK2 could modify
phagocytosis in macrophages. Consistently, BMDMs derived from WT hLRRK2 BAC
mice displayed increased engulfment of latex beads or E. coli bioparticles by both flow
cytometry and confocal analysis, respectively (see Figure 4.S2A&B). Furthermore,
consistent with the gain of function hypothesis of the G2019S kinase mutation, LRRK2
kinase inhibitors were observed to decrease engulfment in G2019S microglia and while

having no observable effects on LRRK2 null microglia (see Figure 4.S3).
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Figure 4.5: LRRK2 G2019S increases phagocytic activity of myeloid cells.

Latex beads were incubated with primary microglia from LRRK2 G2019S mice and were
treated with LPS (100ng/mL), poly(I:C) (10pug/mL), or zymozan (50ug/mL) for the times
indicated and as quantified by confocal microscopy (A). Incubation of E. coli bioparticles
with LRRK2 G2019S microglia was further stimulated with LPS and quantified by
confocal microscopy (B). BMDMs from G2019S mice were incubated with latex beads
(C-D) or E. coli bioparticles (E) and stimulated with LPS and quantified by flow
cytometry (C) or confocal analysis (D-E). WT or G2019S primary BMDMs were
infected with AV-shWAVE-2 or AV-sh-scramble and incubated with latex beads and
stimulated with LPS (F). Three month old LRRK2 WT and G2019S mice were injected
with pH-sensitive latex beads into the SNc¢ and transcardially perfused 24 hours post
injection. Images were obtained by confocal microscopy (G). Two-way ANOVA —

Bonferroni (A-F), Student t-test (G).
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Figure 4.S2: Human LRRK2 over-expression increases phagocytic activity in
macrophages.

Latex beads or E. coli bioparticles were incubated with primary BMDMs from WT
hLRRK2 BAC mice and were treated with LPS (100ng/mL) as quantified by flow
cytometry (A) and confocal microscopy (B), respectively. Two-way ANOVA —

Bonferroni.
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Figure 4.S3: LRRK2 kinase inhibition decreases engulfment of latex beads in
microglia.

Primary microglia derived from LRRK2 G2019S and null mice were incubated with latex
beads and treated with various LRRK?2 inhibitors (HG-10-102-01, 1pm or GSK
2578215A, 1um) and stimulated with LPS (100ng/mL) (A&B) and analyzed by confocal

microscopy. Two-way ANOVA — Bonferroni.
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LRRK?2 binds and phosphorylates WAVE-2 directly:

In order to determine the mechanism by which LRRK?2 modulates phagocytic
activity via WAVE-2, we conducted co-immunoprecipitation (co-ip) studies to determine
if LRRK2 and WAVE-2 form a complex. LRRK2 does endogenously form a complex
with WAVE-2 that is not detectable in LRRK?2 null BMDMs (see Figure 4.6A). This
complex binding increases when LRRK2 is pulled down in G2019S BMDMs (see Figure
4.6B). In the context of inflammation, various TLR agonists displayed increased LRRK?2
— WAVE-2 complex binding in BV2 cells (see Figure 4.S4). Using recombinant WT and
G2019S LRRK2 we co-immunoprecipitated recombinant GST-WAVE-2 in vitro to show
that LRRK2 and WAVE-2 may bind directly, and that this binding is stronger with
G2019S LRRK2 protein (see Figure 4.6C). Intriguingly, multiple recombinant LRRK?2
domains were able to bind directly to WAVE-2 including the LRR, COR, kinase, and
WD-40 domains (see Figure 4.6D).

To test whether LRRK2 could phosphorylate WAVE-2, we tested recombinant
GST-WAVE-2 phosphorylation by in vitro kinase assay using fluorescence labeled ATP
(see Figure 4.7A). WAVE?2 is directly phosphorylated by LRRK2, which is increased by
recombinant G2019S and absent in the LRRK?2 kinase dead D1994A mutant. To
determine what type of residue LRRK2 may be phosphorylating WAVE-2 we probed p-
threonine and p-serine antibody after the kinase reaction. Both p-serine and p-threonine
(as well as LRRK2 autophosphorylation at Ser1292) are increased with recombinant
G2019S, however there is a marked increase in threonine phosphorylation (see Figure

4.7B).
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Figure 4.6: LRRK2 forms a complex and binds directly to WAVE-2 in vitro.
Immunoprecipitated LRRK2 from null and G2019S KI BMDMs forms a complex with
WAVE-2 which is increased in the G2019S KI BMDMSs (A&B). Recombinant Flag-
LRRK?2 and GST-WAVE2 bind in vitro after GST pull-down, whereas Flag-G2019S
displays increased GST-WAVE?2 binding (C). Multiple recombinant truncated domains

of myc-LRRK2 bind to Flag-WAVE-2 after pull down of Flag (D). Student t-test.
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Figure 4.S4: The LRRK2 and WAVE-2 complex is increased with TLR stimulation.
LRRK?2 was immunoprecipitated in BV2 cells after a TLR agonist treatment time-course

with LPS (100ng/mL), poly(I:C) (10ug/mL), or zymozan (50pug/mL).
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Figure 4.7: LRRK2 phosphorylates WAVE-2.

In vitro kinase assays were performed with 30ng of LRRK2 (WT, G2019S, or D1994A)
protein and 500ng of GST-WAVE-2 with 10uM ATP - ATTO 590 for 30 min at 30°C
(A). This was repeated with Western analysis for p-serine, p-threonine, and LRRK?2 auto-

phosphorylation (ser1292) (B). One-way ANOVA — Tukey.
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LRRK2 G2019S causes increased engulfment of neuronal cells:

In order to test if enhanced phagocytic activity of G2019S microglia could lead to
increased dopaminergic cell death, we treated dopaminergic-like differentiated SH-SYSY
cells with WT or G2019S microglia in a co-culture system and examined TAU
engulfment in microglia. SH-SYS5Y cells treated with G2019S microglia displayed
increased TAU staining co-localized with microglia (CD11b), both basally and after LPS
stimulation (see Figure 4.8). This suggests that G2019S microglia enhanced phagocytic

activity may contribute to increased neuronal cell death.
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Figure 4.8: LRRK2 G2019S microglia display increase TAU engulfment of neuronal
cells.

Differentiation of SH-SYSY was confirmed by the presence of TrkB by Western.
Differentiated cells (0.5X10°) were treated with primary microglia (1.5x10°) and LPS
(100 ng/mL) stimulation for 24 hr. TAU and CD11b co-localization was performed by

confocal microscopy. Scale bar-20um. Two-way ANOV A-Bonferroni.
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Down-regulation of SCAR may rescue Parkinsonism and survival deficits in flies
expressing LRRK2 G2019S in Drosophila central phagocytes.

In attempts to provide functional outcomes relevant to PD and the immune
system, we returned to the fly model. We wanted to test if down-regulation of SCAR
could ameliorate the Parkinsonism and lifespan deficits we had observed in flies
expressing G2019S in ensheathing cells. To do this, we established a stable G2019S fly
line in order to determine if these locomotor deficits could be rescued by down-regulation
of SCAR by RNAI (see Figure 4.9A). Preliminary results indicate that there may be a
trend for partial rescue of the locomotor phenotype observed in MZ-GAL4-UAS-
hLRRK2-G2019S by SCAR-RNAI (see Figure 4.9B). Finally, the expression of G2019S
in ensheathing glia causes a decrease in survival that can by ameliorated by inhibition of

SCAR (see Figure 4.9C).
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Figure 4.9: Down-regulation of SCAR rescues the Parkinsonism and survival
deficits in flies expressing LRRK2 G2019S in CNS phagocytes.

Human LRRK2 protein is detectable in fly head lysate (4 per lane) in MZ-GAL4; UAS-
hLRRK2-G2019S and MZ-GAL4/UAS-SCAR-RNAi; UAS-hLRRK2-G2019S flies (A).
Locomotor activity was assessed for 3 day old male flies expressing LRRK G2019S and
SCAR RNAI in ensheathing cells by the Drosophila Activity Monitor system for 72 hrs
(B). The same flies were assessed for survival deficits by lifespan analysis observed daily
(C). All flies were incubated at 25°C. Locomotor assays — one-way ANOVA followed by

Tukey’s least significant difference. Survival assay — Logrank test.
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Discussion:

This work has attempted to propose that LRRK2 may play a prominent role in
modulating the phagocytic response of myeloid cells where the G2019S pathogenic
mutation further enhances phagocytic activity. Furthermore, we present indirect evidence
that this may result in increased dopaminergic loss. Intriguingly, WAVE-2 appeared to be
specifically altered in microglia and BMDMs but not in other cell types tested. This may
be in line with the notion that WAVE family members, as well as similar ARP2/3
complex activating protein families such as WASP, WASH, WHAMM and JMY have
competed for ARP2/3 complex activation throughout evolution (Rottner et al., 2010).
This may be particularly true when comparing non-motile to motile cells such as
microglia and macrophages to other cell types (Miller, 2002). Besides phagocytosis,
WAVE-2 has been particularly implicated in mediating immune cell migration (Kheir et
al., 2005). Microglia from LRRK2-G2019S BAC rats have been shown to be more motile
in chemotaxis assays (Moehle et al., 2015). The authors further suggest this increase in
migration is dependent on the ARP2/3 complex in which they demonstrate that various
ARP components form a complex with LRRK2. On the contrary, another group has
opposing results showing that microglia from G2019S-BAC mice on a CX3CR 18P
heterozygous microglia reporter background have motility deficits (Choi et al., 2015).
Regardless of this discrepancy, we opted to use G2019S endogenous KI mice for this
study that may be more physiologically relevant for expression of LRRK2 in myeloid
cells and limit artefacts.

Our work suggests WAVE-2 is a bona fide substrate of LRRK?2 and is supported

by evidence that WAVE-2 is a putative LRRK?2 kinase substrate by a high-throughput
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LRRK?2 tandem affinity purification assay (Martin et al., 2014). Future studies should
determine what specific residue(s) LRRK2 phosphorylates WAVE-2. Furthermore,
phospho-mimetic or deficient WAVE-2 mutants should display an increase or decrease in
phagocytic activity, respectively. While WAVE-2 lacks any known consensus motifs for
LRRK2 phosphorylation, it contains a significant amount of phosphorylation sites.
Furthermore, WAVE-2 is phosphorylated by the kinases: ERK, JNK and CK2, the latter
of which has been shown to increase affinity to the ARP2/3 complex (Krause and
Gautreau, 2014).

The nature of how LRRK2 mediated phosphorylation of WAVE-2 increases
WAVE-2 protein level remains unclear. However, preliminary data in the Park lab
suggests that LRRK2 may increase WAVE-2 protein stability by inhibiting the
proteasome (data not shown). A similar process has been shown for kinase mediated
phosphorylation of the PD related gene, Parkin, which in turn inhibits Parkin’s
ubiquitination and degradation (Ko et al., 2010). This leads us to a model that the
LRRK2-G2019S hyper-kinase promotes WAVE-2 stability via both binding and
phosphorylating WAVE-2 preventing its degradation keeping it available and readily in
complex to mediate actin restructuring (see Figure 4.10).

Our in vitro co-culture model suggested that the G2019S mutation might confer
an increase in phagocytic activity that may lead to and increase engulfment of neuronal
cells. This should be repeated in WT primary midbrain cultures co-cultured with WT or
G2019S microglia. Preliminary primary co-culture data using WT or G2019S BMDM
seeded onto WT primary midbrain neurons look promising in that there is enhanced death

in the G2019S treated neurons (Data not shown). Also, further studies should determine
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Figure 4.10: Model of LRRK?2 mediated promotion of WAVE-2 complex stability.
LRRK2 kinase activity promotes WAVE-2 stability by inhibition WAVE-2 degradation.
This leads to increased WAVE-2 affinity to the ARP2/3 and actin-nucleation. Readily
activatable WAVE-2 may then activate the ARP2/3 complex for phagocytic cup

formation and engulfment.
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the effect of neurons treated with conditioned media from stimulated microglia to rule out
the effects of pro-inflammatory cytokine and chemokine release that may influence
neuronal death.

We endeavoured to establish a model of LRRK?2 induced Parkinsonism in flies by
specifically expressing LRRK?2 in fly “microglia like” CNS phagocytes called
ensheathing cells. Additional studies should examine the dopaminergic clusters of these
flies to confirm whether dopamine cell death ensues and whether down-regulation of
SCAR may rescue this loss. Within the context of this study, our work demonstrates that
SCAR and WAVE family members have an evolutionary function in immune cells and
the more recently evolved LRRK?2 has a conserved relationship with Drosophila SCAR
and murine WAVE-2. It remains to be determined whether WAVE-2 is altered in
myeloid cells of humans with PD.

Along with other variants implicated in neurodegeneration, the G2019S mutation
has been proposed to have been potentially selected for throughout evolution (Cookson,
2012b). While difficult to test, it may be that enhanced phagocytic activity of G2019S
myeloid cells may be beneficial in the periphery while having the potential to lead to
increased death of terminally differentiated and susceptible dopamine neurons as humans
age. Whether this is true or not, neuroinflammatory signalling in PD, particularly in

regards to LRRK?2 induced PD, begs further study.
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Methods:

LRRK?2 animals: LRRK?2 null mice were obtained from Dr. Jie Shen and previously

characterized (Tong et al., 2010). LRRK2-G2019S KI mice were obtained from Dr.
Michael G. Schlossmacher (Novartis) as previously characterized. WT-hLRRK2-BAC
mice were obtained from JAX.

Viral Vectors: Custom AV vectors were purchased from lifetech for AdEShuttle-ibal-
ZsYellowl-N1:H1-shWAVE2 and AdEShuttle-ibal-ZsYellow1-N1:H1-shControl 1
(Ambion).

Antibodies: Primary antibodies used include the following: a-LRRK2 (ab133474;
Abcam, 75-253; Neuromab), a-LRRK2(ser1292), WAVEI (sc-271506; SantzCruz),
WAVE2 (3659; Cell Signaling), WAVE3 (3659; Cell Signaling), anti-phosphothreonine
(9386; Cell Signaling), anti-phosphoserine (600-401-261; Rockland), anti-f-actin
(A5316; Sigma), TrkB (Cell signaling) , Flag (Sigma), Myc (Roche), Drosophila B-

Tubulin (DSHB), CD11b (ab-serotech).

Microglia culture: Mixed glia were taken and cultured from cerebral cortices of 1-3 day
of mouse pups. Briefly, the cortices were triturated into single cells in MEM with 10%
fetal bovine serum (FBS) and 5% horse serum (HS) and were plated into T75 flasks
coated poly-D-lysine for 2 weeks. Microglia were detached from the flasks by shaking at
200 rpm for 1 hour and then filtered through 40 pum cell strainer to make pure microglia
cultures.

BMDM culture: BMDMs were harvested as previously (Hakimi et al., 2011). Briefly,

BMDMs were cultured in RPMI 1640 medium containing 10% FBS, 10% 1L.929

190



conditioned medium, 1% sodium pyruvate and 1% non-essential amino acid and then
maintained at 5% CO,, 37°C for 7 days.

Western blot and Immunoprecipitation: The cells were lysed in ice-cold RIPA buffer

(50mM Tris-HCI, pH7.4, 150mM NacCl, 1% NP-40, 0.25% sodium deoxy-cholate)
containing protease inhibitor cocktail. After sonication, the lysates were centrifuged at
12000 rpm for 15min at 4°C, and the supernatant was collected. Proteins were resolved
by SDS-PAGE and transferred to a nitrocellulose membrane. For immunoprecipitation,
the cells were lysed in ice-cold modified RIPA buffer (50mM Tris-HCI, pH7.4, 300mM
NaCl, 1% triton x-100, 0.25% sodium deoxy-cholate) containing protease inhibitors and
phosphatase inhibitor cocktails. The lysates were pre-cleared by protein G Sepharose
beads for 1 hour at 4°C on an orbital shaker. Equal lysate of each pre-cleared samples
were incubated with primary antibody for 12 hours and further for 12 hours with protein
G Sepharose and then immune complexes were collected by centrifuge, washed at least
three times with cold modified RIPA buffer, and re-suspended in 2x SDS sample buffer.
Finally immune complexes were resolved by SDS-PAGE for Western blot analysis.

Latex beads-based in vitro and in vivo phagocytosis assay: For in vitro phagocytosis

assay, experimentally-treated cells were exposed to latex beads (Sigma) at a 1:50 ratio
(cell/beads) or pHrodo Green e.coli bioparticles (Invitrogen) for indicated times. After
incubation with latex beads, the cells were washed five times with cold 1X PBS to
remove residual non-specific binding of the latex beads to cell surface or plate bottom
and fixed with 1% paraformaldehyde (PFA). Each group of fixed cells was analyzed by
confocal microscopy. To determine phagocytic activity, we counted ingested latex beads

in cell surface and intracellular compartments as performed previously (Koenigsknecht
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and Landreth, 2004). Briefly, the number of latex beads per cell was assigned points in
such a way that a cell received 1 point for ingesting one bead, 2 points for ingesting two
beads, up until a maximum of 6 points for six beads or more ingested per cell. Total
number of cells in each group was multiplied by the point value of each group and then
those values were added then divided by the total number of cells. For in vivo
phagocytosis assay, pH-sensitive latex beads were made by coupling 3um latex beads
with CypHer5E mono N-hydroxysuccinimide (NHS) ester (GE Healthcare). CypHer
coupled latex beads were diluted in 1 X PBS to a stock concentration of 2 X 10* beads/pl.
pH-sensitive beads were stereotaxically injected into the substantia nigra pars compacta
(SNc) using following coordinates from bregma: -3.1mm anterior, +1.1mm lateral, and a
depth of -4.4mm. After 24 hours, mice were transcardially perfused with 4% PFA and
then the tissue was analyzed phagocytic activity using a confocal microscope.

Confocal microscopy analysis: Cells were plated on poly-D-lysine coated coverslips for

analysis of phagocytosis activity. After incubation with agonists, latex beads or e.coli
bioparticles for indicated times, the coverslips were washed two or three times with PBS
and fixed in 2% PFA for 30 min at room temperature. The fixed cells were permeabilized
in PBS containing 0.1% Triton X-100 for 3 min at room temperature and then washed
three times with PBS. After blocking with 3% bovine serum albumin (BSA) for 30 min
and washing, the preparations were stained indicated antibodies.

Flow cytometry: Flow cytometry was conducted as previously described (Kim et al.,

2013). Briefly, BMDMs were dispersed into a single-cell suspension with PBS
containing 1 mM EDTA. Cells were fixed with 4% paraformaldehyde for 1 h at 4°C and

were blocked by PBS containing 3% BSA for 1 h at 4°C, and then incubated with
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primary antibodies for 1 h at 4°C. After washing three times with PBS, the cells were
incubated with FITC-conjugated secondary antibody for 1 h at 4°C. After washing, the
cells were analyzed using a FACS - BD LSRFortessa (Flow cytometry core University
of Ottawa).

GST pull down assay: Recombinant mouse GST-WAVE?2 protein and GST alone were

mixed with Flag tagged human full length LRRK2 protein and incubated for 4 hours at
4°C. After incubation, glutathione sepharose beads were added into the mixture. The
supernatant was removed by centrifugation and the beads were washed three times with
binding buffer (0.2% Triton X-100, 50mM Tris-HCI (pH7.5), 100mM NaCl, 5SmM
EDTA). The bound proteins were eluted by boiling from the beads in SDS sample buffer.
The eluted samples were subjected to Western blot using GST and Flag antibody.

Drosophila stocks: All flies were maintained on a standard cornmeal/agar medium at

ambient RT or at 25°C when under experimental conditions. hLRRK2 flies were
characterized previously (Venderova et al., 2009). UAS-hLRRK-WT and UAS-hLRRK2-
G2019S flies were a gift from Dr. Bingwei Lu. mz0709-GAL4 flies were graciously
provided by Dr. Marc Freeman. SCAR-RNA1 was obtained from the Vienna Drosophila
Research Centre. GMR-GAL4/BC and w1118 flies were gifts from Dr. Yong Rao and
Dr. Margaret Sonnenfeld, respectively.

SEM imaging: heads of 10 day old male flies were fixed in 2% glutaraldehyde in 0.1M
sodium cacodylate buffer (pH 7.3) for 2 hrs then dehydrated in ethanol. SEM was
performed by the Advanced Bioimaging Center, Mount Sinai Hospital, Toronto.

Locomotor activity: Flies were aged to 5 days at 25°C and placed in the Drosophila

Activity Monitor (DAM) system (TriKinetics). The apparatus has 32 chambers (one for
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each fly). Flies are able to walk within the chamber with access to food. Activity is
summed every 5 minutes and quantified for 24 or 72 hours.

Drosophila Lifespan: Flies were incubated at 25°C. The conditions of the crosses,

including the number of parent males and females, were kept the same for all genotypes.
The flies from each genotype were collected within 24 hours post-eclosion, divided into
sets of 8 and aged. The vials were changed every 4 days. Live and dead flies were
recorded every day.

SH-SY5Y — microglia co-culture: Differentiated cells (0.5X10°) were treated with

primary microglia (1.5x10°) and LPS (100 ng/mL) stimulation for 24 hr.

In vitro kinase assay: Commercially available (Invitrogen) recombinant LRRK2 (WT,

G2019S, or D1994A) (30ng) was incubated with GST-WAVE-2 (500ng) produced and
purified from e. coli with 10uM ATP - ATTO 590 for 30 min at 30°C.

