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Abstract
Parkinson’s disease (PD) is the second most common neurodegenerative disease worldwide, affecting
3% of individuals of >75 years of age. The disease is relentless and incurable, and the need to understand
its causes and develop new treatments is overwhelming. Mutations in the LRRK2 gene are the most
common cause of familial PD, and strongly influence the risk of sporadic PD. This study investigates the
impact of LRRK2 enzymatic activities and LRRK2 pathogenic and protective variants on autophagy and
calcium signalling to gain insight into the early impairments involved in PD pathogenesis. To this end, the
initial approach was to develop isogenically matched cell lines using the CRISPR/Cas9 gene-editing
technique, which was unsuccessful. Alternative strategies to study LRRK2 were therefore pursued. The
LRRK2 kinase and GTPase activities were modulated with pharmacological inhibitors, and the effects of
LRRK2 mutations were investigated by transfection of wild-type and mutant LRRK2 constructs.
Autophagy assays combined the quantification of GFP-LC3 punctae and endogenous WIPI2 punctae
numbers using fluorescence and electron microscopy, whilst intracellular calcium signals were measured
using ratiometric Fura-2 imaging following treatment with ATP, CPA or ionomycin. Overall, this project
revealed a cell-type specific action of LRRK2 in autophagy, where LRRK2 appears to be pro-autophagic
and involved in a kinase and GTPase activity-dependent manner in the early stages of this process in
HEK293 GFP-LC3 cells, whilst data from RAW264.7 macrophages do not support a role for Lrrk2 in
autophagy. Calcium-related findings indicated that Lrrk2 is involved in the regulation of IP3-R mediated
calcium signals in WT RAW264.7 macrophages and suggest that this role for Lrrk2 may be as a scaffolding
protein. The data also indicated that the function of LRRK2 in autophagy induction in HEK293 GFP-LC3
cells is unlikely to require intracellular calcium, and LRRK2 was not found to participate in the regulation
of lysosomal calcium storage in either cell line. Additional findings revealed that the calcium indicators
Fura-2 and Cal-590, as well as BAPTA and the BAPTA analogues di-bromo-BAPTA and di-fluoro-BAPTA,
displayed significant off-target effects on autophagy, and indicated that BAPTA is an unsuitable tool to
explore the involvement of calcium signals in autophagy. Taken together, this study yields new and
important data about the role of LRRK2 kinase and GTPase activities in the early stages of autophagy,
and sheds light on the relevance of LRRK2 to the regulation of intracellular calcium signalling.
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1.1

Parkinson’s disease

Parkinson’s disease is the second most common neurodegenerative disease worldwide, affecting up to
10 million individuals typically over the age of 60, with a lifetime risk estimated around 2%1–3. Initially
described by James Parkinson in 1817 as a “shaking palsy”4, PD remains incurable 200 years later.

1.1.1

Symptoms and treatments

PD is characterized by debilitating motor symptoms due to the degeneration of dopaminergic neurons,
which leads to a depletion of the neurotransmitter dopamine. Individuals with PD typically present
clinical features such as resting tremor, muscle rigidity, posture instability and bradykinesia4,5. However,
PD is not limited to motor dysfunction6,7 (Table 1.1). Several neuronal networks are affected in PD, and
patients also suffer from psychiatric and dysautonomic symptoms7,8. These non-motor symptoms can
occur more than 10 years prior to the onset of the motor symptoms and the diagnosis.
Since the world’s population is ageing, it is becoming increasingly important to unravel the mystery
surrounding the causes of the disease, and to develop new treatments. At this time, no diseasemodifying treatments are available. Thus, for all patients with PD, current treatments are only able to
alleviate symptoms, with a focus on improvement in motor and non-motor symptoms5,7–12 (Table 1.2).
Importantly, pharmacological treatments for motor symptoms are generally based on re-establishing
dopamine signalling (Table 1.2) by mimicking the effect of dopamine (e.g., dopamine precursor L-DOPA,
dopamine agonist ropinirole), increasing dopamine levels (e.g., promoting dopamine synthesis with
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amantadine or NMDA Receptors antagonist), or inhibiting dopamine metabolism (e.g., monoamine
oxidase-B inhibitors). To address non-motor symptoms, approaches typically used in other conditions or
in the general population can be considered5,7–12, such as antidepressants. Interestingly, some nonmotor symptoms also respond to motor symptoms treatments5,7–12, including depression or anxiety
which can be improved by Quetiapine (a dopamine-related approach), or cognitive impairments which
could be improved by monoamine oxidase-B inhibitors. Although individual approaches to treat PD are
heterogenous, PD patients generally use a carefully selected combination of medications providing
benefits on both motor and non-motor symptoms.
However, these therapies have little to no effect on slowing disease progression, and can have side
effects such as impulse control disorders5,7–12. Additional non-pharmacological strategies are also
explored, such as exercise and physiotherapy, but further study is required to establish their diseasemodifying abilities12. Furthermore, deep brain stimulation, which involves a transcranial surgery and
implantation of electrodes, can be used in patients presenting medication-resistant or worsening
symptoms12. Although its mechanisms are not fully understood, this approach is based on the
stimulation of the sub-thalamic nucleus or globus pallidus interna, which ultimately relieves repression
of the thalamus, often resulting in the reduction of motor-symptoms such as dyskinesia.
Table 1.1: Most common Parkinson’s disease symptoms.
This table summarises the most common motor and non-motor symptoms reported in PD patients4–7.

Motor symptoms

Non-motor symptoms

Resting tremor

Autonomic dysfunction (constipation, bladder dysfunction, blood pressure changes)

Muscle rigidity

Impaired olfaction

Posture instability

Sleep disruption, insomnia

Bradykinesia

Psychiatric disturbances (depression, anxiety, psychosis)
Cognitive dysfunction, dementia
Fatigue
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Table 1.2: Current treatments for Parkinson’s disease.
This table summarises the most commonly used PD treatments that target motor dysfunction by re-establishing the
physiological dopamine pathway, and non-motor symptoms with approaches used in the non-PD population. Some non-motor
symptoms also respond to treatments for motor symptoms5,7–12.

Target

Strategy
Dopamine
Replacement

Motor symptoms

Inhibition of
dopamine degradation

(loss of dopaminergic
neurons and striatal
dopamine depletion)

Non-motor symptoms

Glutamatergic activity
decrease (promote dopamine
synthesis) and other
neurotransmitters

Treatment(s)
Dopamine precursor (e.g., L-DOPA), dopamine
agonists (e.g., ropinirole)
Monoamine oxidase-B inhibitors (e.g., rasagiline),
catecholamine-O-methyltransferase inhibitors
(e.g., entacapone)
Amantadine, NMDA receptors antagonist,
cholinesterase inhibitors

Surgical Intervention

e.g., Deep Brain Stimulation

Non-pharmacological
approaches

Exercise, rehabilitative therapy, physiotherapy

Approaches used in the
general population

Psychiatric symptoms (e.g., depression, anxiety,
psychosis): dopamine-related (Quetiapine