Statistical analysis: Data was analyzed as specified, expressed as means + SEM

*1if P <0.05, **if P<0.01, ***if <0.001 and **** if p< 0.0001.
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Chapter 5:

General Discussion

196



5.1 - Summary & Principal Findings:

PD is a complex disease that remains enigmatic despite advances in
understanding of some of the genetics underlying this degenerative condition. This
dissertation had diverse and ambitious objectives in attempting to 1) produce a better
murine model of PD, 2) elucidate LRRK2 genetic interactors from an established
Drosophila model for improved LRRK2 understanding and 3) investigate the relationship
between LRRK2 and SCAR/WAVE-2 in regards to phagocytic activity while
establishing an immune related model of Parkinsonism in Drosophila.

In a recessive model of PD, we were able to develop the DJ1-C57 null mouse that
recapitulates the unilateral onset of the disease as it occurs in humans. This striking
feature then proceeds to degenerate in both hemispheres of the nigra in our affected mice.
The lack of motor deficits in young mice can be explained by observed up-regulated
striatal postsynaptic activity. Our model was also supported by microgliosis in the SNc
and additional neuronal loss in the LC. Finally, aged mice displayed mild but significant
motor deficits. The impact of developing the first whole germ-line genetic model of PD
that displays robust nigral degeneration remains uncertain. The lack of complete
penetrance or ability to predict which animal is affected prior to sacrifice and fixation has
made the task difficult in using the model as a platform for study. Fortunately, recent DJ-
1 null rats have shown robust nigral degeneration, confirming our studies showing that
DJ-1 loss may result in SNc degeneration in animals of the Order, Rodentia (Dave et al.,
2014).

LRRK?2 is the most commonly linked PD gene and is involved in the sporadic

disease. Therefore LRRK?2 is vital for the field to unravel both in its role in the cell and
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contribution to the pathogenesis of PD. Our in vivo screen in Drosophila to reveal
functional genetic interactors that modify LRRK2 induced degeneration in the eye and
dopaminergic system has already made an impact through our own mammalian studies.
We discovered a relationship between LRRK2 and the actin nucleation promoting
complex protein, SCAR, which had functional conservation in mammalian cells,
specifically of the myeloid lineage. Additionally, our list of interactors also provides the
field with other putative pathways for further analysis. Moreover, our list revealed gene
candidates that have been implicated in LRRK?2 function already or in PD by GWAS
studies (as discussed in Chapter 3). Therefore the LRRK?2 suppressor / enhancer screen
successfully identified LRRK2 pathways we are confident will be relevant to LRRK2
biology and its role in PD pathogenesis.

The relationship between LRRK2 and WAVE-2 found specifically in myeloid
cells is consistent with the gain-of-function hypothesis of dominant LRRK2-G2019S
mutations. We demonstrate a contrasting effect on WAVE-2 levels between LRRK?2 null
and G2019S KI animals. Additionally, resulting alterations in WAVE-2 correlates well
with observed changes in phagocytic activity in LRRK2 null and G2019S KI mice. We
provide in vitro evidence that these two proteins, known to be active at membranes, bind,
and furthermore that WAVE-2 is a substrate of LRRK2. While a challenge to show
directly, we endeavored to deliver evidence that neuronal engulfment is increased in
G2019S microglia. In a proof of concept study, we demonstrate that lifespan and
locomotor deficits can be produced in flies expressing LRRK?2 only in the ‘microglia-
like’ ensheathing cells. Lastly, we show that these lifespan deficits and potentially the

locomotor deficits may be rescued by SCAR down-regulation.
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5.2 - Future Directions — DJ-1 mice:

Attempts have been made in the lab to further characterize the DJ1-C57 null mice.
We have preliminary data in collaboration with the LE Trudeau lab at the University of
Montreal that 18 months old DJ-1 null mice have dopamine release deficits
(unpublished). Importantly, this was data that averaged all DJ-1 null mice in a cohort
with WT littermates regardless of any potential penetrance of the early-onset unilateral
degeneration. Future work with these mice will examine if any potential PD therapeutics
such as the Ca*" channel blocker, isradipine, may confer neuroprotection to prevent the
overall loss of nigral neurons in aged DJ-1 mice. There also remains a question as to why
the C57-Bl6 background confers susceptibility in our mice. The C57-Bl6/J sub-strain of
mice have been noted to be a more consistent strain for MPTP studies, possibly due to its
inherent loss of function truncation in the mitochondrial enzyme nicotinamide nucleotide
transhydrogenase (Nnt) (Ronchi et al., 2013). However, we tested our mice, which were
the sub-strain C57-Bl6/N, and none of our mice had the Nnt truncation. Future studies
will utilize whole exome and genome sequencing to further narrow down candidate genes
that contribute to the penetrance of these mice.

5.3 - Future Directions — LRRK2 fly screen:

It is important to note that while we have uncovered some compelling functional
interacting candidates for LRRK?2, the eye screen may have missed potential genetic
interactors for multiple reasons. Firstly, the primary deficiencies leave flies with only one
copy of dozens of genes on a chromosome. For some genes, this may not result in any
change in protein level in the cell and any potential interaction with LRRK2 may be left

unobserved. Secondly, there could be multiple genetic interactions in one deficiency that
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causes both suppression and enhancement of LRRK2 induced toxicity. In other words,
there could be a potential “cancelling” out of phenotypes, again leaving any modification
of the eye phenotype unobserved. Lastly, the deficiency kit cannot be used for genes that
are lethal when haploinsufficient. On the other hand, ectopically expressing a large multi-
domain protein like LRRK2 in another species may not ensure accurate folding of the
protein and thus produce false negative results. We would expect these results to
including proteins involved in protein turnover. However, cathepsin D and Hsc-70 were
the only genes from our 36 interactors with a known pivotal role in protein quality
control. The Drosophila field also lacks an understanding of the mechanism underlying
loss of retinal pigmentation, bristle disruption or black lesions. A more complete
understanding of the causes of the phenotype we examined would aide in understanding
LRRK2s role in degeneration and the biological context of the genetic interactors found
in the study.

5.4 - Future Directions - LRRK2, WAVE-2 & Phagocytosis:

We observed a striking cell specific change in WAVE-2 depending on the
LRRK2 geneotype. Both macrophages and microglia were found to have similar changes
in WAVE-2 levels depending on the status of LRRK2. However, we failed to examine
other myeloid cells such as B-cells, T-cells, or dendritic cells. In fact, the particular role
of infiltrating immune cells may have in our model or in PD remains unclear. There is a
common notion that regard microglia as mostly glia that quarantine cells signalling
engulfment to infiltrating phagocytes. If this is true, it could be that stochastic
mechanisms where CNS infiltration by phagocytes like killer T cells at multiple points

during ones lifetime may progressively destroy the SNc.
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We demonstrated that WAVE-2 is a substrate of LRRK2. However, we failed to
provide the phosphorylation site(s) where LRRK?2 acts on WAVE-2. The Park lab has
preliminary mass spectrometry data in collaboration with the L Trinkle-Mulcahy lab at
the University of Ottawa suggesting that LRRK2 may phosphorylate WAVE-2 at
multiple threonines (data not shown). More study is needed, however, once the
phosphorylation site(s) are confirmed, studies will determine how the phosphorylation of
WAVE-2 stabilizes its protein level and activation of the ARP2/3 complex.

There also still could be a role for LRRK2 in neurons. Much of the work in
neurons has implicated LRRK?2 in vesicular trafficking (as discussed in Chapter 1). Our
LRRK2 genetic interactor SCAR is highly homologous to the WAVE family of proteins,
however it also is similar (to a lesser degree) to the WASP and WASH family of proteins.
The WASH family is interesting as it is involved in ARP2/3 activation for endocytosis
associated with the retromer complex (Duleh and Welch, 2010). LRRK?2 has already been
implicated in retromer function by studies showing it genetically interacts with VPS35 in
and RAB7LI in flies (MacLeod et al., 2013; Linhart et al., 2014). Future studies may
examine the relationship of the WASH complex and LRRK2 in regards to endocytosis
and trafficking in neurons.

It is always hoped that by discovering the molecular and cellular pathways that
contribute to the pathogenesis of PD, we can uncover new treatments or preventative
therapies for this disorder. Recombinant parathyroid hormone (PTH)1-34 (aka
teriparatide) is a market available drug used clinically to treat osteoporosis. Interestingly,
it has been shown that PTH1-34 is a potent inhibitor of WAVE-2 expression (Uyama et

al., 2013). Additionally, PTH1-34 administration has already been shown to promote
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recovery using stroke models in mice (Wang et al., 2014b). Future studies could use this
therapeutic to test if PTH1-34 decreases WAVE-2 expression in myeloid cells and could
be used to curb the hyper-phagocytic activity of LRRK2-G2019S myeloid cells. This can
be performed in vivo with the injection on pH-sensitive beads (as performed in Chapter
4). Additionally, G2019S over-expressing rats are hypersensitive to nigral injections of
LPS (Moehle et al., 2015). PTH1-34 may be used to treat LRRK2-G2019S LPS treated
rats as a potential therapeutic to curb DA cell death. To explore this mechanism in more
detail, specific down-regulation of WAVE-2 by shRNA constructs should be performed
in similar experiments as above. However, if WAVE-2 is indeed a down-stream substrate
of LRRK2, then in the context of actin-polymerization, inhibiting WAVE-2 may have
broad reaching and potentially negative effects on the cell. Therefore, a concerted and
continued effort on developing LRRK2 kinase inhibitors that are specific, safe, and may
enter the CNS would also be of interest in this model.

5.5 -DJ-1 vs LRRK2: A common thread?

Mutations in DJ-1 are one of the rarest causes of recessive JO-PD as LRRK2
mutations are the most commonly linked gene to dominant LO-PD and further implicated
in iPD. While the field is still waiting for DJ-1 mutant carriers to come to autopsy, the
pathology of LRRK?2 pathogenic brains is highly heterogeneous. There is also a
penetrance difference between DJ-1 and G2019S mutations. While there is an apparent
complete penetrance of DJ-1 pathogenic recessive mutations linked to PD, the LRRK2
pathogenic mutations are diverse in penetrance leading some researchers to treat these
mutations as strong risk variants as opposed to linked to disease. The question remains: is

there one underlying common biological pathway that leads to both familial and sporadic
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PD? Based on the evidence discussed in Chapter 1 of this dissertation, it seems there may
be multiple cellular and molecular pathways that may lead to the loss of these seemingly
vulnerable DA neurons of the SNc. The three recessive genes implicated in early onset
PD: Parkin, PINK1, and DJ-1 have lead the majority of researchers to focus on
mitochondrial quality control and oxidative stress. On the other hand, the majority of
LRRK2 studies are focused on vesicular trafficking. There is potential that these
pathways may share an interface in autophagy and lysosomal functioning. However, the
difference in age-of-onset and overall lack of dominant Lewy body pathology in
recessively-linked brains so far, leaves us to speculate a few ideas. Firstly, given the
noted intrinsic vulnerability of SNc¢ neurons, it is easy to see how many pathways that
have potential to lead the cell to apoptotic programming could be invovled. It could be
imagined that changes in mitochondrial and oxidative stress pathways may lead to robust
damage leading to early onset PD. However, minor changes in vesicular trafficking
(LRRK2, VPS35, and possibly SNCA) compounded with environmental insults may lead
to a slower loss of SNc neurons leading to PD later in life.

There is a common thread that develops from the three studies presented in this
dissertation. Upon examination of the potential genetic modifiers of the DJ1-C57
unilateral phenotype, variants in SIRPB1 segregate with the affected DJ1-C57 null mice.
Both humans and mice have at least three highly similar SIRP genes. Interestingly,
SIRPBI protein is down-regulated in the SNc¢ of PD patients (Licker et al., 2014). SIRPa
in both humans and mice is implicated in phagocytosis (Gaikwad et al., 2009). SIRPa
resides on the membrane of myeloid cells that binds to CD47 expressed on other cells,

including neurons, leading to inhibition of neuronal phagocytosis. The failure of SIRPa —
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CDA47 binding will promote phagocytic engulfment (Matozaki et al., 2009). Taken
together, the double mutation of SIRPBI in affected DJ1-C57 null mice may cause a
disruption of CD47 binding and promote engulfment of neurons. To support this, DJ-1
deficient microglia have been shown to have increased phagocytic activity, display
hypersensitivity to dopamine, and produce increased pro-inflammatory cytokines
(Trudler et al., 2013). Therefore, DJ-1 null mice may be at increased susceptibility to
neuronal engulfment by microglia and variants in the SIRPB1 gene may exacerbate this
by preventing CD47 mediated inhibition during neuronal-microglia crosstalk. The idea of
microglia-mediated neuronal engulfment in neurodegenerative diseases is not new.
Evidence has been demonstrated of microglia engulfing live neurons (Neher et al., 2011;
Neniskyte et al., 2011; Fricker et al., 2012a; 2012b; Neher et al., 2013; Neniskyte and
Brown, 2013). This has led to the term 'phagoptosis' to describe cell death caused by
phagocytosis of live cells (Brown and Neher, 2014). A key concept to this may be that
neurons may encounter sub-toxic insults that may initiate apoptotic programming.
Signalling to microglia then follows to initiate corpse removal. However, sub-lethal
insults to neurons may dissipate and apoptotic programming may be reversed. But, over-
active microglia may initiate neuronal engulfment prior to these “don’t eat me signals”
from the neuron (Brown and Neher, 2014). Experimentally, this could be tested by
making use of SIRPa null mice that are prone to infection (Li et al., 2012). DJ-1 null
mice could be crossed to SIRPa null mice to potentially exacerbate neural engulfment
due to a lack of CD47-SIRPa binding. Another method to possibly avoid compensatory
mechanisms during development, could be to use already variant mice (determined by

sequencing) from the Park laboratory or using gene editing techniques like the CRISPR-
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Cas9 to reproduce the candidate mutations in SIRPB1 as described (Rousseaux et al.,
2012). We would hypothesize that the loss of DJ-1, which is suggested to increase
microglia phagocytic activity, could cause a consistent loss of SNc neurons if SIRPa or
SIRPBI is ablated or mutated, respectively. This could also be performed in other genetic
mouse models of PD, like the LRRK2-G2019S KI mice. Importantly, polymorphisms in
both SIRPa and SIRPB1 may be implicated in sporadic PD as searchable on the
PDgene.org database (p<0.05). The over-arching cellular pathway implicated in this
dissertation implicates neuroinflammation, and more specifically phagocytosis, via over-
active cytoskeletal restructuring in LRRK2-G2019S cells, or possibly lack of ‘don’t eat
me signals’ from neurons to microglia in DJ-1 null mice through variants in SIRPBI.

A major gap in this dissertation is that it implores analysis of release of
neuroinflammatory-related neurotoxins from myeloid cells. The challenge to this lies in
that phagocytic activity potentiates the release of pro-inflammatory cytokines and
chemokines, which may further enhance phagocytic activity (Garcia-Garcia and Rosales,
2006). LRRK?2 has been implicated in altered signalling of pro-inflammatory cytokines as
discussed in Chapter 1. DJ-1 null astrocytes have been shown to release increased iNOS,
COX2, and IL-6 after treatment with the TLR-4 agonist, LPS. To test if, neurotoxins
released from microglia may be, at least partially, responsible for increased cell death in
G2019S neuronal cells, primary co-cultures may be performed with midbrain
mesencephalic cultures and primary microglia. The genotype of the neurons may remain
WT as the genotype of the microglia may be either WT or G2019S. Furthermore, the
microglia may be stimulated with LPS and added to the neurons directly, or the

conditioned media may be added. These in vitro co-cultures may provide evidence as to
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the contribution microglia have directly or through the release of pro-inflammatory
cytokines, chemokines and iNOS. This could also be true for DJ-1 mice and co-cultures
could be performed in a similar manner. However, both WAVE-2 and SIRPa seem to be
directly involved in the mechanics of phagocytosis, and therefore demand further study in
regard to cytoskeletal dynamics and neuron-microglia “do/don’t eat me signals”.

5.6 — Concluding remarks:

The hypothesis that neuroinflammatory mechanisms may underlie the cause of
neurodegenerative disorders like PD remains a peripheral but consistent idea in the field.
This is true especially now given LRRK2s association to Crohn’s disease and leprosy.
Also, it has long been thought that the CNS lacks its own lymphatic system, however
there was a recent landmark study that discovered that the human brain may indeed have
its own lymphatic system (Louveau et al., 2015). This finding needs to be reproduced, but
if true, is another reason why neuroinflammation may play a more prominent role in
neurodegeneration than previously thought. On the other hand, even if the immune
system lacks a vital role in the pathogenesis of PD, evidence seems clear that the
activation of microglia may exacerbate cell loss in the basal ganglia. In fact, preliminary
work with B MacVicar at the University of British Columbia indicates that the microglia
of the basal ganglia are in a more active state intrinsically than microglia in the cortex or
hippocampus. The determination of their role in PD is expected to provide new avenues

for understanding and therapeutics for this debilitating disease.
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Corrections

PHYSICS
Correction for “Quantitative field theory of the glass transition,”
by Silvio Franz, Hugo Jacquin, Giorgio Parisi, Pierfrancesco
Urbani, and Francesco Zamponi, which appeared in issue
46, November 13, 2012, of Proc Natl Acad Sci USA (109:
18725-18730; first published October 29, 2012; 10.1073/pnas.
1216578109).

On page 18727, right column, Eq.12 should instead appear as
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The authors note that Tables 1 and 2 appeared incorrectly.
The corrected tables appear below.
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Table 1. Numerical values of the coefficients of the effective action and the physical quantities from the HNC approximation E

System T Pd —-w —wy my ms o " A & Gy Gi s
SS-6 1 6.691 3.88.10°° 1.35.10°° -0.000925 0.000110 0.000195 0.000525 0.348 0.601 224 0.0267
SS-9 1 2912 0.0000772 0.0000272 -0.00539 0.000633 0.00163 0.00543 0.353 0.548 343 0.0125
$5-12 1 2.057 0.000275 0.0000973 -0.0116 0.00132 0.00378 0.0152 0.354 0.498 14.2 0.0118

L 0.7 1.407 0.00106 0.000376 -0.0258 0.00290 0.00989 0.0414 0.355 0.489 6.00 0.00833

| Harm$S 1073 1.336 0.00129 0.000465 -0.0336 0.00343 0.00772 0.0779 0.359 0.315 2.82 0.0434
HarmS 1074 1.196 0.00165 0.000622 -0.0403 0.00386 0.00819 0.109 0.378 0.274 1.69 0.0632
HarmS 10-° 1.170 0.00174 0.000663 -0.0416 0.00395 0.00845 0.109 0.382 0.278 1.66 0.0635
HS 0 1.169 0.00174 0.000664 -0.0418 0.00397 0.00847 0.108 0.381 0.280 1.67 0.0639

For each potential, lengths are given in units of ry and energies in units of &, with ks = 1. Data at fixed temperature, using density as a control parameter

with € = py —p.

Table 2. Same as Table 1, but here the data are at fixed density, using temperature as a control parameter with e = T4 — T

System p Tq —w —wa my ms3 4 " A & Gy Gi

W] 1.2 0.336 0.00186 0.000663 -0.0361 0.00403 0.0147 0.0572 0.356 0.507 4.56 0.00730
§] 1.27 0.438 0.00153 0.000541 -0.0321 0.00370 0.0128 0.0447 0.353 0.536 5.74 0.00771
§] 1.4 0.684 0.00108 0.000383 -0.0260 0.00293 0.0100 0.0292 0.355 0.586 8.52 0.00825
WCA 1.2 0.325 0.00195 0.000686 -0.0389 0.00426 0.0133 0.0607 0.351 0.467 437 0.0134
WCA 1.4 0.692 0.00111 0.000388 -0.0270 0.00301 0.00966 0.0291 0.350 0.576 8.67 0.0106
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Www.pnas.org

PNAS | July2,2013 | vol. 110 | no.27 | 11211-11212

267



ENAS |

CHEMISTRY, BIOPHYSICS AND COMPUTATIONAL BIOLOGY
Correction for “Probing the relative orientation of molecules
bound to DNA through controlled interference using second-
harmonic generation,” by Benjamin Doughty, Yi Rao, Samuel W.
Kazer, Sheldon J. J. Kwok, Nicholas J. Turro, and Kenneth B.
Eisenthal, which appeared in issue 15, April 9, 2013, of Proc
Natl Acad Sci USA (110:5756-5758; first published March 25,
2013; 10.1073/pnas.1302554110).

The authors note that the following statement should be added
to the Acknowledgments: “We also acknowledge funding from the
Chemical Sciences, Geosciences and Bioscience Division, Office
of Basic Energy Sciences, Office of Science of the US Department
of Energy.”

‘www.pnas.org/cgi/doi/10.1073/pnas. 1310422110

IN THIS ISSUE
Correction for “In This Issue,” which appeared in issue 21, May
21, 2013, of Proc Natl Acad Sci USA (110:8315-8316; 10.1073/
iti2113110).

The authors note that within “Measuring telomeres in single
cells” on page 8316 the writing credit “C.R.” should instead
appear as “C.B.” The online version has been corrected.

www.pnas.org/cgi/doi/10.1073/pnas.1310833110

11212 | www.pnas.org

NEUROSCIENCE
Correction for “Progressive dopaminergic cell loss with unilat-
eral-to-bilateral progression in a genetic model of Parkinson
disease,” by Maxime W. C. Rousseaux, Paul C. Marcogliese,
Dianbo Qu, Sarah J. Hewitt, Sarah Seang, Raymond H. Kim,
Ruth S. Slack, Michael G. Schlossmacher, Diane C. Lagace,
Tak W. Mak, and David S. Park, which appeared in issue 39,
September 25, 2012, of Proc Natl Acad Sci USA (109:15918-15923;
first published September 10, 2012; 10.1073/pnas.1205102109).

The authors note that the incorrect term appeared for the
mice background that they used. All instances of “C57BL/6J”
should instead appear as “C57BL/6.” The locations were:

On page 15918, left column, line 4 within the Abstract

On page 15918, right column, first full paragraph, line 5

On page 15922, left column, second full paragraph, line 2

These errors do not affect the conclusions of the article.

www.pnas.org/cgi/doi/10.1073/pnas.1310560110

268



ENAS |

Progressive dopaminergic cell loss with
unilateral-to-bilateral progression in a
genetic model of Parkinson disease

Maxime W. C. Rousseaux?, Paul C. Marcogliese?, Dianbo Qu?, Sarah J. Hewitt?, Sarah Seang® Raymond H. Kim®,
Ruth S. Slack®, Michael G. Schlossmacher“d, Diane C. Lagace®, Tak W. Mak®, and David S. Park®®!

2Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa, ON, Canada, K1H 8M5; PCampbell Family Institute for Breast Cancer
Research, Department of Medical Biophysics, University of Toronto, Toronto, ON, Canada, M5G 2C1; “Division of Neurology, Department of Medicine, Ottawa
Hospital, Ottawa, ON, Canada, K1H 8M5; 9Division of Neuroscience, Ottawa Hospital Research Institute, Ottawa, ON, Canada, K1H 8M5; and *Department of
Cogno-Mechatronics Engineering, Pusan National University, Geumjeong-gu, Busan 609-735, South Korea

Edited by Thomas C. Sudhof, Stanford University School of Medicine, Stanford, CA, and approved August 10, 2012 (received for review March 26, 2012)

DJ-1 mutations cause autosomal recessive early-onset Parkinson
disease (PD). We report a model of PD pathology: the DJ1-C57
mouse. A subset of DJ-1-nullizygous mice, when fully backcrossed
to a C57BL/6J background, display dramatic early-onset unilateral
loss of dopaminergic (DA) neurons in their substantia nigra pars
compacta, progressing to bilateral degeneration of the nigrostria-
tal axis with aging. In addition, these mice exhibit age-dependent
bilateral degeneration at the /ocus ceruleus nucleus and display
mild motor behavior deficits at aged time points. These findings
effectively recapitulate the early stages of PD. Therefore, the DJ1-
C57 mouse provides a tool to study the preclinical aspects of neu-
rodegeneration. Importantly, by exome sequencing, we identify
candidate modifying genes that segregate with the phenotype,
providing potentially critical clues into how certain genes may
influence the penetrance of DJ-1-related degeneration in mice.

animal model | PARK7 | neuritic beading | neuronal death |
neuroinflammation

arkinson disease (PD) is a progressive neurodegenerative

disorder with complex symptomology and etiology affecting
an ever-increasing number of individuals. Although multifacto-
rial in nature, increasing insight has been gained with regard to
the pathogenesis of PD through investigation of genes linked to
the disease. Because monogenic forms of PD can be modeled in
a laboratory, numerous animal models have been created to
recapitulate the disease. For instance, loss-of-function mutations
in the DJ-1 (PARK7) gene cause early-onset autosomal recessive
PD (1, 2). Patients harboring DJ-1 mutations exhibit certain key
characteristics principally in early-onset PD and may lack certain
neuropathological attributes present in sporadic PD cases such
as Lewy bodies (LBs) (3). However, generation of DJ-1-nulli-
zygous mice (DJ-177) on mixed background by various labora-
tories, including our own, failed to detect any basal levels of
neurodegeneration even in aged mice (4-11) (see Table SI).
Similarly, a number of PD-related, genetically manipulated mice
have been created in attempts to recapitulate the disease pro-
cess, whereas little or none has shown clear or robust neurode-
generation specific to the substantia nigra pars compacta (SNc)
(reviewed in ref. 12). Therefore, the creation of murine PD
models that demonstrate significant dopaminergic (DA) loss
remains an acute need in the field. The need for an early-onset
model of PD is made more pressing given that no postmortem
analyses of human DJ-1 mutant-carrying patients have been
reported. This is particularly critical if we are to understand how
specific signaling pathways govern DA loss in monogenic forms
of early-onset human PD. Presently, most mechanistic studies of
DA loss rely on acute toxin models of Parkinsonism. However,
the relevance of such studies to the human condition remains
uncertain, because acute neurotoxins are rarely the culprit in the
majority of PD cases. This potential discrepancy is highlighted by

15918-15923 | PNAS | September 25,2012 | vol. 109 | no. 39
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a number of failed clinical trials that have heavily relied on toxin
models as preclinical evidence for efficacy (13-16). A more
representative model of DA loss that uses known factors in
human PD is likely vital to develop better therapeutic outcomes.

Results

In the course of our studies examining the effects of environ-
mental perturbations in DJ -17"~ mice, we continued to examine
the long-term effects of DJ-1 deficiency on DA neuron loss.
Importantly, this was accomplished in animals completely
backcrossed onto a C57BL/6J background (14x backcrossed, DJ-
17/7; herein, referred to as DJ 1-C57). Intriguingly, unilateral SNc
degeneration in a subset of these DJ1-C57 knockout mice is
observed as early as 2 mo of age (Fig. 14, Fig. S1, and Table S2).
This phenotype is not observed in animals younger than 2 mo
(n = 8; Fig. S1), thus indicating that this defect is unlikely to be
developmental in origin. Moreover, this phenotype is not ob-
served in any of the wild-type (WT) mice examined (n = 71). In
addition, the ventral tegmental area (VTA) of these mice is
mostly spared (Fig. 1D). This latter finding is particularly in-
teresting given the observation that in postmortem brains from
PD patients, VTA neurons remain relatively protected compared
with their nigral counterparts (17).

To objectively assess this phenotype, mice in this study are
classified as either “affected” (unilateral phenotype: having
a greater than 40% unilateral reduction of DA cells in the SNc
compared with the other side) or “unaffected” (no unilateral
phenotype: having similar bilateral DA cell numbers). No clear
side or sex specificity is observed (right, 53%; female, 67%, re-
spectively). Thus, to maintain consistency, “side A” is the term
given for the side of the brain with the least number of neurons,
regardless of the genotype (side B being the side with more DA
neurons). When quantified, affected DJ1-C57 mice exhibit
a dramatic reduction of neurons in their SNc, as visualized by
tyrosine hydroxylase (TH) and cresyl violet (CV) staining (Fig.
1B and C and see Fig. 34). Upon closer magnification of the
SNc, the affected DJ1-C57 mice exhibit TH-positive fiber
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staining but with clear neuronal process disruption. When
quantified, the remaining fibers at the level of the SNc in the
affected DJ1-C57 mice display an elevated number of shortened
processes with obvious neuritic beading (Fig. 24) compared with
unaffected DJ1-C57 or control mice. Consistent with this finding,
an increase in CD11b-positive microglia is noted in young, af-
fected animals (Fig. 3B), whereas no clear increase in astrocy-
tosis on the affected side is observed (Fig. S2).

To assess whether this histopathological phenotype corre-
sponds with a functional outcome, we subjected animals to be-
havioral testing. However, DJ1-C57 affected mice do not exhibit
a clear decrease in gross motor function at 2, 6, or 12 mo of age
(Fig. S3 A-C) or any differences in drug-induced rotational be-
havior (Fig. S3D). The lack of behavioral differences may be
accounted for by two observations. First, examination of the
striatal DA terminals revealed no clear loss in striatal fibers in
young animals (Fig. 2B). This finding raised the possibility that
sprouting of neurites within the nigrostriatal pathway may be
compensatory in young mice. This is of marked interest because
we note significant sprouting of dysmorphic neurites (as seen in
Fig. 24) in the SNc, which may be compensating for the loss of
cell bodies as reported previously (18, 19). Second, an increase in
the striatal postsynaptic marker AFBJ murine osteosarcoma viral
oncogene homolog B (AFosB) is observed in affected DJ1-C57
mice (Fig. 2C). PD patients have been shown to have up-regu-
lated AFosB in their caudate/putamen (20). Moreover, AFosB
has been shown previously to be up-regulated in toxin models of
neurodegeneration such as 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyrindine (MPTP) and 6-hydroxydopamine (6-OHDA) as
a compensatory response to a loss of DA innervation (21, 22).

With aging of DJ-1-deficient animals, an increase in the
prevalence of the DJ1-C57 affected unilateral phenotype was
observed over time, peaking at 12 mo of age (42.9% penetrance,
Fig. 44 and Table S2). When only affected unilateral DJ1-C57
animals are considered, there was a clear loss in total number of
SNc DA neurons even at early time points (Fig. S4). However, if
all (affected and unaffected) DJ-1-deficient animals were
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side A Il (solid) Side B ZZ (hatched)

Fig. 1. Young affected DJ1-C57 mice exhibit se-
lective unilateral degeneration in their SNc. (A)
Representative midbrain sections of DJ1-C57 af-
fected (Top), DJ1-C57 Unaffected (Middle), and WT
(Bottom) mice depicting TH staining in the SNc and
VTA. (B and C) Quantification of A by stereology of
total number of TH-positive cells in the SNc (B) and
of CV-stained cells at the level of the MTN in the SNc
(C). (D) Quantification of TH-positive neurons in the
VTA of WT and DJ-1 affected mice. Note that WT,
DJ1-C57 affected and DJ1-C57 unaffected are rep-
resented by blue, red, and yellow bars, respectively.
Side A is depicted as solid shading and side B as
hatched shading. NS, not significant (P > 0.05);
***P < 0.001; ANOVA, followed by Tukey’s LSD post
hoc tests. Data are represented as means (n = 7-80
per group) + SEM.

evaluated together, the total number of DA neurons was not
significantly reduced until later aging stages (15 mo). At this
time, the unilateral phenotype dissipated and a more bilateral
phenotype of nerve cell loss was observed (Fig. 4 4 and B and
Table S2). Interestingly, these aged mice, unlike at the earlier
times, exhibited a decrease in DA-synthesizing TH-positive
striatal terminals (Fig. 4C). Upon evaluation of any neuritic
beading in these aged animals, we noted that although process
length itself did not further change between young and aged
DJ1-C57 mice (Fig. S5 A and B), aged DJ1-C57 mice exhibited
a decreased number of sprouting processes in the SNc region
(Fig. S5C). Moreover, long-term behavior testing revealed a mild
motor defect in the aged (14-16 mo) DJ1-C57 mice when ex-
amined by both the grid test (Fig. 4F) and the pole test (males;
Fig. 4F).

The neuropathology of PD encompasses degeneration not
only of the SNc but also of other nuclei in the brainstem in-
cluding the locus ceruleus (LC) (23). Therefore, LC of DJ1-C57
mice were examined for TH-immunoreactive cell bodies. A sig-
nificant reduction in TH-positive cells of the LC was observed in
aged DJ1-C57 mice compared with WT controls (Fig. 4D).
Furthermore, because a-synuclein aberrant processing is a hall-
mark of idiopathic PD, we examined whether our DJ1-C57 mice
exhibited altered expression or localization of the protein. No
visible changes were noted in the expression of endogenous
a-synuclein between DJ1-C57 mice and littermate controls
(Fig. S6 A and B). In addition, upon examination of leucine-rich
repeat kinase 2 (LRRK2) expression (another autosomal domi-
nant PD-linked protein), we did not note any significant changes
in expression or localization of the protein (Fig. S6B).

Finally, to elucidate potential mechanism(s) through which this
selective neurodegeneration occurs in a subset of these DJ1-C57
mice, we performed whole-exome sequencing on affected (n = 3)
and unaffected (n = 3) DJ-1-C57 mice as an approach to identify
candidate modifiers (Fig. 54). After filtering for coding regions and
for variants found in all three affected but none of the three un-
affected mice, only five candidates in coding regions were
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significant (P > 0.05); *P < 0.05; **P < 0.01; ANOVA, followed by Tukey’s LSD post hoc tests. Data are represented as means (n = 3-11 per group) + SEM.

identified as potential modifiers of the phenotype [signal regula-
tory protein f (Sirbp)1A, 2610203C20Rik, zinc finger, SWIM do-
main containing 6 (Zswimo6), kinesin family member (Kif) C5b, and
SWIS-dependent recombination repair 1 (Sfrl); Fig. 5B]. More-
over, because exome sequencing also covers flanking intronic
sequences, an additional 23 candidates were identified in non-
coding regions (Table S3), although none of these were in known
intron—exon splice sites. Together, these results suggest the seg-
regation of several genomic loci with the phenotype.

Discussion

In our DJ1-C57 mice, we have uncovered an early PD-type phe-
notype that progressed with age and showed incomplete pene-
trance. In backcrossing and extensively interbreeding DJ-1-null
mice, we obtained a subset of DJ1-C57 mice that exhibited robust
unilateral nigral degeneration as early as 8 wk of age: a finding
potentially consistent with the early-onset pathogenicity of DJ-1
loss in human carriers of DJ-1 mutations (1). This cell loss was
accompanied with compensatory sprouting and the appearance of
dysmorphic and beading neurites, as well as microgliosis, a result
congruent with the notion that microglia may induce neuritic
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beading during neuronal dysfunction (24). Furthermore, findings
of compensatory sprouting upon cell loss, dysmorphic neurites,
and an increase in proinflammatory responses are all present in
postmortem samples from PD patients (25-30). Therefore, given
the early age of onset of degeneration in these mice, our findings
are of particular significance and may correlate with features of
autosomal recessive PD. This loss-of-function phenotype has not
yet been modeled successfully in rodents, with the possible ex-
ception of a partial reduction in LC neurons in one parkin™~
mouse model (31).

We also noted that although DJ-1 loss-mediated neuro-
degeneration will invariably lead to PD in humans, this might not
be as dramatic in mice with a relatively short lifespan of ~24 mo.
However, early pathological changes associated with this genetic
form of PD are nonetheless observed. Thus, much like pre-
clinical PD, where no clear clinicopathological correlate may be
apparent until over 80% of the nigral cell population has been
lost, a compensatory mechanism such as neuritic sprouting or
postsynaptic sensitization may account for the lack of motor
defects in these young animals. Furthermore, the relevance of
this model is made even more apparent as the DJ1-C57 mice
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Fig. 3. Focal microgliosis in young affected DJ1-C57 mice. (A) Representa-
tive midbrain sections stained for CV in young WT and DJ1-C57 affected mice
(1000x magnification). Thin arrows denote typical morphology of DA neu-
rons of the SN¢; thick arrows denote shrunken, dead nuclei; and arrowheads
denote appearance of cells with altered morphology. (B) CD11b staining in
the midbrain of young WT (Left) and DJ1-C57 affected (Right) mice was
quantified and represented as the number of Cd11b-positive cells in the
MTN region of the SNc. WT and DJ1-C57 affected are represented by blue
and red bars, respectively. Side A is depicted as solid shading and side B as
hatched shading. NS, not significant (P > 0.05); *P < 0.05; ANOVA, followed
by Tukey’s LSD post hoc tests. Data are represented as means (n = 3-9 per
group) + SEM.

age. Aged DJ1-C57 mice progressed to bilateral degeneration of
their SNc, as well as of their nigrostriatal projections to the
forebrain. Thus, this preclinical phenotype likely first occurs at
2 mo and progresses over the course of the following 10-12 mo.
In addition, at this older stage, these mice exhibited cell loss at
the level of the LC, a pathological characteristic of the human
condition. Finally, aged mice beyond 12 mo start to show basal
behavioral deficits. Therefore, our DJ1-C57 mouse model pres-
ents a potentially important role in filling the gap in our un-
derstanding of early-onset preclinical PD in humans.

The reason behind the observed phenotype remains unknown.
To begin to explore this issue, we performed whole-exome se-
quencing to identify potential genes that may contain poly-
morphisms in affected but not unaffected mice. Surprisingly, the
list of genes that met these criteria was limited to five candidates
with exon-containing changes. One potential modifier gene can-
didate, Sirbpla, was particularly interesting given the increase in
microglial activation observed in the affected DJ1-C57 mice.
SIRBP1A has been associated with a role in promoting phagocy-
tosis in macrophages and monocytes (32). It is possible that dis-
ruption of this function may result in aberrant microglial activity.
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Future studies will seek to elucidate the putative relationship be-
tween DJ-1 and SIRBP1A, as well as with other coding modifiers.
These exon candidates, although intriguing, are not the only fac-
tors that may account for the degenerative phenotype. Other
possibilities include intron changes, particularly at loci-flanking
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Fig. 4. Aged DJ1-C57 mice exhibit bilateral DA and noradrenergic de-
nervation in the brainstem. (A) Penetrance of unilateral phenotype over
time. Penetrant threshold: greater than 40% loss of DA neurons on one side
(side A) vs. the other (side B). (B) Total stereological counts of DA neurons in
the SNc of WT and DJ1-C57 aged (15-mo) animals. (C) Representative striatal
sections of aged (12-15 mo) WT (Upper Left) and DJ1-C57 (Lower Left) mice
stained for TH. Quantification of TH expression in the striatum relative to
the corpus callosum was performed in young and aged animals (Right). (D)
Representative micrographs of LC sections in the pons stained for TH for
either aged WT (Left) or aged DJ1-C57 (Center). Quantification of TH-posi-
tive neurons for both young and aged animals is shown (Right). (E) The grip
test evaluated the capacity of the mouse to stay on an inverted metal grid
for 60 s. (F) The pole test evaluated the latency of mice to descend a gauze-
wrapped pole (in seconds). NS, not significant (P > 0.05); *P < 0.05; ANOVA,
followed by Tukey’s LSD post hoc tests. Data are represented as means (n =
3-13 per group) + SEM.
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Sirpbla signal-regulatory protein beta 1A 15,417,020 3 SNP Cat/Tat  Missense Mutation H83Y Phagocytosis 3 0
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Fig. 5. List of exonic variants unique to affected DJ1-C57 mice. (A) Schematic workflow of exome sequencing to determine candidate mutations in affected

DJ1-C57 mice (vs. unaffected littermate controls). (B) Table of variants present in all three examined affected animals and no unaffected littermates. See

Experimental Procedures for selection criteria.

exons. In this regard, we observed that 23 intronic modifiers seg-
regated with the phenotype. The specific role of these poly-
morphisms/indels remains unclear, because they do not correspond
to splice donor/acceptor sites. Finally, it is possible that a combi-
nation of all of these factors may contribute to the phenotype.
Therefore, more careful analyses must be performed to examine
among these possibilities. What is important, however, is that our
studies demonstrate that a defined group of polymorphisms can
segregate with our phenotype. How these factors regulate DA loss
in DJ-1-deficient mice will require further analyses.

Collectively, we present a murine model that reproduces a
clinically detectable phenotype owing to the modification of a PD-
related gene. Affected DJ1-C57 mice display: (i) unilateral DA
cell loss with a predilection for the SNc versus VTA as early as
2 mo of age; (ii) development of aberrant neuritic processes with
ensuing microgliosis in the SNc and increased AFosB staining in
the striatum at a young age; and (iii) progression to bilateral de-
generation of the nigrostriatal axis and of the LC at an older age
(model; Fig. 6), which are associated with mild motoric changes.
This progression to a bilateral phenotype is of particular interest to
us given the typical unilateral-to-bilateral progression of the disease
in humans (33). Interestingly, no significant changes were noted in
a-synuclein or LRRK2 expression, suggesting a disease process
independent of Lewy body generation. These results strongly sug-
gest that this murine model of early parkinsonism mimics autosomal
recessive early-onset PD pathology, rather than that of sporadic PD
(3). It, thus, provides a tool to elucidate the cascade of pathogenic
changes that occurs in autosomal recessive, early-onset PD, as well
as a platform to explore neuroprotective interventions in the future.

Experimental Procedures

DJ1-C57 Mouse Creation. DJ-17~ mice were generated as described previously
(9). Mice were subsequently backcrossed 14 times onto a pure C57BL/6J
background (Charles River) to obtain DJ1-C57 mice. Animals were then in-
terbred extensively for colony maintenance and experimentation. Animals
were kept at 25 °C on a light (12 h)/dark (12 h) cycle with ad libitum access to
standard rodent laboratory chow and water. Animal care was carried out in
accordance with the guidelines of the Canadian Council and Care of Animals
in Research and the Canadian Institutes of Health Research and was ap-
proved by the University of Ottawa Animal Care Veterinary Services.

Histology. After being perfused transcardially, mouse brains were fixed in 4%
paraformaldehyde and cryoprotected as described elsewhere (34). Midbrain
sections containing the SNc (40 pm), pontine sections containing LC (40 pp),
and striatal (14 pm) sections were immunostained via avidin-biotin complex
staining as described previously (26).
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DA Cell Survival Quantification. DA neuron survival in the SNc was blindly
assessed by stereology using Stereo Investigator as described previously (26).
Striatal TH quantification was performed at 200x. For each picture, five
samples of striatum and one sample of corpus callosum were used for
densitometric analysis. Relative intensity of immunodetection was calculated
using ImageJ v.1.410 (National Institutes of Health). For each sample, three
slices of striatum were used to calculate the mean striatal density.

Neuritic Beading Measurement. Neuritic beading was measured using Image).
Briefly, average length of uninterrupted process in a visually focused plane

A

6 weeks

Affected
2-6 months

> 12 months

Fig. 6. DJ1-C57 preclinical model of DA neurodegeneration. (A) Altered
representative micrographs reproduced with permission from the Mouse
Brain Library [www.mbl.org; Rosen et al. (36)] depicting healthy (red) SNc,
striatum, and LC in 6-wk-old DJ1-C57 mice or all WT groups examined. (B)
Affected DJ1-C57 mice demonstrate unilateral DA cell loss in the SNc but not
in the LC. (C) Aged DJ1-C57 mice exhibit widespread degeneration in their
nigrostriatal tract, as well as their LC.
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was measured as 20 measurements/section and measuring three sections per
animal. Raw data were then binned into five categories of length and
represented as percentage distribution.

AFosB and CD11b Measurement. Striatal (AFosB) and midbrain [cluster of
differentiation (CD)11b] sections were stained, and three pictures were
taken per animal, per side. Puncta in a given visual field were assessed
blindly using ImageJ v1.410.

Locus Ceruleus Neuron Quantification. Noradrenergic cell survival in the LC was
measured by counting four representative sections and projecting their
counts to a total value as described previously (35).

CV Quantification. CV staining and quantification were performed as de-
scribed previously (26). Briefly, cell viability in the medial terminal nucleus
(MTN) region of the midbrain was assessed as per the nuclear integrity of
the cells present.

Antibodies Used. CD11b (1:200; AbD Serotec), FosB (1:250; Santa Cruz Bio-
technologies), glial fibrillary acidic protein (GFAP) (1:1,000; Cell Signaling),
DJ-1 (1:50,000; Abcam), o-synuclein (1:1,000; BD Transduction), LRRK2
(1:50,000; Epitomics), and TH (1:10,000; Immunostar or 1:2,000; Chemicon)
were used for either avidin-biotin complex (ABC) visualization by 3,3'-dia-
minobenzidine (DAB) or via fluorophore-conjugated secondary antibody.

Motor Behavior Testing. The grid test was carried out by placing DJ1-C57
affected, unaffected, and WT mice on a metal grid (0.5-cm spacing between
metal wires) and then turning the grid over for 60 s. If a mouse could hold on
for the entire 60 s, it was scored as “success,” whereas if it fell before the set
time, it was scored as a “fail.” The pole test was used to measure the latency
to descent an 18-inch pole wrapped in gauze.
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Exome Sequencing. Genomic DNA (6 pg) was isolated from ear samples of
affected/unaffected mice using the DNeasy Blood and Tissue kit (Qiagen).
Samples underwent targeted exome capture using the Agilent SureSelectXT
Mouse All Exon kit and subsequently underwent next-generation sequenc-
ing via an Illumina HiSeq 2000 sequencer. Raw data were aligned to the
mouse genome, and variants were called using the Broad Institute GATK
(Genome Analysis ToolKit).

Statistical Analysis. Data throughout the paper are expressed as averages +
SEM for a given sample size (n). Statistical analysis for histological and behav-
ioral data were performed by means of either a paired t test or one-way
ANOVA, followed by Tukey’s least significant difference (LSD) post hoc test, as
indicated in S/ Text and the figure legends.
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S| Experimental Procedures

Additional Motor Behavior. In all behavior tests except for the pole
test, mice were habituated to the testing room with white noise for
an hour before testing. In the open field test (OFT), mice were
placed in the corner of a novel (~45-cm®) box, and video was
analyzed for 10 min. Total distance moved was measured in
centimeters. In the rotorod test, mice were placed on an accel-
erating rotorod, and latency to fall of the rod was measured in
seconds. In the beam break test, mice were subjected to a novel
cage for 24 h, and total activity (beam breaks) was recorded. All
video data were obtained and analyzed with the Noldus Ethno-
vision 8.0 software. Data analysis was carried out in age-matched
littermates for 2, 6, and 12 mo. Amphetamine- and apomor-
phine-induced rotational behavior was performed in an open
field environment (see open field test). Briefly, animals received

an i.p. injection of amphetamine (2 mg/kg) or an s.c. injection of
apomorphine (2 mg/kg) and were placed in the open field 5 min
following the injection. Rotations [clockwise (CW) or counter-
clockwise (CCW)] were measured, and analysis was carried out
post hoc using side A as the presumed affected side to compute
net rotations.

Relative Density of Fibers in the SNc. Density of fibers in the SNc
was performed using ImagelJ. Briefly, pictures originally taken for
the beading experiments were taken (at 40x) and subjected to the
following processing. Background was reduced by selecting
“subtract background” with a rolling ball radius of 15 pixels.
Images were then converted into binary format, after which the
area occupied by black within the field was measured as an in-
direct measurement of fiber density in the region of the SNc.

- ; “BWT Side A “A°WT Side B
o 9 O DJ1-C57 Unaffected Side A A DJ1-C57 Unaffected Side B
'; “@-DJ1-C57 Affected Side A “#°DJ1-C57 Affected Side B
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+
=
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1.5 2 3.5 6 12 15
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Fig. S1.

Unilateral DA cell loss in the SNc of a subset of DJ1-C57 mice as early as 2 mo of age. Stereological counts of TH-positive neurons in midbrain sections

from WT and DJ1-C57 mice were performed at various time points. No mice were qualified as affected according to the >40% unilateral criteria in 6-wk-old
mice. Each data point represents mean + SEM (n = 1-37 per data point). **P < 0.01 by ANOVA, followed by Tukey’s LSD post hoc test.
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Fig. S2. No visible astrocytic aggregation in affected DJ1-C57 midbrain. (Upper) Midbrain sections from young WT (n = 6) and DJ1-C57 affected (n = 6) (Left) or

BYII-C57 Afifeciad]

GFAP+ cells in the SNc
(MTN region)

aged WT (n = 4) and DJ1-C57 mice (n = 4) (Right) were costained for GFAP and TH. (Lower) GFAP-positive puncta in the SNc (MTN region) were quantified in
three representative sections. NS denotes a nonsignificant difference by means of ANOVA.

A B C

Beam Break Open Field Test Rotorod
80000 30000
aw - =1 3 gw
. 60000 ] DJl-CS?.E, Il oJ1csT 5 | DJic57
i ‘z 20000 3 20
=El 40000 5 8
i £ 10000 10
20000 é
a8
o o o
T & ¢ & &€ < < & <
2 o & kS o & E A ¢ &
D - Amphetamine turns iy Apomorphine tums.
g £
H 3
H H R .
o o] > b
H y T = =1
g : T ¥
e (3
: F . _:E s v
8 a 2 :
® ® * -
g H . i
H L @
9
& & g g
<@ &

Fig. $3. No visible motor behavior defects in young DJ1-C57 mice. (A-C) Littermate DJ1-C57 mice (n = 15) and WT (n = 12) controls were subjected to motor
behavioral testing at 2, 6, and 12 mo. No significant differences were observed in either beam break (A), open field test (B), or rotorod (C). (D and E) Am-
phetamine- and apomorphine-induced rotational behavior was also performed at 6 mo. No significant differences in turn number or directionality was ob-
served. Bars represent means + SEM.
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Fig. S4. Bilateral DA cell loss in the SNc of aged DJ1-C57 mice. Stereological counts of TH-positive neurons in midbrain sections from WT and DJ1-C57 mice

were performed at various time points. Each data point represents mean + SEM (n = 1-37 per data point). *P < 0.05; **P < 0.01 by ANOVA, followed by Tukey's
LSD post hoc test.
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Fig. S5. DJ1-C57 affected mice exhibit neuritic beading in the SNc throughout their lifespan but show a marked decrease in fiber density with age. (A)
Representative pictures of affected DJ1-C57 mice vs. WT animals. (B) Quantification of uninterrupted process length as in Fig. 2A. (C) Quantification of relative
fiber density in the SNc. Each box represents mean + SEM (n = 4-11 per data point). *P < 0.05; ***P < 0.001 by ANOVA, followed by Tukey’s LSD post hoc test.
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Fig. S6. DJ1-C57 affected mice do not show visible alterations in a-synuclein expression. (A) Representative midbrain sections stained for a-synuclein and
LRRK2 at the level of the MTN. SNCA KO denotes a-synuclein—-null animal tissue. (B) Changes in a-synuclein and LRRK2 expression were also determined by
Western blot. Striatal punches were taken from SNCA KO, LRRK2 KO, DJ-1 KO, and WT animals to assess expression of a-synuclein and LRRK2, as well as confirm
loss of DJ-1, in the brain.

Table S1. Comparison of previously generated DJ-1"'~ mice

Gene disruption Background Backcross no. (to C57BL/6) Phenotype Refs.
AExon 2-3 C57BL/6 mixed 1 No gross behavioral or Andres-Mateos et al. (1)
histological phenotype
AExon 2 129/Sv/C57BL/6 mixed 1 Mild decrease in motor performance  Chandran et al. (2)
AExon 1-5 + 129/C57BL/6 mixed 1 Mild decrease in motor performance;  Chen et al. (3)
promoter increase in striatal DA and
its metabolites
AExon 2 B6/129 1 Mild decrease in motor performance;  Goldberg et al. (4)

reduced DA overflow/increased DA
reuptake; reduced response to DA

AExon 3-5 129/0la /C57BL/6 mixed 1 (6 for 2 mo MPTP) No gross unstimulated behavioral or ~ Kim et al. (5)
histological phenotype

Gene trap between B6/129 1 Subtle locomotor deficit Manning-Bog et al. (6)
exon 6-7

Gene trap between 129P2/OlaHsd/C57BL/6 mixed 1 Mild decrease of TH* cells in the VTA; Pham et al. (7)
exon 6-7 mild cognitive impairment

Gene trap between 129P2/OlaHsd/C57BL/6 mixed 1 No gross behavioral or histological Ramsey et al. (8)
exon 6-7 phenotype

A comprehensive search of the literature is presented in this table to note the gross differences between the generation of these knockout animals.
Specifically, we note that the number of backcrossings (at least published) remain very low for other DJ-17/~ mice. MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyrindine. “6 for 2 mo” means six backcrosses for the MPTP study.
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1. Andres-Mateos E, et al. (2007) DJ-1 gene deletion reveals that DJ-1 is an atypical peroxiredoxin-like peroxidase. Proc Nat/ Acad Sci USA 104:14807-14812.
2. Chandran JS, et al. (2008) Progressive behavioral deficits in DJ-1-deficient mice are associated with normal nigrostriatal function. Neurobiol Dis 29:505-514.
3. Chen L, et al. (2005) Age-dependent motor deficits and dopaminergic dysfunction in DJ-1 null mice. J Biol Chem 280:21418-21426.
4. Goldberg MS, et al. (2005) Nigrostriatal dopaminergic deficits and hypokinesia caused by inactivation of the familial Parkinsonism-linked gene DJ-1. Neuron 45:489-496.
5. Kim RH, et al. (2005) Hypersensitivity of DJ-1-deficient mice to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrindine (MPTP) and oxidative stress. Proc Nat/ Acad Sci USA 102:5215-5220.
6. Manning-Bog AB, et al. (2007) Increased vulnerability of nigrostriatal terminals in DJ-1-deficient mice is mediated by the dopamine transporter. Neurobiol Dis 27:141-150.
7. Pham TT, et al. (2010) DJ-1-deficient mice show less TH-positive neurons in the ventral tegmental area and exhibit non-motoric behavioural impairments. Genes Brain Behav 9:305-317.
8. Ramsey CP, Tsika E, Ischiropoulos H, Giasson Bl (2010) DJ-1 deficient mice demonstrate similar vulnerability to pathogenic Ala53Thr human alpha-syn toxicity. Hum Mol Genet 19:
1425-1437.
Table S2. Penetrance of affected phenotype over time in DJ1-C57 and WT mice
Genotype Age (mo) Sample size (n) Unilateral phenotype Penetrance (%)
WT 1.5 5 No 0
2 9 No 0
35 19 No 0
6 16 No 0
12 10 No 0
15 12 No 0
Total WT — 71 No 0
DJ1-C57 1.5 8 No 0
2 8 Yes 12.5
35 37 Yes 16.2
6 23 Yes 17.4
12 7 Yes 42.9
15 13 Yes 7.7
Total DJ1-C57 — 96 Yes 15.6
Penetrance was measured as an animal possessing a greater than 40% loss of neurons on one side of the SNc
(side A) vs. the other side (side B). Samples were gathered at 1.5, 2, 3.5, 6, 12, and 15 mo. Sample sizes (n) for
each group varied from 5 to 37. Only DJ1-C57 animals exhibited the phenotype that begins at 2 mo of age
(n = 15 penetrant DJ1-C57 vs. n = 0 penetrant WT). Dashes represent not applicable.
Rousseaux et al. www.pnas.org/cgi/content/short/1205102109 50f 6
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DJ-1 protects the nigrostriatal axis from the
neurotoxin MPTP by modulation of the AKT pathway
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Loss-of-function DJ-1 (PARK7) mutations have been linked with a
familial form of early onset Parkinson disease. Numerous studies
have supported the role of DJ-1 in neuronal survival and function.
Our initial studies using DJ-1-deficient neurons indicated that DJ-1
specifically protects the neurons against the damage induced by
oxidative injury in multiple neuronal types and degenerative
experimental paradigms, both in vitro and in vivo. However, the
manner by which oxidative stress-induced death is ameliorated by
DJ-1 is not completely clear. We now present data that show the
involvement of DJ-1 in modulation of AKT, a major neuronal pro-
survival pathway induced upon oxidative stress. We provide
evidence that DJ-1 promotes AKT phosphorylation in response
to oxidative stress induced by H,0, in vitro and in vivo following
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment.
Moreover, we show that DJ-1is necessary for normal AKT-mediated
protective effects, which can be bypassed by expression of a con-
stitutively active form of AKT. Taken together, these data suggest
that DJ-1 is crucial for full activation of AKT upon oxidative injury,
which serves as one explanation for the protective effects of DJ-1.

neurodegeneration | Parkinson disease | reactive oxygen species

ndividuals with homozygous loss-of-function mutations of DJ-1

(PARKY7) have been clinically characterized with familial early
onset Parkinson disease (PD) (1, 2). Although the physiological role
of DJ-1 is not completely understood, several lines of evidence indi-
cate a protective role for DJ-1 in multiple models of neuronal and
nonneuronal oxidative stress-induced cell death (3-7). For example,
we have previously shown that genetic ablation of DJ-1 in mice hyper-
sensitizes dopamine neurons to the toxic effects induced by the
mitochondrial toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP). This sensitivity was reversed by the induction of virally
delivered human DJ-1 (8). These observations are in line with data by
other groups showing sensitivity of dopaminergic neurons in DJ-1-
deficient Drosophila models, as well as increased susceptibility to
oxidative stress in vitro (9-11). To further support the importance of
DJ-1in managing oxidative stress, we provided evidence showing that
DJ-1 protects the brain against ischemic injury that models clinical
stroke. Moreover, our data indicated a direct correlation between DJ-
1 neuroprotective activity and the reduced levels of oxidized DNA
nucleotide species, 8-oxo guanine, a marker of oxidative damage (12).

Despite the fact that the neuroprotective role of DJ-1 has been
consistently shown in multiple models of neurodegeneration, the
exact mechanism of the neuroprotective function has not been fully
elucidated. A direct antioxidant property of DJ-1 as a reactive
oxygen species (ROS) scavenger has been proposed as a mechanism
to overcome oxidative stress (7, 13). In fact, recombinant human DJ-
1 confers some ROS scavenging activity; however, this activity is
much weaker than any known peroxidase, thus not fully explaining
its neuroprotective function (10, 13). Several alternative mecha-
nisms to account for the neuroprotective function of DJ-1 have been
suggested. For example, via its putative role in transcription regu-

3186-3191 | PNAS | February 16,2010 | vol. 107 | no.7
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lation (14), DJ-1 up-regulates the expression of other antioxidant
genes, such as glutathione synthase, during oxidative stress (15).
Interestingly, it has also been reported that DJ-1 enhances the
activity of the transcription factor Nrf2, a master regulator of anti-
oxidant genes (16, 17). Alternatively, DJ-1 has also been shown to
modulate key signaling pathways (3, 10). One signaling pathway
implicated with DJ-1 function and relevant to the present work is
AKT (10, 18).

AKT isamember of a larger class of serine/threonine kinases called
AGC [protein kinase A (AMP protein kinase), PKG (GMP protein
kinase), and PKC]. AKT has an N-terminus pleckstrin homology
domain that mediates the interaction of AKT with a plasma mem-
brane phospholipid, phophatidylinositol 3,4,5-triphosphate (PIP3).
Extensive studies have shown that recruitment of AKT to the plasma
membrane, and its association with PIP3, is crucial for its activation
(19, 20). Phosphatase and tensin homolog deleted on chromosome 10
(PTEN) is particularly known for its action to convert PIP3 to
phosphatidylinositol-4, 5- biphosphate (PIP2). This function of PTEN
directly antagonizes PI3K to eventually down-regulate AKT (21, 22).
Several lines of evidence indicated that the AKT signaling pathway
responds to oxidative stress (23) and exerts a neuroprotective
function (24, 25). Moreover, a large number of studies in vitro have
illustrated that pharmacological compounds that protect cells
against oxidative stress exert their neuroprotective effects through
activation of the AKT pathway (26-30).

Early studies described DJ-1 as a negative regulator of PTEN
using a Drosophila genetic screen (31). Evidence to confirm this
negative regulation was demonstrated via down-regulation of DJ-
1 using small interfering RNA, which resulted in the inhibition of
endogenous AKT phosphorylation in cancer cell lines as well as in
the Drosophila brain (10, 31, 32). Furthermore, loss of DJ-1 has
been shown to reduce AKT activation in response to hypoxia in
murine embryonic fibroblasts (MEFs) (33). However, the rele-
vance of this pathway has yet to be shown in the context of neurons
either in vitro or in vivo. Evidence to support a role for DJ-1 in the
regulation of the AKT pathway would be particularly important
when one considers the genetic linkage of DJ-1 to familial PD.
Presently, we provide direct evidence, both in vitro and in vivo, that
DJ-1 exerts an important role in the regulation of the AKT path-
way in response to oxidative stress and neuronal protection. In
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addition, based on our results, we propose a mechanism suggesting
that DJ-1 acts as an upstream regulator of AKT through mem-
brane recruitment to confer neuroprotection.

Results

Phosphorylation of AKT in Response to Oxidative Stress Is Reduced in
the Absence of DJ-1in Vitro and in Vivo. To examine the role of DJ-1
on AKT signaling, we first determined whether lack of DJ-1 affects
AKT phosphorylation following hydrogen peroxide (H,O,) treat-
ment. To test this, neurons harvested from DJ-17~ or DJ-1*/*
embryos were treated with 100-uM H,O, for indicated time points.
As demonstrated in Fig. 14, phosphorylation of AKT peaked in
wild-type neurons at 15 min, whereas in the knockout there was a
reduction in AKT phosphorylation. Quantification of three inde-
pendent experiments revealed a significant reduction in p-AKT
15 min following treatment (3.67 + 0.17 in DJ-1*"* vs. 1.49 + 0.76
in DJ-177), as demonstrated in Fig. 1B. To further support this
observation and to examine this response in a more clinically rel-
evant model of PD, we examined AKT phosphorylation in dop-
aminergic neurons of the substantia nigra (SNc) in response to
MPTP treatment. As indicated in Fig. 1C, and quantified in Fig.
1D, AKT phosphorylation in response to MPTP was reduced in the
SNc cells of DJ-17~ compared to wild-type controls (1.19 + 0.10 vs.
1.52 + 0.14, respectively). There was no significant increase in AKT
phosphorylation when comparing saline and MPTP treated DJ-17~
animals (1.00 + 0.2 vs. 1.19 + 0.10, respectively). To further confirm
these results, we also examined AKT phosphorylation in response
to H,O, in human lymphoblasts from human PD patients harbor-
ing DJ-1 mutations. As demonstrated in Fig. 1E, AKT response was
significantly attenuated in L166P mutated cells compared to the
controls.

D=1 4t DJ-1 -4~ C DJ-1 -- DJ-1 +/+
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Fig. 1. AKT activation is suppressed in the absence of DJ-1. (A) Cortical
neurons from DJ-1** and DJ-17~ embryos were harvested, plated, and
treated with H,O0, (100 pM) in a time-dependent fashion. Extracts were
probed for pAKT (S473), total AKT, and f-actin by Western blot. (B) Quan-
tification of A from three independent experiments. Values are presented as
mean optical density relative to total AKT. (C) Eight- to 10-week-old C57BI6
mice of WT and DJ-1 knockout genotype were treated with two 30-mg/kg
doses of MPTP (M), or saline (S), given 24 h apart. Three hours following the
second injection, mice brains were quickly dissected for SNc and samples
were processed for Western blot analysis. (D) Quantification of C. n = 3-6 per
group. (E) Immortalized lymphoblasts derived from patients with the DJ-1
L166P mutation or healthy control lymphoblasts were treated with H,0; in a
time dependant manner. Analysis of cell lysates was carried out by Western
blot. Blot presented is representative of two independent experiments. Data
are presented as mean + SEM.
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DJ-1 Is Necessary for AKT-Mediated Neuroprotective Function in Vitro
and in Vivo. We next evaluated the functional role of DJ-1 in the
protective effects of AKT following oxidative stress. First, we
examined the role of AKT in protecting neurons against oxida-
tive stress induced by H,O, in vitro. Neurons, transfected with
HA-tagged wild-type AKT along with GFP expression vectors as
a marker of transfection (or GFP/empty vector transfection as
control) were treated with H,O,, 24 h after transfection, and
survival was assessed as described in Materials and Methods
(Fig.24). As shown in Fig. 2B, induction of exogenous wild-type
AKT confers protection in DJ-1*/* neuronal cells in response to
H,0,. Next, DJ-17/~ cortical neurons were tested to examine
whether induction of wild-type AKT could provide similar pro-
tection in DJ-1-deficient cells. Surprisingly, induction of exoge-
nous AKT failed to protect DJ-17/~ neurons against H,O,-
induced death (Fig. 2C). To confirm these observations, we
cultured neurons harvested from DJ-17'~ and DJ-1*"" litters at
the same time. Three days after plating, the cells were transiently
transfected with wild-type AKT together with or without a DJ-1
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Fig. 2. AKT requires DJ-1 to exert its neuroprotective function in vitro. (A)
Representative pictures of alive (Upper, large arrowhead) and dead (Lower,
thin arrowhead) neurons. Neuronal survival was measured by identifying GFP-
positive cells and determining their nuclear integrity by Hoechst stain. (B-D)
Cortical neurons from either DJ-1** or DJ-17~ embryos were harvested,
plated, and transfected with empty vector (EV), AKT, DJ-1, or Myr AKT. Cells
were treated with H,0, (30 pM) or vehicle control (—H,0,) for 3 h. Quantifi-
cation was assessed as in A. Data are presented as mean + SEM. **, P<0.01; NS,
no significant difference.
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expression vector, DJ-1 only, or myristoylated AKT, a membrane-
anchored constitutively active form of AKT (34). After treatment
with H,O,, cell survival was assessed. The results of this experi-
ment clearly verified our findings in Fig. 2C, indicating the pro-
tective role of wildtype AKT expressed in DJ-1*/* neurons but
not in DJ-17~ cells (82.65 + 0.65% DJ-1*/* vs. 59.88 + 1.18%
DJ-17"7) (Fig. 2D). Interestingly, myristoylated AKT significantly
protects neurons against oxidative damage induced by H,O,
regardless of DJ-1 genotype (95.85 + 2.02% DJ-1*/* vs. 102.77 +
3.38% DJ-177).

Suppression of AKT Abolishes the Neuroprotective Function of DJ-1 in
Vitro and in Vivo. The observations that DJ-1 deficiency reduces
AKT activation and that wild-type AKT requires DJ-1 to effec-
tively protect neurons against oxidative stress suggests DJ-1 acts as
an upstream activator of AKT. We next determined whether DJ-1
exerts its neuroprotective effects, at least partially, through the
AKT pathway. To examine this, we first used a conventional
pharmacological inhibitor of AKT, L'Y294002 (LY) (35). Because
the basal activity of AKT is essential for the long-term health of
cultured neurons, we determined the optimal dose of inhibitor that
suppressed AKT with minimal toxicity to the cultured neurons
(Fig. 34). We next infected cultured cortical neurons with ade-
noviral vectors expressing GFP only or DJ-1 and GFP on separate
promoters at the time of plating. Thirty-six hours after plating, we
pretreated the cells with 10-uM LY or vehicle for 30 min before
application of H>O, or vehicle for 3 h. Cells were then assessed for
survival. As shown in Fig. 3B, the neuroprotective activity of DJ-1
is significantly reduced upon suppression of AKT phosphorylation
by LY (52.78 +0.20% vs. 40.55 + 0.55%, respectively). We also used
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Fig. 3. DJ-1requires AKT activation to promote cellular survival in vitro. (A)
Cortical neurons were treated for either 10 or 20 uM of LY with and without
H,0, (100 uM, 15 min) to determine the effective dose of LY. (B) Cortical
neurons were infected with either GFP or DJ-1 with GFP. Cells were then
pretreated with LY followed by H,0, treatment for survival assessment. (C)
Cortical neurons were cotransfected with GFP and empty vector (EV), DJ-1,
DN-AKT, or a DJ-1/DN-AKT combination followed by H202 treatment. Survival
was assessed as in B. Data are presented as mean + SEM. *, P<0.05; **, P<0.01;
NS, no significant difference.
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a more specific molecular strategy to validate our results by tran-
siently transfecting a phosphorylation mutant, dominant-negative
form (DN-AKT) of AKT (AAA-AKT) into cortical neurons. In this
mutant, all phosphorylation sites of AKT have been mutated to
alanine; therefore, this artificial mutant of AKT is incapable of being
phosphorylated and displays dominant-negative properties toward
endogenous AKT (21). As shown in Fig. 3C, the results of this
experiment confirmed that suppression of AKT diminished the
neuroprotective function of DJ-1 (84.46 + 2.90% without DN-AKT
vs. 59.26 + 2.01% with DN-AKT).

DJ-11s Necessary for AKT-Mediated Neuroprotection in Vivo Following
MPTP Treatment. In vitro experiments indicated that DJ-1 is
necessary for AKT activation and is neuroprotective in response
to H,O,. To confirm these results and to test this hypothesis in a
more clinically relevant paradigm, we examined whether induc-
tion of wild-type AKT can protect nigrostriatal neurons against
the dopaminergic specific neurotoxin MPTP in vivo. To achieve
this, we injected adenoviral vectors harboring HA-tagged wild-
type AKT or myristoylated AKT into the striatum of DJ-1*/*
and DJ-17/~ age-matched mice. p-gal expressing adenoviruses
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Fig. 4. AKT requires DJ-1 to exert its neuroprotective function in an in vivo
model of PD. (A) Schematic representation of treatment course. Mice were
injected ipsilaterally in the striatum with adenovirus (LacZ, HA-AKT, Myr-AKT) 7 d
before commencement of MPTP injections. MPTP was injected for 5 consecutive
days and brains were collected 14 days following the first MPTP injection. (B)
Confirmation of virus expression was performed by immunohistochemistry. Dual
labeling of both TH and protein of interest in the SNc. (C) HA expression was
tested in the SNc by Western blot analysis. (D) Representative pictures of both
striatum and SNc of mice treated with MPTP or saline. SNc and striatum were
stained for TH and DAT, respectively. (E) Quantification of TH-immunoreactive
neurons was performed at the MTN region of the SNc where virus expression was
highest. “Ipsi” denotes the side of the brain ipsilateral to the virus injection,
whereas “contra” denotes the contralateral side. (F) Quantification of DAT-
positive fibers normalized to cortex (DAT-negative). Data are presented as mean
+ SEM. *, P < 0.05; **, P < 0.01; NS, no significant difference.
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were used as control. As shown in Fig. 4 B and C, the virus
localizes specifically to the ipsilateral side in dopamine neurons.
One week after virus injection, we performed a subchronic
MPTP treatment paradigm as indicated in Fig. 44. Two weeks
after the initial MPTP injection, animals in all groups were
sacrificed and prepared for histological analysis. We first
assessed survival by counting the number TH+ neurons of SN¢
at the level of the medial terminal nucleus (MTN) (Fig. 4E).
Consistent with our in vitro observations, DJ-1*/* animals that
received wild-type HA-tagged AKT and were subjected to MPTP
treatments showed larger number of surviving TH+ neurons in
the ipsilateral side of virus injection, compared to the con-
tralateral side (146.9 + 8.5 vs. 109.9 + 9.2, respectively). Mean-
while, there was no significant difference between ipsi- and
contralateral sides of the SNc in the knockout animals that
received HA-AKT. (88.2 + 7.4 vs. 90.9 + 8.0, respectively). To
verify whether the loss of TH immunoreactivity was in fact a
result of the death of dopaminergic neurons and not loss of
expression, we stained for cresyl violet and assessed neuronal
survival in the MTN region of the SNc. Similarly, a substantial res-
cue was observed in the wild-type mice (62.8 +1.9% vs. 50.7 +3.0%,
ipsilateral vs. contralateral), whereas no protective effect was
observed when injecting HA-AKT in the DJ-17~ mice (48.9 +3.0%
vs. 51.9 + 4.0% ipsilateral vs. contralateral) (Fig. S1). To further
substantiate the SNc neuronal survival results, we examined
whether prophylactic administration of virus could rescue dop-
aminergic terminals in the striatum of the animals subjected to
MPTP injection in each group using expression of dopamine
transporter (DAT) as a marker of dopaminergic terminals. Con-
sistent with SNc results, higher densities, and thus greater survival of
dopaminergic terminals, were observed following MPTP treatment
in the striatum of virus-injected sides compared to the contralateral
sides in the AKT-expressing group (97.0 + 5.0 vs. 54.5 + 7.6 for
HA-AKT, respectively) (Fig. 4F). Such protection was not observed
in DJ-17~ animals, which signifies that the AKT-mediated neuro-
protection is dependent upon the presence of DJ-1. In line with our
observations in vitro and in vivo, myristoylated AKT (Myr-AKT)
provides protection to both DJ-17~ and DJ-1*/* animals (87.5 £ 5.0
ipsilateral vs. 41.9 + 5.2 contralateral, and 102.0 + 7.1 ipsilateral vs.
64.7 + 6.0 contralateral, respectively). All viruses were also injected
without MPTP treatment to note effects of virus toxicity. No sig-
nificant death of SNc neurons was attributed to viral vectors.

DJ-1 Modulates AKT Translocation to Membranous Fractions. Our
results in vitro and in vivo demonstrated specifically that myristoy-
lated rather than a wild-type form of AKT promotes protection in
DJ-17~ neurons. We therefore tested whether DJ-1 was affecting
AKT translocation to membranous compartments following oxida-
tive stress. This was done by determining the subcellular localization
of AKT following H,O, treatment in DJ-1*"* and DJ-17~ neurons
and MEFs. As shown in Fig. 54, the H,O,-induced AKT local-
ization to the membrane fraction is greatly decreased in the DJ-17~
compared with the DJ-1"/* MEFs. Quantification revealed AKT
translocation to the membrane fraction following treatment that was
4-fold greater in the DJ-1*/* than in DJ-17" cells (2.94 + 1.14 vs.
0.78 + 0.30, respectively). Similarly, in DJ-17" neurons, no AKT
translocation was observed following H,O, (0.58 + 0.10-fold
increase), whereas DJ-17/* neurons showed an AKT translocation 5
min post-treatment (1.55 + 0.37 fold increase) No significant dif-
ferences were observed in levels of total AKT in the cytoplasmic
fraction.

Discussion

DJ-1 was first discovered as a weak oncogene with an unclear
mechanism of action (36). Since then, putative roles for DJ-1
have been proposed, which include functions in transcriptional
regulation either via binding to and modulating an androgen
receptor inhibitor, PIASx-alpha (37), as well as RNA—-protein
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Fig. 5. AKT requires DJ-1 to localize to membranous fractions following
oxidative insult. (A) DJ-1*"* and DJ-17~ MEFs were treated with 500 pM of
H,0, for 5 min or with media control. Western blot analysis by probing pan-
AKT and pan-Cadherin as membranous fraction control. Quantification of
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relative AKT density normalized to Cadherin levels and normalizing treat-
ment group to control. Data are representative of n = 4 experiments. (B) DJ-
1** and DJ-17~ cortical neurons were subjected to 100 uM of H,0, for 5 min
or media control. Quantification was performed as in A. Data are presented
as mean + SEM. *, P < 0.05.

interactions (38). The DJ-1 protein also displayed some homol-
ogy to the proteins of the ThiJ/Pfpl family of bacterial proteases
(39, 40), suggesting a putative chaperone function. Interestingly,
DJ-1 was also noted to display an isoelectric pH shift upon
induction of oxidative stress, potentially placing DJ-1 within the
oxidative stress-response pathway. Despite these important
implications, its physiological relevance was not entirely clear
until its genetic linkage to PD. To this end, several themes
regarding DJ-1 have now emerged that link this protein to
neurodegeneration, PD, and oxidative stress. These themes
include, but are not limited to the following: (i) DJ-1 protects
neurons against oxidative stress (4, 9, 11, 41-44); (ii) Loss of DJ-
1 on its own does not lead to dopamine neuron death, at least in
mice, but DJ-1-deficient animals are sensitized to environmental
stress and exhibit impaired dopamine signaling (45-48); and (iii)
DIJ-1 modulates signaling pathways critical to cell survival such as
PTEN and AKT, at least in select nonneuronal contexts (31).

In the present study, we more carefully characterized the neces-
sity of DJ-1 for activation of the AKT pathway in response to oxi-
dative injury, particularly in neurons. We first demonstrated that the
absence of DJ-1 significantly attenuates AKT phosphorylation in
vitro and in vivo, as well as in human lymphoblasts derived from PD
patients harboring pathogenic DJ-1 mutations. Importantly, even
though AKT phosphorylation is not completely abolished by loss of
DIJ-1, we also demonstrated that the significant attenuation in AKT
signaling brought about by DJ-1 deficiency resulted in enhanced cell
death both in vitro and in vivo. These data not only highlighted an
important functional role for DJ-1 in AKT-mediated cell survival,
but also indicated that the AKT pathway is integral to the mecha-
nism of protection conferred by DJ-1 and suggested that DJ-1 could
be an upstream regulator of AKT.

PNAS | February 16,2010 | vol. 107 | no.7 | 3189

284

NEUROSCIENCE



In light of our findings above, together with the knowledge that
AKT is considered to be part of the survival pathway, we sought to
further investigate the nature of the DJ-1/AKT relationship. We
first demonstrated that overexpression of AKT alone protects cul-
tured neurons exposed to oxidative stress in vitro as well as dop-
amine neurons exposed to MPTP invivo. Furthermore, inhibition of
the PI3K/Akt pathway significantly reduces the protection that is
conferred by DJ-1. Importantly, we also demonstrated that wild-
type AKT required DJ-1 to exert its protective effect as DJ-1 defi-
ciency abrogated the effect of AKT on cell survival. Interestingly,
the protective effects of AKT in a DJ-1-deficient background can be
bypassed using myristoylated AKT, its membrane-anchored con-
stitutively active form. This latter observation is consistent with
reports that membrane-bound AKT is sufficient to provide pro-
tection following MPP™ treatment both in vitro (49) as well as 6-
OHDA treatment in vivo (50). Because AKT recruitment to the
membrane is a prior event to its phosphorylation and activation (51,
52), these results, in addition to the cell fractionation experiments
presented in our study, suggested that DJ-1 permits AKT trans-
location to the membrane fractions.

Our study therefore proposes a working model in which DJ-1
acts upstream of AKT, thereby facilitating its activation following
neuronal injury via oxidative stress. We propose that DJ-1 may be
involved in fine-tuning the response of neurons to ROS and
modulation of signaling pathways that mediate survival. In this
regard, it will be critical in future studies to address the possible
mechanisms underlying the ROS-mediated, DJ-1-dependent
activation of AKT. One might consider the possibility that DJ-1
regulates AKT by modulating its recruitment to the membrane in a
ROS-dependent manner. It is noteworthy that the AKT response
to H,O; can be altered depending on antioxidant protein activity
within the cell (53-55). Thus, further studies in models that permit
well-controlled ROS levels are needed to address these questions.
However, other possibilities exist. For example, a recent study has
suggested that DJ-1 interacts with PTEN to permit AKT activa-
tion, although this needs to be further investigated in more phys-
iologically relevant models (56). Additionally, DJ-1 may interact
with other PI3K pathway kinases, such as mTOR and PDK, to
permit AKT phosphorylation. Finally, while DJ-1 plays a sig-
nificant role in facilitating AKT phosphorylation, other factors
may also each play a role (21, 57, 58). Thus, additional studies
should be performed to investigate the nature of the DJ-1/
AKT interdependence.
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Finally, it is interesting to note that even though it is clear that
DJ-1 is linked to familial PD, there is a report of an epidemio-
logical association with certain haplotype of AKT1 and a
reduced risk of PD (59). This observation provides further
strength to the notion that the DJ-1/AKT signaling axis may be
important in regulating dopaminergic function or death. Eluci-
dation of these mechanisms may provide an eventual basis for
neuroprotective therapies.

Materials and Methods

Cell culture, Western blot analysis, and in vivo stereotaxic injections and MPTP
administration were performed as previously described (60). All procedures
involving animals were approved by the University of Ottawa Animal Care
Committee and were maintained in strict accordance with the Guidelines for
the Use and Treatment of Animals put forth by the Animal Care Council of
Canada and endorsed by the Canadian Institutes of Health Research. For
additional in vivo and in vitro procedures, see S/ Materials and Methods.

Subcellular Fractionation. Membrane fractions were obtained similarly for
MEFs and DIV 6 cortical neurons using differential centrifugation. Briefly, cells
were harvested in cold PBS and centrifuged at 1,200 x g for 3 min. The cell
pellet was resuspended in 200 pL of hypo-osmolar buffer [50 mM Tris-HCI,
pH 7.4; 50 mM NaCl; protease inhibitor complex (Roche)] and homogenized
for 30 s. Samples were centrifuged at 20,000 x g, at 4 °C for 20 min.
Supernatants (cellular debris) were transferred to 1.5-mL ultracentrifuge
tubes (Beckman) and centrifuged at 100,000 x g, at 4 °C for 3 h. The pellets
(microsomal enriched) were resuspended in RIPA buffer (150 mM NacCl; 1%
Nonidet P-40; 0.5% deoxycholic acid; 0.1% SDS; 50 mM Tris-HCl, pH 8.0) and
sonicated briefly for subsequent Western blot analysis. Supernatants from
final spin were used as a cytoplasmic control.

Statistical Analysis. Statistical significance was either determined by Student’s
t-test or one-way ANOVA followed by Tukey’s post hoc test. All data are
presented as mean + SEM. Significance at P < 0.05 (*) and P < 0.01 (**), and
NS denotes no significant difference.
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Cell Culture. Embryonic cortical neurons were harvested from wild
type or DJ-1 null littermate embryos as described (1). For survival
experiments, at 4 days in vitro (DIV), cotransfection of target
plasmids (gene of interest + GFP as a marker of transfected cells)
was performed using Lipofectamine 2000 transfection reagent
(Invitrogen). The following day, cells were treated with 30 pM
H,0, for 3 h. Neurons were fixed with 4% PFA/Picric acid in PBS
and survival was assessed by evaluating the nuclear integrity of
GFP-positive cells. Alternatively, viral vectors were introduced at
time of plating (multiplicity of infection = 60) and left to express
for 36 h before being subjected to treatment. In biochemical ex-
periments, at 2 DIV, cells were treated with 100 pM H,O, for
various times and cells were harvested for Western blot analysis.
Murine embryonic fibroblasts were harvested at the same time as
cortical neurons as previously described (2). Cell transformation
and immortalization was achieved by transducing a SV40 construct
as adapted from Smith et al. (3). Antibodies used for analysis were
pAKT (Ser-473, CST), total AKT (CST), p-actin (Sigma), pan-
Cadherin (Abcam), DJ-1 (SCBT), HA (CST) and p-galactosidase
(Promega).

In Vivo Adenoviral Gene Delivery and MPTP Administration. As
described previously, recombinant adenoviruses that are injected
into the striatum retrogradely translocate and express on the

Xiang H, et al. (1996) Evidence for p53-mediated modulation of neuronal viability. J
Neurosci 16:6753-6765.

Camarasa M, Brison D, Kimber SJ, Handyside AH (2009) Naturally immortalised mouse
embryonic fibroblast lines support human embryonic stem cell growth. Cloning Stem
Cells 11:453-462.

. Smith RW, Morganroth J, Mora PT (1970) SV40 virus-induced tumour specific
transplantation antigen in cultured mouse cells. J Nature 227:141-145.
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ipsilateral SNc at the level of the medial terminal nucleus (4). Brain
samples from all experimental groups were harvested and analyzed
by Western blot and immunohistochemistry to confirm virus
expression. Samples were probed for markers of the virus of
interest. Ipsilateral sides were compared to their contralateral
counterparts. Seven days postvirus injection, mice underwent a
subchronic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
regimen. For biochemistry, 3 h following the second MPTP
injection, brains were quickly removed and SNc were dissected and
flash-frozen.

y and A of Neuronal Loss in Vivo. After
being perfused transcardially, mice brains were fixed and cry-
oprotected as previously described (5). Midbrain sections con-
taining the SNc and striatal sections were immunostained as
previously described (6). At least three sections per brain were
chosen at the level of the medial terminal nucleus and TH-positive
neurons were counted on sides both ipsilateral and contralateral to
the virus injection. Striatal dopamine transporter quantification
was performed at 200x. For each picture, 20 samples of striatum
and 3 samples of cortex were used for analysis. Relative intensity
was measured using National Insitutes of Health Image]. Three
pictures per animal were used to calculate the average striatal
density.

4. Crocker SJ, et al. (2003) Inhibition of calpains prevents neuronal and be-

havioral deficits in an MPTP mouse model of Parkinson’s disease. J Neurosci 23:

4081-4091.

Crocker SJ, et al. (2001) c-Jun mediates axotomy-induced dopamine neuron death in

vivo. Proc Natl Acad Sci USA 98:13385-13390.

. Mount MP, et al. (2007) Involvement of interferon-gamma in microglial-mediated loss
of dopaminergic neurons. J Neurosci 27:3328-3337.
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Fig. S1. Cresyl violet staining was performed at the level of the medial terminal nucleus region of the SNc where virus expression was highest. Round nuclei with
visible nucleoli were considered alive; shrunken and fragmented nuclei were quantified as dead. Survival was assessed as the ratio of alive over total number of
cresyl violet-stained cells. “Ipsi” denotes the side of the brain ipsilateral to the virus injection, whereas “contra” denotes the contralateral side. *, P < 0.05; NS, no

significant difference.
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Abstract

Parkinson'’s disease (PD) is one of the most prevalent neurodegenerative brain diseases; it is accompanied by extensive loss
of dopamine (DA) neurons of the substantia nigra that project to the putamen, leading to impaired motor functions. Several
genes have been associated with hereditary forms of the disease and transgenic mice have been developed by a number of
groups to produce animal models of PD and to explore the basic functions of these genes. Surprisingly, most of the various
mouse lines generated such as Parkin KO, Pink1 KO, DJ-1 KO and LRRK2 transgenic have been reported to lack degeneration
of nigral DA neuron, one of the hallmarks of PD. However, modest impairments of motor behavior have been reported,
suggesting the possibility that the models recapitulate at least some of the early stages of PD, including early dysfunction of
DA axon terminals. To further evaluate this possibility, here we provide for the first time a systematic comparison of DA
release in four different mouse lines, examined at a young age range, prior to potential age-dependent compensations.
Using fast scan cyclic voltammetry in striatal sections prepared from young, 6-8 weeks old mice, we examined sub-second
DA overflow evoked by single pulses and action potential trains. Unexpectedly, none of the models displayed any
dysfunction of DA overflow or reuptake. These results, compatible with the lack of DA neuron loss in these models, suggest
that molecular dysfunctions caused by the absence or mutation of these individual genes are not sufficient to perturb the
function and survival of mouse DA neurons.
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Introduction

The main symptoms of Parkinson’s disease (PD) including
tremor, rigidity and slowness of movements are due in part to the
degeneration of dopamine (DA) neurons of the substantia nigra
pars compacta (SNc) and the associated loss of dopaminergic inputs
to the striatum, leading to perturbation of basal ganglia circuits
[1]. Although multiple populations of neurons appear to be
perturbed at different stages of the disease, DA neurons of the SNc¢
are thought to be particularly vulnerable to environmental and
genetic insults, which are believed to interact to cause PD [2].
Both sporadic and familial forms of PD are age-related and
thought to implicate cellular dysfunctions including perturbed
mitochondrial quality control, impaired reactive oxygen species
scavenging and protein aggregation, leading to impaired axonal
function and DA release, eventually leading to cell death [3-8].

Several transgenic mouse lines have been generated to study the
role of PD-related genes in motor behavior, neuronal survival and
function and DA release. Knock out approaches have been widely
used for autosomal recessive alleles including parkin, Dj-1 and

PLOS ONE | www.plosone.org

Pkl [9-15], while knockin, knockout and BAC driven overex-
pression strategies have been used to evaluate the implication of
potential gain of function mutant alleles of genes such as LRRR?
[16], parkin [17] or alpha-synuclein [18,19]. A number of
molecular perturbations have been shown to result from these
gene defects including fragmented and dysfunctional mitochondria
[6,7,15,20-22], altered mitophagy [23-27] and altered reactive
oxygen species and calcium handling [28-30]. However, studies
evaluating the structural integrity of the nigrostriatal DA system in
most of these genetically-modified mice failed to identify
significant  loss  of DA neurons or DAergic markers
[9,11,16,18,31-34], although increased sensitivity to the neuro-
toxic effects of MPTP have been reported [10,35-37]. Finally, a
number of authors reported mild alterations in locomotor function
in Parkin KO, DJ-1 KO, Pinkl KO and LRRK2 transgenic mice
[9,31,33,34,38]. Interestingly, a recently described DJ-1 KO
mouse backcrossed on a C57/BL6 background showed unilateral
loss of DA neurons at 2 months in a subset of animals, suggesting
that the penetrance of some of the gene defects examined
previously can vary depending on some unknown modifying genes
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[39]. Although no major loss of DA neurons occurs in most PD
genetic models, if mitochondrial dysfunctions also occur in DA
neurons in these mice, this could perturb ATP supply and
calcium handling in axon terminals and lead to perturbed DA
release, especially since DAergic axon terminals are suspected
of having particularly high energy requirements [40] and
because of the purported heightened vulnerability of axonal
mitochondria [41]. A similar hypothesis has been raised in
Alzheimers’ disease mouse models, in which synaptic dysfunc-
tion in hippocampus has been shown to precede plaque
formation and cell loss by many months in some models [42].
A number of studies have thus been performed to study DA
release in mouse genetic PD models using electrochemical
techniques such as amperometry, fast scan cyclic voltammetry
(FSCV) and microdialysis coupled to HPLC. Although only a
limited number of studies have been performed, most of them
using amperometry, these studies have provided support for
the existence of mild impairments in activity-dependent DA
overflow in the striatum, attributed either to impaired DA
release or increased reuptake: while decreased DA overflow
has been reported to occur in Parkin KO mice [12,14], PINK1
KO mice [11] and LRRK2-G2019S [16] or LRRK2-R1441G
[34] transgenic mice, evidence for increased DA reuptake has
been reported in DJ-1 KO mice [33]. Of note, in most of these
studies DA release was triggered by single pulses (or sponta-
neous firing) and only one has evaluated DA release in
response to more energetically-demanding pulse trains [14]
(but see Platt et al., for a recent evaluation of DA overflow by
pulse trains in A53T alpha-synuclein transgenic mice [43].
Furthermore, in most of these studies, mice were examined at
ages of 3 months and older. In this context, it is interesting to
note that Oyama and colleagues reported reduced in vivo DA
overflow evoked by 50 Hz stimulation trains in 3 and 6 months
old male Parkin KO mice, but not in 9 or 12 months old mice
[14], arguing for the existence of age-dependent compensa-
tions. It would thus be important to conduct a comparative
reevaluation of activity-dependent DA overflow in multiple
genetic models at ages below 3 months.

In the present study, we used FSCV to provide a comparative
evaluation of DA overflow evoked by single pulses, paired pulses
and pulse trains in striatal slices prepared from 6-8 weeks-old
male transgenic mice, comparing Parkin KO, DJ-1 KO, Pinkl
KO and LRRK2 R1441G transgenic mice. Our results fail to
detect any significant changes in DA overflow parameters in these
mice.

Materials and Methods

Animals

All procedures were approved by the animal ethics committee
(CDEA) of the Université de Montréal (protocol number 12-161).
All efforts were made to minimize animal suffering. Parkin KO
mice (WT n=11; KO n=14) were a kind gift of Dr. Alexis Brice
[44]. DJ-1 KO mice (WT n=9; KO n=10) were a kind gift of Dr.
Tak Mak [10]. Pinkl KO mice (WT n=6; KO n=6) were
described in our previous work [15]. LRRK2 (R1441G) transgenic
mice (WT n=10; KO n=10) were purchased from The Jackson
Laboratory (stock # 009604) [34]. Animals were housed with
water and food ad libitum and a light cycle of 12/12 (lights on at
6:00 AM).

Brain slice preparation and solutions

Six to eight weeks old male mice were anesthetized with
halothane and promptly decapitated. Their brain was quickly
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removed after gentle opening of the skull and placed in ice-cold
artificial cerebrospinal fluid (ACSF) (in mM): 125 NaCl, 26
NaHCOs;, 2.5 KCI, 2.4 CaCl,, 1.3 MgSOy,, 0.3 KH,PO, and
10 D-Glucose; adjusted to 300 mOsm/kg and saturated with
95% Oy—-5% COy). 300 um thick coronal brain slices containing
the most rostral portion of the striatum (as defined by Bregma
coordinates: from 1.42 to 0.14 mm [45] were prepared with a
VTI1000S vibratome (Leica Microsystems Inc., Nussloch,
Germany) in ice-cold ACSF, and then kept in ACSF at room
temperature in a custom-made submerged recovery chamber for
at least 1 hour. Slices were transferred to a custom-made
submerged recording chamber superfused with ACSF (approx-
imately 1 ml/min, gravity driven) and maintained at 32°C with
a TC-324B single channel heater controller (Warner Instrument
Inc., Hamden, C'T, USA). WT and transgenic littermates were
alternatively euthanized in each experiment to account for the
different time elapsed between slice preparation and FSCV
recordings. The number of experimental observations (“n”)
refers to the number of slices. One or two slices per animal were
used.

All drugs and chemicals were obtained from Sigma-Aldrich
Canada (Oakville, ON). A stock solution of nomifensine was
prepared in HyO (3 mM) and stored at 4°C; it was directly diluted
into circulating ACSF during the experiment and 5 minutes later
clectrical stimulation resumed.

Electrochemical recordings

Action potential-induced DA overflow transients were
evoked by electrical stimulation with a bipolar electrode
(Plastics One, Roanoke, VA) and detected by FSCV using a
carbon-fiber electrode placed into the dorsal striatum,
approximately 100 um below the surface. Carbon-fiber elec-
trodes were fabricated as previously described [46]. Briefly,
carbon fibers (Cytec Industries Inc., NJ, USA) approximately
5 um in diameter were aspirated into ethanol-cleaned glass
capillaries (1.2 mm 60.68 mm, 4 inches long; A-M Systems,
WA, USA). The glass capillaries were then shaped using a P-
2000 micropipette puller (Sutter Instruments, Novato, USA),
dipped into 90°C epoxy for 30 s (Epo-Tek 301, Epoxy
Technology, MASS, USA) and cleaned in hot acetone for
3 s. The electrodes were heated at 100°C for 12 h and 150°C
for 5 days. Before and after usage, electrodes were cleaned with
isopropyl alcohol to promote greater sensitivity. Carbon fibers
were cut using a scalpel blade under direct visualization to
obtain maximal basal currents in ACSF between 100 and
180 nA. Electrodes were finally selected for their sensitivity to
DA using in vitro calibration with 1 uM DA in ACSF. The
potential of the carbon fiber electrode was scanned at a rate of
300 V/s according to a 10 ms triangular voltage waveform (—
400 to 1000 mV vs Ag/AgCl reference) with a 100 ms
sampling interval using an Axopatch 200B amplifier (Molec-
ular Devices, Sunnyvale, CA). Data were acquired using a
DigiData 1440A analog to digital board converter (Molecular
Devices) connected to a computer running Clampex 10
(Molecular Devices). Stimulation (I ms long monophasic
pulses of 400 pA) was generated by a S-900 stimulator (Dagan
Corporation, Minneapolis, MN) every 2 min to evoke DA
release (single pulse, 100 Hz double pulse or 10 Hz 20 pulses
train). FSCV was done with the same electrode for at least one
pair of slices corresponding to each genotype during the same
day of experiment. Recordings in which peak DA overflow
showed run-down greater than 20% between the first and the
fifth response to single stimulation were considered unstable
and not used for further analyses and a new slice was tested.
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Rejection frequencies did not differ between WT and Tg
groups in any of the 4 different colonies (Parkin WT 2 out of
13 and KO 4 out of 22; DJ-1 all slices reached criterion; Pinkl
WT 1 out of 13; LRRK2 WT 2 out of 13 and OE 1 out of 14).
To estimate the rate of DA re-uptake, a single exponential
model was fitted to the single pulse evoked DA transients from the
peak to the end of the signal [47]; the down stroke of the transient
is known to represent the clearance of DA by concurrent reuptake
and diffusion. The model had a good fit to the data (goodness of fit
medians with 25 and 75% percentiles: 0.9726 (0.8230-0.9867).

Statistical analysis

Statistical comparisons were carried out with Prism 5
(GraphPad software); significance level was set at 0.05. All data
samples were tested for normal distribution to choose between
parametric versus non parametric statistics and to represent
population parameters either as mean * standard error (SEM) or
as median with 25% percentile range; figure legends state the
specific test employed in each case.

Results

FSCV was used to record electrically-evoked DA overflow in
the dorso-lateral aspect of the striatum in brain slices prepared
from 6-8 weeks old KO and matched WT littermate animals.
Single pulses, double pulses (two pulses separated by a 10 ms
interval) and train stimulation (20 pulses at 10 Hz) were used to
trigger DA overflow under conditions of increasing energy
demands. DA overflow was also evoked in the same slices under
conditions of DA transporter (DAT) blockade (5 uM nomifensine)
so as to evaluate changes in DA release that may be masked by DA
reuptake and to detect possible changes in DAT function.

6-8 week old mice carrying a deletion of the parkin gene were
first examined [44]. Single pulses and double pulses were first
administered in an alternating fashion every 2 min for a total
period of 20 min. After 20 min, train stimulation was adminis-
tered for an additional 10 min period. All slices were subsequently
exposed to nomifensine (5 uM) in the presence of which the
complete protocol was carried out a second time. In order to
validate our experimental design we first compared maximal DA
overflow produced in striatal slice from WT mice by the different
stimuli employed. The heat-map in figure 1A depicts the color
coded voltammetric current as a function of applied potential and
time. Figure 1B shows a DA transient evoked by single pulse
stimulation and the fit of the exponential model to estimate DA
clearance. A background-subtracted cyclic voltammogram con-
firms that the detected analyte is DA.

The concentration of DA at the peak of the transients elicited by
single pulse stimulation was statistically different from that evoked
by double pulses (Fig. 1C). The first single pulse stimulation in WT'
animals evoked an average DA peak of 0.41%0.28 pM (median
*25% percentile range) (Fig. 1D, left upper panel). The first
double pulses stimulation evoked a DA peak of 0.52%0.30 uM
(median *25% percentile range), which was significantly in-
creased in comparison to the single pulse response (n=11 two
tailed Wilcoxon matched pairs test p=0.0010). Comparing the
last single pulse (0.47%=0.28 uM, median £25% percentile range)
to the first train stimulation (0.58%0.31 pM, median *£25%
percentile range), also yielded a significant difference in peak
amplitude (p=0.0020 n=11 two-tailed Wilcoxon matched pairs
test. Fig 1D, right upper panel).

In the presence of the DA transporter blocker nomifensine, the
first single pulse response (0.73%0.54 uM, median *25%
percentile range) was significantly different from the first double
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pulse response (0.87%0.28 uM, median +25% percentile range)
(two-tailed Wilcoxon matched pairs test p=0.0010; n=11. Fig 1D,
left lower panel). Likewise, the last single pulse response
(0.69%0.48 uM) was statistically different from the first train
response (1.51%=1.09 uM) (medians £25% percentile range; two-
tailed Wilcoxon matched pairs test p=0.0010; n=11. Fig 1D,
right lower panel p=0.0010; n = 11), indicating that the different
stimuli were mobilizing different amounts of neurotransmitter
vesicles from the releasable pool in axon terminals.

Comparing slices obtained from parkin. KO and WT
littermate controls, a two way repeated measures ANOVA
comparing the peaks of DA transients normalized to the first
evoked response provided no evidence for any difference
between genotypes (n=11 WT and n=18 KO; p=0.5478)
(Fig. 2B). An analysis of non-normalized peak DA levels
detected in response to single pulses confirmed a lack of
difference between genotypes (0.45+0.28 pM n=11 WT,
0.72%0.45 pM n =18 KO medians =25% percentile range;
p=0.2909 two-tailed Mann Whitney test; Fig. 2A, left),
compatible with the absence of any impairment in activity-
dependent DA release. The half-life of DA overflow responses
evoked by single pulses was also not different between
genotypes (0.38%0.05 s for WT and 0.48%+0.07 s for KO,
means = SEM; student t test P value =0.3109) (Fig. 2A, right),
suggesting that DAT function was not altered.

6-8 week old mice carrying a deletion of the DJ-1 gene (Kim et
al.,, 2005) were next examined using the same stimulation
protocol (Fig. 3). A two way repeated measures ANOVA
comparing WT and KO data sets collected in the absence or
in the presence of nomifensine provided no evidence for any
difference  between genotypes (n=10 WT' and n=12 KO;
p=0.9679). An analysis of raw peak DA levels detected in
response to single pulses confirmed a lack of difference between
genotypes (WT median: 0.72 pM; 25% percentile: 0.49; KO
median 0.60 uM; 25% percentile: 0.41; p=0.2225 Mann
Whitney two-tailed test; Fig. 3A, left). The half-life of DA
overflow responses evoked by single pulses was also not different
between genotypes (WT mean of 0.43%0.04 s; KO 0.42+0.04 s;
student t test P value =0.8562; Fig. 3A, right).

6-8 week old mice carrying a deletion of the Pinkl gene
(Akundi et al., 2011) were also examined (Fig. 4). A two way
repeated measures ANOVA comparing WT' and KO data sets
collected in the absence or in the presence of nomifensine
provided no evidence for any difference between genotypes
(n=12; p>0.05). An analysis of raw peak DA levels detected in
response to single pulses confirmed a lack of difference between
genotypes (0.386+0.066 uM and 0.387%0.073 uM, mean =
SEM of WT and KO respectively; n=12; p>0.05; Fig. 4A, 4B).
The half-life of DA overflow responses evoked by single pulses
was also not different between genotypes (0.34%0.04 s and
0.37£0.04 s mean * SEM of WT and KO respectively; n=12;
p>0.05; Fig. 4A).

Finally, 6-8 week old transgenic mice carrying a mutated
version of the LRRK2 gene (R1441G) [34] were examined with
the same protocol. A two way repeated measures ANOVA
comparing WT and homozygous LRRK?2 transgenic data sets
collected in the absence or in the presence of nomifensine
provided no evidence for any difference between genotypes
(p=0.4337; Fig. 5). An analysis of non-normalized DA levels
detected in response to single pulses confirmed a lack of
difference between genotypes (WT n=11: 0.84+0.10 pM, mean
+ SEM, Tg n=13: 0.75%0.11 pM, mean = SEM; two-tailed
student t test p=0.5421; Fig. 5A, 5B).
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evaluated using FSCV. Electrically evoked DA transients were detected by FSCV in the dorso-lateral

region of slices containing the most rostral part of the striatum. A Heat-map plot showing the measured current as a function of time and applied
potential. B Extracellular DA overflow measured by the carbon fiber electrode at a sampling rate of 10 Hz (black trace) and the exponential fit (red
trace) applied from the peak to the end of the signal (half-life: 0.2723 s, 95% confidence intervals: 0.2633 to 0.2821 s; R% 0.9646); arrow-head
represents the time of stimulation. Inset: voltammogram corresponding to the peak of DA concentration, depicting maximal oxidation current at a
potential of 306.12 mV (vertical dotted line). C Averaged 5 consecutive responses to either single-pulse, double pulse or train stimulation in normal
ACSF (left) or in the presence of 5 uM nomifensine. D Scatter plots representing the peak DA concentration elicited by the different stimuli.
Significant differences were found between the first single and double pulse stimulation in normal ACSF and between the fifth single pulse and the
first train (p=0.0010; p=0.0020, respectively. Two-tailed Wilcoxon matched pairs test). In the presence of 5 uM nomifensine both comparisons
yielded significant differences (both p=0.0010. Two-tailed Wilcoxon matched pairs-test). All data presented in this figure were generated from

experiments with WT animals belonging to the Parkin colony (slices n=11; animals n=11).

doi:10.1371/journal.pone.0094826.9001

The half-life of DA overflow responses evoked by single pulses
was also not different between genotypes (0.52%0.08 s, mean *
SEM for WT and 0.49+0.07 s, mean = SEM for LRRK2 Tg;
two-tailed student t test p=0.7671; Fig. 5A).

Discussion

This is the first study to provide a side by side comparative
evaluation of striatal DA transmission in some of the main KO
or transgenic mouse models of PD (parkin, DJ-1, PINKI1 and
LRRK2-R1441G Tg mice). Considering the previously report-
ed absence of DA neuron loss in these mice and the possibility of
age-dependent compensatory adaptations capable of circum-
venting primary impairments [3,14,16,48,49], we restricted our
analysis to striatal brain slices prepared from young 6-8 week
old mice. In light of the multiple studies suggesting mitochon-
drial dysfunction and related bioenergetic defects due to
mutations in these genes [3], we examined activity-dependent
DA overflow induced by graded stimuli ranging from single
pulses, paired pulses and trains. Using FSCV, a technique
allowing direct detection of evoked DA transients with
subsecond resolution, we found that paired pulses and stimu-
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lation trains induced more extensive DA release, most likely
recruiting vesicles from both the readily releasable and reserve
pools. We found no evidence of impaired DA axon terminal
function in any of the strains tested, thus excluding any robust
effect of the genotypes on both DA release and reuptake from
nigrostriatal terminals at the age range examined. Subtle
impairments of DA transmission cannot be excluded in light
of the present results; additional experiments such as input/
output analysis, evaluations of the rate of recovery of paired
pulse suppression and its dependence on extracellular [Ca®*]
could provide further insight into other possible alterations of
the release machinery in dopaminergic neurons [50-52].

Our findings are intriguing in light of the previous reports
suggesting either reduced release or enhanced reuptake in
older genetically-modified mice. For example, evaluating
female Parkin KO mice of 8-16 weeks using amperometry,
Kitada and colleagues [12] reported reduced DA overflow in
response to single pulses. In a separate study, using a different
Parkin KO mouse line, Oyama and colleagues reported
reduced in vivo DA overflow evoked by 50 Hz stimulation
trains in 3 and 6 months old male mice, but not in 9 or 12
months old mice [14]. In DJ-1 KO mice, a single study
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Figure 2. Dopaminergic tr in striatal slices of parkin
WT and KO mice. A Scatter plots illustrating the values of the peak
[DA] (left panel) and the half-life (right panel) measured from averaged
single-pulse transients. Bars represent median and 25% interquartile
range (DA peak) and mean and SEM (half-life), no statistical differences
were detected when comparing the WT and KO genotypes (Two-tailed
Mann Whitney p=0.2909 and two-tailed t test p=0.3109 DA peak and
half-life, respectively). B Time course of the normalized peak of the
evoked responses to single pulses (black arrows) double pulses (gray
arrows) and trains (red arrows). Genotypes were compared by means of
a 2 Way Repeated Measures ANOVA yielding no significant difference
(p=0.5478; slices n=11, animals n=11 WT; slices n=18, animals
n=14 KO). Green box indicates presence of 5 uM nomifensine into
circulating ACSF.

doi:10.1371/journal.pone.0094826.9002

reported unaltered DA release measured by amperometry and
evoked by single pulses in 3 months old mice, but functional
evidence for increased DAT function [33]. In 2-3 months old
Pinkl KO mice, amperometric recordings suggested reduced
DA overflow induced by single pulses [11]. In male LRRK2
G2019S transgenic mice, FSCV was used to show reduced DA
overflow evoked by single pulses in 12 months old KO mice
but not in 6 months old mice [16]. The reason for our inability
to detect similar perturbations of DA axon terminal functions
in the present study is unclear. The age of the mice could
represent an important variable to consider. In the present
study, 6-8 weeks old mice were used, which is younger than
most of the previous studies. It is thus possible that deficits only
appear at older ages. However, the study of Oyama and
colleagues [14] illustrates that early deficits can be compen-
sated at later ages, thus arguing for the importance of
evaluating younger mice in order to identify primary, early
deficits, that could be relevant to understanding cellular

PLOS ONE | www.plosone.org
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Figure 3. Dopaminergic tr in striatal slices of DJ-1
WT and KO mice. A Scatter plots illustrating the values of the peak
[DA] (left panel) and the half-life (right panel) measured from averaged
single-pulse transients. Bars represent median and 25% interquartile
range (DA peak) and mean and SEM (half-life), no statistical differences
were detected when comparing the WT and KO genotypes (Two-tailed
Mann Whitney p=0.2225 & two-tailed t test p=0.8562 DA peak and
half-life, respectively). B Time course of the normalized peak of the
evoked responses to single pulses (black arrows) double pulses (gray
arrows) and trains (red arrows). Genotypes were compared by means of
a 2 Way Repeated Measures ANOVA yielding no significant difference
(p=0.9679; slices n=10, animals n=9 WT; slices n=12, animals
n=10 KO). Green box indicates presence of 5 uM nomifensine into
circulating ACSF.

doi:10.1371/journal.pone.0094826.9g003

dysfunctions that are related to presymptomatic stages of PD.
In any case, our findings highlight the fact that deleting Parkin,
Pinkl and DJ-1 genes, or overexpressing LRRK2 R1441G
does not cause a robust and primary deficit in DA release or
DA reuptake in young mice, suggesting that other cellular
stressors related to age, environmental toxin exposure or
genetic background may be required to lead to robust
perturbations of DA overflow. The previous demonstrations
that most DJ-1 and Pinkl KO mice do not show loss of DA
neurons even at an advanced age (but see [39]), but show
increased loss of DA neurons in response to MPTP is
compatible with this interpretation [10,37]. Finally, our
findings are in agreement with previous studies showing an
absence of DA neuron loss in each of the mouse lines examined
here, as well as in Parkin/Pinkl/D]J-1
[13].

triple knockout mice
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Figure 4. Dop in striatal slices of Pink1
WT and KO mice. A Scatter plots illustrating the values of the peak
[DA] (left panel) and the half-life (right panel) measured from averaged
single-pulse transients. Bars represent mean and SEM, no statistical
differences were detected when comparing the WT and KO genotypes
(two-tailed unpaired t test p=0.995 and p =0.556 DA peak and half-life,
respectively). B Time course of the normalized peak of the evoked
responses to single pulses (black arrows) double pulses (gray arrows)
and trains (red arrows). Genotypes were compared by means of a 2 Way
Repeated Measures ANOVA yielding no significant difference
(p=0.2100; n=12 WT and n=12 KO). The green box indicates the
presence of 5 uM nomifensine into circulating ACSF.
doi:10.1371/journal.pone.0094826.9004
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Emerging evidence has demonstrated a growing genetic com-
ponent in Parkinson disease (PD). For instance, loss-of-function
mutations in PINKI or PARKIN can cause autosomal recessive
PD. Recently, PINK1 and PARKIN have been implicated in the
same signaling pathway to regulate mitochondrial clearance
through recruitment of PARKIN by stabilization of PINK1 on
the outer membrane of depolarized mitochondria. The precise
mechanisms that govern this process remain enigmatic. In this
study, we identify Bcl2-associated athanogene 2 (BAG2) as a
factor that promotes mitophagy. BAG2 inhibits PINK1 degra-
dation by blocking the ubiquitination pathway. Stabilization of
PINK1 by BAG2 triggers PARKIN-mediated mitophagy and
protects neurons against 1-methyl-4-phenylpyridinium-in-
duced oxidative stress in an in vitro cell model of PD. Collec-
tively, our findings support the notion that BAG2 is an upstream
regulator of the PINK1/PARKIN signaling pathway.

Parkinson disease (PD)? is the second most common neuro-
degenerative disorder, characterized by selective loss of the pig-
mented dopaminergic neurons of the substantia nigra pars
compacta (1). Although most PD cases are sporadic in nature
(2), mutations in several genes have been linked to familial
forms of PD (reviewed in Ref. 3). Indeed, these familial genes
serve as important vehicles to study the potential mechanisms
of pathogenesis in PD. In this regard, increasing evidence sug-
gests that mitochondrial dysfunction may play a critical role in
both the inherited and sporadic forms of PD, although the pre-
cise role of mitochondrial dysfunction in PD is unclear (4).
Recently, two familial recessive PD genes, PTEN-induced puta-
tive kinase 1 (PINKI), a mitochondrially localized serine/thre-
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p-chlorophenylhydrazone; MPP™, 1-methyl-4-phenylpyridinium; IP, im-
munoprecipitation; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide; FL, full-length.
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onine kinase gene, and PARKIN, an E3 ubiquitin ligase gene,
have been identified as acting along similar pathways in regu-
lating mitochondrial quality control in mammalian systems
(5-8). These findings are supported by genetic studies in Dro-
sophila models of PD that show that PARKIN and PINK1 func-
tion in a common pathway, with PARKIN being a downstream
player of PINK1 (9-11). A third recessive PD gene, DJ-1, asso-
ciated with the regulation of oxidative stress, also regulates
PINK1/PARKIN-mediated control of mitochondrial health
(12).

PINK1 is normally shuttled to the inner mitochondrial mem-
brane where it is processed by multiple proteases (13). The
endogenous role of PINK1 at this site is unknown. However,
PINKI-deficient cells display altered calcium homeostasis at
the mitochondria as well as altered mitochondrial function
(14). Processed PINK1 at the inner mitochondrial membrane
has also been proposed to be shuttled to the cytosol, where it is
degraded by the proteasome (15). However, under conditions
of mitochondrial stress such as treatment with the mitochon-
drial uncoupler carbonyl cyanide p-chlorophenylhydrazone
(CCCP) or with the complex I inhibitor 1-methyl-4-phe-
nylpyridinium (MPP™"), PINK1 can also regulate mitophagy in a
PARKIN-dependent fashion (12, 16-19). The framework by
which this mitochondrial control pathway occurs has been gen-
erally delineated. PINK1 is stabilized on the outer membranes
of damaged/depolarized mitochondria (8). PINK1 then recruits
PARKIN to the mitochondria, where it ubiquitinates a number
of substrates, including MFN1, MEN2, VDAC1, and MCL1,
which, in turn, activates mitophagy (8, 16 —22). More recently,
recruitment of PARKIN by PINK1 to mitochondria has also
been observed in primary neurons in a reactive oxygen species-
dependent manner (12, 23). Interestingly, processed cytosolic
PINK1 may also interact with cytosolic PARKIN, limiting its
translocation to the mitochondria and mitophagy (15). Like-
wise, in the presence of MG-132, an inhibitor of the protea-
some, the level of processed cytosolic PINK1 is increased sig-
nificantly (24), indicating that turnover of PINK1 is through the
proteasomal pathway. Consistent with this, PINK1 has also
been shown to be ubiquitinated (25, 26). Interestingly, a recent
report has indicated that BAG2 can regulate the ubiquitination
of exogenous PINKI in HEK293 cells (26). Taken together,
these findings indicate that the regulation of PINK1 levels and
activity is crucial to mitochondrial function and quality at a
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number of levels, including regulation of mitochondrial health.
The exact mechanism through which PINK1 activity/levels is
governed is not fully understood. In addition, the biological
consequences of dysregulation of PINK1 processing by ubiqui-
tin-mediated pathways are unclear. In this study, we examined
the role of BAG2 and provide evidence that it physically inter-
acts with PINK1 in vivo and stabilizes PINK1 from proteasomal
degradation, facilitates recruitment of PARKIN to depolarized
mitochondria, and protects primary cortical neurons under
stress conditions in a PINK1-dependent manner.

Experimental Procedures

Mice—Germ line-deleted pinkl and parkin mice have been
described previously in detail, respectively (27, 28). CD1 mice
were obtained from Charles River Laboratories. All animal pro-
cedures were approved by the University of Ottawa Animal
Care Committee, and animals were maintained in strict accor-
dance with the Guidelines for the Use and Treatment of Ani-
mals put forth by the Animal Care Council of Canada and
endorsed by the Canadian Institutes of Health Research.

Antibodies—The following antibodies were used: rabbit anti-
BAG2 (Abcam), rabbit anti-PINK1(494) (Novus), mouse anti-
FLAG (Sigma), mouse anti-MYC and rabbit anti-RAF1 (Santa
Cruz Biotechnology), mouse anti-V5 and anti-complex I (Invit-
rogen), mouse anti-ACTIN (Sigma), rabbit anti-TOM20 (Santa
Cruz Biotechnology), mouse anti-UBIQUITIN (Abcam), and
anti-mouse and anti-rabbit horseradish peroxidase-conjugated
secondary antibody (eBiosciences) for IP Western blots and
anti-mouse and anti-rabbit horse radish peroxidase-conju-
gated secondary antibodies (Millipore) for regular Western
blots. The secondary antibodies labeled by Alexa Fluor 564 for
mouse IgG or Alexa Fluor 633 for rabbit IgG were purchased
from Life Technologies. All primary antibodies were used at
1:5000 dilution, except anti-ACTIN, which was diluted
1:50,000 for Western blot analyses. All primary antibodies were
diluted 1:200 for immunofluorescent staining. The secondary
antibodies for IP were diluted 1:5000. The secondary antibodies
for Western blots were diluted 1:10,000. The secondary anti-
bodies for immunofluorescent staining were diluted 1:200.

Constructs—PINKI-V5 was a gift from Dr. Mark Cookson.
The MYC-BAG2 construct was a gift from Dr. Suneil K. Kalia.
GFP-PARKIN in the pEGFP vector was a gift from Dr. Edward
Fon. PINKI1-FLAG and PINKI1(K219M)-FLAG were inserted
into the pAdTrack vector by using Notl and HindIIL. CHIP was
cloned into the pPCMV-3Tag vector by using BamHI and Xhol.
The HA-HSP90 construct was a gift from William Sessa (Add-
gene, plasmid no. 22487).

Cell Culture—HEK293T cells were cultured with 10% fetal
bovine serum (Sigma) in Dulbecco’s modified Eagle’s medium
(Sigma). Cortical neurons were dissected from embryonic days
14.5-15.5 WT CD1, pinkl (C57BL/6), or parkin C57BL/6 mice.
The primary cortical neurons were maintained in Neurobasal
medium (Invitrogen) supplemented with B27 with antioxidants
(Invitrogen), N2 (Invitrogen), 0.5 mm L-glutamine (Sigma), and
penicillin/streptomycin (Invitrogen) as described previously
(29, 30).

Proteomic Screen—HEK293T cells were transiently trans-
fected with the PINKI-FLAG plasmid. The cells were then cul-
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tured in fresh medium (DMEM with 10% FBS) for 24 h. The
cells were then harvested, lysed by lysis buffer (20 mm Tris-HCl
(pH 7.5), 150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 10 ug/mlaprotinin, and 0.2 mm4-(2-ami-
noethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) (Cal-
biochem)), and cleared from cell debris by centrifugation at
20,000 X g for 30 min. The cleared cell lysate was subjected to
immunoprecipitation using M2-agarose resin (Sigma-Aldrich)
for 1 h. After three washes, the co-precipitated proteins were
eluted by 50 mm ammonium bicarbonate containing 400 pm
FLAG peptide. The purified proteins were subjected to SDS-
PAGE and detected by colloidal Coomassie staining, and then
protein bands from qualified lanes were excised from the gel.
These proteins were treated with DTT, iodoacetamide (to
alkylate the free sulfhydryl groups), and trypsin, and the
digested peptides were then purified from the gel and concen-
trated and analyzed by mass spectrometry. As reported earlier
(31), the data were generated using an LCQ Deca mass spec-
trometer (Thermo Finnigan). Mascot version 1.9 (Matrix Sci-
ences) was used to analyze the obtained spectra by searching
against a human protein sequence database with 122,989
entries. The settings to run the Mascot were as follows: search
mode, MS/MS Ion; fixed modification, carbamidomethyl on
cysteine; variable modification, oxidation on methionine; pep-
tide mass tolerance, 2 Da; fragment mass tolerance, 0.4 Da;
maximum missed cleavages, 2; enzyme, trypsin. The Mascot
score is the probability of randomness of the match and is
reported as —10LOG,,(P), where P is the absolute probability.
In other words, a score of 30 means an absolute probability of
1072,

Assay for Mitochondrial Translocation of PARKIN and
Survival—To study PARKIN translocation in HEK293T cells,
2.0 X 10° cells/well were transfected with plasmids by
Lipofectamine 2000 according to the instructions of the man-
ufacturer for suspended cells in a 24-well plate. Briefly, GFP-
PARKIN was transfected with either the empty vector or MYC-
BAG2 at a ratio of 1:3 (0.5 ug total) with 1 ul of Lipofectamine
2000 (Invitrogen). 24 h after transfection, the cells were treated
with 10 um CCCP (Sigma) for up to 2 h to induce oxidative
stress as described previously (12). For PARKIN translocation
in neurons, the dissected neurons were seeded on poly-p-ly-
sine-coated coverslips in 24-well plates at a density of 1.5 X 10°
cells/well. 3 days after plating, the neurons were transfected
with plasmids, GFP-PARKIN with empty vector or GFP-
PARKIN with MYC-BAG2, at a ratio of 1:3 (0.5 g total) with 1
ul of Lipofectamine 3000 (Invitrogen). 24 h after transfection,
the neurons were treated with 10 um CCCP (Sigma) for 2 h to
depolarize the mitochondrial membrane potential, as de-
scribed previously (12). After treatment, cells were fixed, per-
meabilized, and immunostained with the indicated antibodies
and visualized by confocal microscopy.

Cell Fractionation—The mitochondrial and cytosolic frac-
tions were isolated as described previously (13). Briefly, col-
lected cells from one 10-cm culture dish were resuspended in 1
ml of BIB buffer (210 mm mannitol, 70 mm sucrose, 5 mm Tris
(pH 7.4), 0.2 mm EGTA, 0.1 mm EDTA, 0.1% bovine serum
albumin, and protease inhibitor mixture) and homogenized
with 50 strokes using a 2-ml glass homogenizer. The superna-

ASASBMB

VOLUME 290-NUMBER 51+DECEMBER 18, 2015

298

9107 ‘0€ YOTeA U0 TN - BMENQ JO ATU[) 18 /310°0q[ mmar//:d1Y WOILf papeo[umo(]



BAG2 Stabilizes PINK1 to Allow Translocation of PARKIN

tant, from two centrifugations at 1000 X g for 10 min at 4 °C,
was subjected to centrifugation at 12,000 X g for 10 min at 4 °C
to pellet mitochondria. The supernatant was used as the cyto-
solic fraction. The mitochondrial pellet was resuspended in 1
ml of BIB buffer for sonication to extract mitochondrial pro-
teins. The extracts were subjected to IP.

Survival Assays—For plasmids transfection, the neurons
were transfected 3 days after plating. 24 h after transfection, the
neurons were treated with 20 um MPP™ for 48 h and assessed
for survival as described previously (30). Briefly, following fixa-
tion, GFP-positive neurons were assessed for nuclear integrity
as determined by Hoechst staining. Neurons with punctate or
condensed nuclei were assessed as dead. For siRNA transfec-
tion, neurons were transfected with 30 pmol/well (24-well
plate) siRNA to mouse bag2, pinkl, or parkin plus 30 pmol/well
of control siRNA to 60 pmol siRNA in total. For co-transfection
of siRNAs, neurons were transfected with 30 pmol/well of each
using Lipofectamine 2000 as described previously (32). 24 h
after transfection, the neurons were treated with 20 M MPP™*
for 48 h. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay was carried out. Briefly, the
neurons were incubated with 10 ul of 5 mg/ml MTT for 4 h.
After removal of the medium with MTT, 100 ul of solubiliza-
tion buffer was applied for extracting the converted MTT for
2 h. The plate was read at 570 nm by a plate reader (30).

Determination of PINKI Levels and Ubiquitination—For
determination of levels of overexpressed PINK1, 0.1 ug of
PINKI-FLAG was transfected with 0.4 pg of empty vector or
MYC-BAG2using 1 ul of Lipofectamine 2000 (Invitrogen) onto
2.0 X 10°> HEK293T cells/well in 24-well plates. 2 days after
transfection, the total cell lysates were collected and subjected
to Western blot analysis with anti-FLAG antibody for PINK1
and anti-MYC antibody for MYC-BAG2. For endogenous
PINK1, empty vector or MYC-BAG2 was transfected into
HEK293T cells for 2 days, and the total cell lysates were ana-
lyzed by Western blot for PINK1. For the ubiquitination assay
of overexpressed PINK1, 3.0 X 10° HEK293T cells in a 35-mm
dish were transfected with 1 ug of PINK1-FLAG in the presence
of 3 ug of empty vector or MYC-BAG?2 utilizing 8 ul of Lipo-
fectamine 2000. 2 days after transfection, the total proteins
were extracted in 200 ul of radioimmune precipitation assay
(RIPA) buffer. After 10 min of boiling and 20 min of centrifu-
gation (20,000 X g) at 4 °C, the supernatants were diluted twice
with water for IP using 1 ug of anti-FLAG antibody and 30 ul of
anti-mouse IgG beads (eBiosciences) for 2 h at 4 °C. The beads
were washed four times using a wash buffer containing 20 mm
Tris (pH 7.4), 300 mm NaCl, 0.1% SDS, and 1 mm EDTA. Pro-
teins were eluted in 2X SDS sample buffer for separation by
4-15% SDS-PAGE gel (Bio-Rad) and Western blot analyses
utilizing an anti-UBIQUITIN antibody. The ubiquitination
assay of endogenous PINK1 was performed similar to that
described above, except that HEK293T cells were transfected
with empty vector or MYC-BAG2, and the IP was carried out
with anti-PINKI antibody.

siRNA—AIl siRNAs were purchased from Santa Cruz Bio-
technology. For siRNA transfection, 30 pmol of siRNA/well was
transfected with 1 ul of Lipofectamine 2000 in 24 wells, and 150
pmol of siRNA was transfected with 8 ul of Lipofectamine 2000
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in a 35-mm dish. Twenty-four hours after siRNA transfection,
plasmids were transfected as above for the protein level assay or
the ubiquitination level assay.

Statistical Analysis—Statistical significance was determined
using paired Student’s ¢ test for related samples unless stated
otherwise. Two-way analysis of variance was used in PARKIN
translocation and BAG2-regulated survival to determine the
significance between WT and KO under control and treated
conditions. All data are presented as mean = S.E. Significance is
denoted as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001. No
significance is denoted by N.S.

Results

Physical Interaction between PINKI and BAG2—PINK1
plays an important role in regulating dopaminergic loss (5) and
in a number of critical biological processes such as mitochon-
drial quality control. However, the potentially diverse set of
processes that regulate PINK1 function or its downstream
effectors are not completely known. In particular, the mecha-
nisms that control PINK1 levels and stability, likely important
components of PINKI regulation, are not completely clear. To
identify these regulatory mechanisms, we performed a PINK1
interactomic screen to search for proteins associated with
PINK1 on the basis of mass spectrometric strategy (31). One
particular target of interest in the regulation of PINKI levels
was BAG2, which was identified as an interactor of PINK1 with
a Mascot protein score of 99.

BAG2 has been identified previously as a chaperone protein
involved in the proteasomal process (33), and we hypothesized
that it might be critical for the regulation of PINK1 stability.
Accordingly, we pursued this target in more detail. To confirm
the physical interaction, we first co-expressed V5-tagged
PINK1 (PINK1-V5) with MYC-tagged BAG2 (MYC-BAG2) in
HEK293T cells. Cell extracts were then immunoprecipitated
with IgG control or MYC antibody and probed by Western blot
analyses for V5 to assess BAG2 interaction. As shown in Fig. 14,
left panel, interaction was observed with MYC pulldown but
not the IgG control. We also performed the reverse interaction
studies by immunoprecipitating for V5 and probing by Western
blot analyses for MYC. Consistent with our initial results, an
interaction between expressed BAG2 and PINKI was also
observed (Fig. 1A, right panel). As shown in Fig. 14, BAG2
interacts not only with full-length PINK1 but also with pro-
cessed PINKI. Previous studies have indicated that cleavage of
PINKI is processed in mitochondria (13). Therefore, the mito-
chondrial and cytosolic fractions from HEK293T cells trans-
fected with PINKI-FLAG and MYC-BAG2 were subjected to
immunoprecipitation with MYC antibody to check where the
interaction of PINK1 and BAG?2 takes place. As shown in Fig.
1B, the interaction of PINK1 and BAG2 was observed in both
fractions but predominantly in the mitochondrial fraction.
Finally, to ensure that this interaction could also be observed
with endogenous PINK1 and BAG2, we probed non-trans-
fected HEK 293T cells extract by immunoprecipitating with
PINK1 antibody or IgG control and immunoblotting with
BAG?2 antibody. HEK293T cells were utilized to study endoge-
nous interaction because we can readily detect endogenous
PINK1 with available antibodies. This interaction could not be
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studied in primary neurons because PINK1 antibodies do not
readily recognize PINK1 from murine or rat sources. In agree-
ment with our tagged expression interaction studies, we
detected endogenous interaction between PINK1 and BAG2,
confirming the validity of this interaction (Fig. 1C).

BAG2 Modulates PINKI Levels through Proteasomal De-
gradation—To explore the functional consequences of this
interaction, we first investigated whether the PINKI level is
regulated by BAG2. We initially explored the effects of expres-
sion of BAG2 on exogenously expressed tagged PINKI levels.
As shown in Fig. 24, increasing amounts of MYC-BAG2 plas-
mid (balanced for amounts by a control vector) was cotrans-
fected with a constant level of PINKI plasmid. Increasing
expression of BAG2 was confirmed by Western blot analyses.
We showed that increased BAG2 expression correlates with
increased levels of FLAG-tagged PINKI. Recent studies have
suggested that chaperones such as HSP90 also affect PINK1
stability (34, 35). Accordingly, we checked whether expression
of HSP90 may affect PINKI stability in ways similar to that of
BAG2 expression. We found that HSP9O0 failed to affect PINK1
levels, suggesting that BAG2 acts in ways different from that of
HSP90 (Fig. 2B). We next performed the converse experiment,
where we examined siRNA-mediated down-regulation of
endogenous BAG2 on the levels of exogenous PINK1. As shown
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in Fig. 24, right panel, siBAG2, compared with scrambled
siRNA controls, led to significantly reduced levels of FLAG-
tagged PINK1. siRNA mediated down-regulation of BAG2 was
confirmed by Western blot analyses. Finally, we examined
whether overexpression of BAG2 or siRNA-mediated knock-
down of BAG2 affects the endogenous PINKI level in
HEK293T cells. Consistent with the effect of BAG2 on exoge-
nous PINK1, expression of BAG2 increased levels of PINK1,
whereas siRNA-mediated down-regulation of BAG2 reduced
endogenous PINKI1 levels (Fig. 2C).

Next we explored whether the effect of BAG2 on PINK1 pro-
tein levels is mediated via a proteasomal pathway. HEK293T
cells were cotransfected with FLAG-tagged PINK1 or FLAG-
tagged PINKI(K219M), a kinase-dead mutant of PINK1, along
with MYC-BAG2 or PINKI and siRNA for BAG2 and treated
with the proteasomal inhibitor MG132 to stabilize ubiquiti-
nated PINK1. After immunoprecipitation of PINK1 with anti-
FLAG antibody, ubiquitinated PINK1 was detected by Western
blot analyses using an anti-ubiquitin antibody. As shown in
Fig. 3A, left panel, overexpression of BAG2 dramatically
reduced the level of ubiquitinated PINKI. In this experi-
ment, it is interesting to note that MG132 treatment only
slightly elevated the levels of ubiquitinated PINK1 (mostly
higher molecular weight species). This may be due to the dif-
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ferential kinetics of turnover of ubiquitinated PINK1 species.
Similarly, we also observed that BAG2 dramatically affects the
level of ubiquitinated PINK1(K219M) in HEK293T cells along
with overexpression of BAG2, as shown in Fig. 34, center panel.
In contrast, knockdown of BAG2 led to the converse and
increased PINK1 ubiquitination, as shown in Fig. 3A, right
panel. In agreement with the effect of BAG2 on exogenously
expressed PINKI, overexpression or knockdown of BAG2
decreased or increased the ubiquitinated level of endogenous
PINKI, respectively (Fig. 3B). Importantly, BAG2 expression
did not significantly affect levels of total ubiquitination. BAG2
has been associated with CHIP (C terminus of HSC70-interact-
ing protein) E3 ubiquitination activity. Previous results have
shown that BAG2 inhibits CHIP E3 ligase activity (36). Accord-
ingly, we examined whether CHIP may be involved in the
BAG2-mediated effects on ubiquitination of PINK1. Expres-
sion of CHIP with exogenous PINKI led to an unexpected
increase in total PINK1 and a decrease in ubiquitinated PINK1
(Fig. 3C, left panels). Conversely, knockdown of CHIP resulted
in a decrease in total PINKI but an increase in ubiquitinated
PINK1 (Fig. 3C, right panels). Although not completely conclu-
sive, this suggests a CHIP independent pathway of regulation of
PINK1 by BAG2. Increasing evidence suggests that PINK1 and
PARKIN function in the same pathway in regulating mitochon-
drial functions (9 -11, 37, 38). Therefore, we examined whether
BAG2 affects the level of PARKIN. Expression of BAG2 did not
cause an increase in PARKIN in HEK293T cells (Fig. 3D), indi-
cating that BAG2 may regulate PARKIN mitochondrial trans-
location through PINKI.
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BAG2 Regulates PARKIN Translocation to Mitochondria
in a PINKI-dependent Manner—We next examined whether
BAG2-mediated regulation of PINK1 affects known PINKI-
relevant biological outcomes. Loss of mitochondrial membrane
potential promotes PINK1/PARKIN-mediated mitophagy in
different cell lines as well as primary cultured neurons (8,12, 16,
18, 19). To test whether the stabilizing effect of BAG2 exerted
on PINK1 translates into a functional outcome, we determined
whether BAG2 influences PARKIN translocation in a PINK1-
dependent manner. To this end, HEK293T cells were cotrans-
fected with GFP or GFP-PARKIN along with MYC-BAG2 or
siRNA for BAG2. 1-2 days after transfection, cells were treated
with CCCP to induce mitochondrial depolarization. As shown
in Fig. 4, A and B, expression of exogenous BAG2 significantly
increased mitochondrial translocation of PARKIN compared
with controls transfected with control vector. Importantly,
down-regulation of BAG2 almost significantly diminished
PARKIN translocation to mitochondria (Fig. 4, C and D). In
agreement with the results from the immunofluorescence
assay, the biochemical fractionation studies confirmed that
BAG2 significantly affects the mitochondrial translocation lev-
els of overexpressed or endogenous PARKIN (Fig. 4, E and F).

Because mitochondrial translocation of PARKIN has also
been observed recently in primary neurons (12, 23), we investi-
gated whether BAG2 also affects mitochondrial translocation
of PARKIN in primary neurons after mitochondrial depolariza-
tion. We found that BAG2 expression significantly increased
mitochondrial translocation of PARKIN induced by CCCP.
The BAG2-mediated increase in PARKIN translocation was
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completely dependent on PINK1 because PARKIN transloca-
tion did not occur in PINK1-deficient neurons (Fig. 5). As an
alternative control, we also examined whether BAG2 might
affect levels of PARKIN as an alternative explanation of the
observed increase in PARKIN translocation. However, the ex-
pression level of BAG2 appeared to have no effect on PARKIN
levels (Figs. 3D and 4D, top panel). Taken together, this suggests
a model in which BAG2 contributes to increased PARKIN lev-
els on mitochondria through a PINK1-mediated pathway that
is independent of any global effect on PARKIN levels.

BAG2 Protects Neuronal Death through a PINKI/PARKIN
Pathway—Both PINK1 and PARKIN have also been reported to
promote the survival of neurons in response to multiple
stresses. Given that overexpression of PINKI protects cells
against reactive oxygen species-induced death (5, 39), and
BAG2 promotes PARKIN translocation through PINKI1, we
investigated whether BAG2 protects neurons against oxidative
stress induced by MPP ™ through the PINK1/PARKIN signaling
cascade. First, we evaluated whether BAG2 itself protects cul-
tured primary cortical neurons in an MPP*-induced cell model
of PD. As shown in Fig. 64, top panel, overexpression of BAG2
protected neurons against MPP " -induced neuronal death. We
have reported previously that acute down-regulation of PINK1
sensitizes neurons to MPP™" (39). We recapitulate this observa-
tion here and also confirm the same with Parkin down-regula-
tion. Interestingly, siRNA-mediated down-regulation of BAG2
led to the same degree of sensitization to death observed with
down-regulation of either PARKIN or PINKI. Furthermore,
combined down-regulation of BAG2 and PINK1 or PARKIN
did not further increase death when compared with either
alone. This was also true of co-treatment with siRNA to both
parkin and pinkl (Fig. 6A, bottom panel). We also assessed
whether the survival effects of BAG2 expression were depen-
dent on PINK1 or PARKIN. We utilized pinkI- or parkin-defi-
cient neurons obtained from germ line KO animals. In this case,
sensitization of death induced by loss of pinkI or parkin alone
was not observed, as shown with acute knockdown. This may be
due to compensation resulting from long-term pinkl/parkin
loss. Indeed, pinkl/parkin KO animals do not show dopami-
nergic loss (40, 41). Importantly, however, the protection
observed in WT cultures with BAG2 expression is abolished
with either parkin or pink1 deficiency (Fig. 6B). Taken together,
these data suggests that BAG2 can increase neuronal viability
through a PINK1/PARKIN pathway.

Discussion

Previous work has shown that PINK1 is degraded by the pro-
teasomal pathway (42, 43). After being processed by a number

of proteases, PINK1 is degraded by the proteasome (13,
44— 46), resulting in a low abundance of PINK1 in healthy cells.
Upon loss of mitochondrial membrane potential, accumulated
full-length PINK1 (FL-PINK1) on the outer mitochondrial
membrane recruits PARKIN to mitochondria, leading to mito-
chondrial clearance via autophagy (16-19). Some reports have
also suggested that cleaved PINK1 can perform the same func-
tion (46, 47). These observations indicate that regulation of
PINKI1 processing and turnover is critical to its biological func-
tion. Here we identify BAG2 as one mechanism by which
PINKI1 levels are regulated and link its effect on PINK1 with its
downstream biological effects.

BAG?2 is one member of the BAG family. Its members are
reported to have a diverse range of effects, particularly on stim-
ulating or interfering with ubiquitin E3 ligase activity (36, 48).
For example, BAG1 stimulates chaperone-associated E3 ubiq-
uitin ligase activity, facilitating proteasomal activity for protein
degradation. BAG2 inhibits chaperone-associated E3 ubiquitin
ligase activity, interrupting protein degradation (36, 48, 49).
Beyond regulation of chaperone-associated E3 ubiquitin ligase
activity, BAG5 also inhibits the E3 ligase activity of PARKIN
through its functional interaction with PARKIN (50).

We provide evidence that BAG2 is central to the regulation
of PINKI1 stability. First, BAG2 expression increases the levels
of both exogenously expressed and endogenous PINKI1. Sec-
ond, BAG2 expression reduces the ubiquitination of expressed
or endogenous PINKI. These results are consistent with a
recent report showing that expression of BAG2 reduces ubiq-
uitinated PINK1, possibly through blocking ubiquitin ligase
activity (26). Importantly, we also show that down-regulation of
endogenous BAG2 leads to the converse observations, provid-
ing much clearer evidence that BAG2 plays a central role in
regulating PINK1 levels. It is interesting that BAG2 appears to
regulate the stability of full-length as well as processed forms of
PINKI. This is in contrast to MG132 treatment, which stabi-
lizes only the more processed forms. The reason for this is
unclear, but BAG2 does interact with both forms of PINK1. We
can only speculate that the interaction of BAG2 with full-length
PINK1 may slow down the conversion of full-length PINK1 to
processed PINK1 by proteases such as PARL (45).

Given the evidence that BAG2 can regulate proteasomal
activity through inhibition of CHIP E3 ligase activity, we antic-
ipated that the ubiquitinated level of PINK1 should be up-reg-
ulated upon expression of CHIP. However, we observed a
decrease in ubiquitinated PINK1 and an increase in PINK1 lev-
els as a result of CHIP expression. Furthermore, we found that
HSP90, a chaperone protein important for CHIP-mediated

FIGURE 3.BAG2 regulates PINK1 degradation in HEK293T cells. A, ubiquitination of overexpressed PINK1 is inhibited by BAG2. PINK1-FLAG or PINK1(K219M)-
FLAG along with MYC-BAG2 was coexpressed in HEK293T cells. Transfection of PINK1-FLAG and an empty vector was used as a control. Where indicated,
transfected cells were treated with MG132 for 2 h. FLAG-tagged PINK1 or its mutant was immunoprecipitated for ubiquitination analysis by Western blot (left
and center panels). Left panel, the ubiquitination analysis was performed from HEK293T cells with expression of PINK1-FLAG and overexpression of MYC-BAG2.
Center panel, the ubiquitination analysis was performed for detection of PINK1-FLAG or PINK1(K219M)-FLAG with expression of MYC-BAG2. Right panel, the
ubiquitination level of PINK1-FLAG was examined with knockdown of BAG2. 1B, immunoblot; Ubi, ubiquitin. B, expression or knockdown of BAG2 affects the
ubiquitination of endogenous PINK1. The ubiquitination of PINK1 was detected by IP of PINK1 from HEK293T cells that either expressed MYC-BAG2 (left panel)
or knockdown of BAG2 (right panel). C, the level of CHIP affects the PINK1 level through regulating the ubiquitination of PINK1. PINK1-FLAG was transfected into
HEK293T cells along with overexpression of CHIP or knockdown of CHIP. Top panels, 24 h after transfection, the total cell extracts were subjected to Western
blots for PINK1-FLAG. Bottom panels, 24 h after transfection, cells were treated with MG132 for 2 h for ubiquitination analyses. D, BAG2 has no effect on PARKIN
level. MYC-BAG2 and GFP-PARKIN were cotransfected into HEK293T cells. 24 h after transfection, cell lysates were subjected to Western blot analysis. Asterisks,
full-length PINKT; #, processed PINK1.
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proteasomal degradation (51), did not influence the level of
PINKI, further indicating that CHIP-mediated protein degra-
dation may not have a critical role in PINK1 degradation. Taken
together, these results suggest that an alternative E3 ligase other
than CHIP is a target for BAG2.
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Importantly, we also assessed the biological consequences of
BAG2 expression. We first assessed the effects of BAG2 on the
Parkin-mediated mitochondrial control pathway. Given that
accumulation of PINKI recruits PARKIN to the outer mem-
brane of mitochondria (8, 16, 18, 19), the stabilization of PINK1
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FIGURE 5. PARKIN translocation is regulated by BAG2 via PINK1 in cortical neurons. Primary cortical neurons were transfected with plasmids as described
in Fig. 4, A and B. A, representative images showing the distribution of GFP or GFP-PARKIN in wild-type or PINK1-deficient neurons with CCCP treatment with
and without BAG2 expression, as indicated. Shown are GFP/GFP-PARKIN (green), MYC-BAG2 (red), mitochondrial TOM20 (cyan), and nuclei (blue). B, the
percentage of puncta in GFP-positive neurons colocalized with TOM20 was evaluated by comparing to the total number of GFP-positive neurons. Data are
presented as mean =+ S.E. of at least three independent experiments. ***, p < 0.001; N.S., not significant.

should augment mitochondrial translocation of PARKIN upon  dria. In addition, down-regulation of BAG2 by siRNA led to the
depolarization of mitochondria. Indeed, expression of BAG2  converse observation, dramatically blocking PARKIN recruit-
significantly increased PARKIN translocation to the mitochon- ment to the mitochondria. Importantly, we also assessed

FIGURE 4. BAG2 regulates PARKIN translocation via PINK1. A and B, BAG2 expression regulates PARKIN translocation in HEK293T cells. HEK293T cells were
cotransfected with empty vector and GFP, empty vector and GFP-PARKIN, MYC-BAG2 and GFP, or MYC-BAG2 and GFP-PARKIN as indicated. A, representative
images from transfected cells treated with CCCP for 1 h. Shown are GFP/GFP-PARKIN (green), MYC-BAG2 (red), mitochondrial TOM20 (cyan), and nuclei (blue).
B, cells were left untreated or treated with CCCP as indicated. GFP colocalization with the mitochondrial marker TOM20 was analyzed under fluorescence
microscopy. The percentage of GFP/mitochondria colocalization was ascertained as a ratio relative to total GFP-positive cells. ***, p < 0.001. C and D,
GFP-PARKIN or GFP was expressed in HEK293T cell with control siRNA or BAG2 siRNA. C, representative images from transfected cells, as indicated, treated with
CCCP for 1 h. D, top panel, siRNA for BAG2 significantly knocked down BAG2, resulting in a decrease of PINK1 but no effect on GFP-PARKIN. Bottom panel,
quantification of mitochondrial PARKIN colocalized with TOM20 with and without CCCP treatment as indicated. Data are presented as mean * S.E. of at least
three independent experiments. ***, p < 0.001. £ and F, the mitochondrial translocation of PARKIN was analyzed by Western blots after cellular fractionation.
E, GFP-PARKIN was expressed in HEK293T cells along with overexpression of MYC-BAG2 or knockdown of BAG2 in the presence of CCCP. F, HEK293T cells were
transfected with MYC-BAG2 or siRNA for BAG2. After CCCP treatment and cellular fractionation, the level of PARKIN was analyzed by Western blots. GFP-PARKIN
or endogenous PARKIN was normalized to mitochondrial marker complex 1 for relative levels of PARKIN and then compared with control siRNA (siCon) or
vector controls. mito, mitochondrial; cyto, cytosolic.
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FIGURE 6. BAG2 protects neurons through PINK1 and PARKIN against MPP* challenge. A, expression or Knockdown of BAG2 in cortical neurons modulates
neuronal viability. A plasmid expressing GFP or MYC-BAG2 was transfected into primary cortical neurons. Top panel, the number of GFP-positive viable neurons
with intact nuclei was normalized to the total number of GFP-positive neurons after MPP* treatment. Bottom panel, the neurons were transfected with control
scrambled siRNA, bag2 siRNA, pink1 siRNA, parkin siRNA, siRNAs for pink1 and parkin, siRNAs for bag2 and pink1, or siRNAs for bag2 and parkin. Viability was
evaluated by MTT assay. The knockdown of BAG2 was confirmed by Western blot analyses. ***, p < 0.001; N.S., not significant. B, BAG2 plays a protective role
through the PINK1/PARKIN signaling pathway. WT, pink1~'~, or parkin~’~ neurons were transfected with empty vector or the MYC-BAG2 plasmid. Neuronal
viability was evaluated by normalizing GFP-positive neurons with intact nuclei to total GFP-positive neurons. Data are presented as mean = S.E. of at least three

independent experiments. ***, p < 0.001.

whether BAG2 might affect PARKIN levels, thereby explaining
the increased PARKIN translocation observed at the mitochon-
dria. However, expression of BAG2 had no effect on PARKIN
levels, suggesting that BAG2 did not affect the mitochondrial con-
trol pathway through direct regulation of PARKIN levels. Finally,
we also determined whether BAG2 might affect PARKIN translo-
cation through a pathway unrelated to PINKI. In this regard,
we assessed whether BAG2 might increase PARKIN transloca-
tion in the absence of PINK1. However, BAG2 did not increase
PARKIN translocation in PINK1 KO neurons. Taken together,
our results indicate that BAG2 increases PINK1 levels, which
leads to increased PARKIN translocation, an important
reported step in mitochondrial quality control.

We also assessed whether and how BAG2 might affect neu-
ronal survival in the presence of mitochondrial stress. We dem-
onstrate that BAG2 expression is protective in this model, in
which down-regulation of BAG2 sensitizes neurons to death.
Importantly, we showed that the protective effect is completely
dependent on the presence of either PARKIN or PINKI. This
latter observation is consistent with the notion that both PINK1
and PARKIN have a protective effect in neurons against mito-
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chondria and oxidative stress (11, 39, 52). Although our data
indicate that the protective effects of BAG2 rely on PINK1/
PARKIN, it is important to note that we have not established
that mitochondrial quality control is the mechanism by which
BAG2 regulates survival. Indeed, some data have indicated that
PARKIN-regulated mitophagy does not occur in the presence
of mitochondrial damage induced by loss of TEAM (transcrip-
tion factor A, mitochondrial) (53). However, PARKIN/PINK1-
mediated pathways of mitochondrial quality control have been
noted in neurons upon oxidative/mitochondrial stress (12, 23).
Regardless, our data indicate that BAG2 regulates a protective
response through a PINK1/PARKIN-mediated pathway. We
propose a model in which this occurs through an increase in
PINK1 levels.

Finally, previous works have indicated that import of FL-
Pinkl into mitochondria is required for processing of
FL-PINK1 to cytosolic PINK1 by different proteases (13,
44— 46, 54). The constitutive turnover of PINKI is presumably
a critical regulatory machinery to inhibit the PINK1/PARKIN
pathway in healthy cells. On the contrary, FL-PINK1 is accu-
mulated on the outer surface of depolarized mitochondria to
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trigger the activation of the PINKI/PARKIN pathway
(reviewed in Ref. 55). Our findings demonstrate that BAG2
expression results in the accumulation of different forms of
PINK]1, especially FL-PINK1, suggesting that BAG2 may block
the import of FL-PINKI into mitochondria, resulting in the
accumulation of FL-PINKI1. Consistent with this model, we
observed more mitochondrial translocation of PARKIN in cells
with expression of BAG2 even under conditions lacking mito-
chondrial stress. We propose two possible mechanisms by
which BAG2 manipulates the PINK1 level. First, BAG2 may
prevent PINKI degradation by inhibiting the proteasomal
pathway. Second, BAG2 interrupts the import of PINKI to
mitochondria, which would result in inhibition of PINK1 pro-
cessing and increased FL-PINKI. It will be important to distin-
guish between these possibilities in future studies.
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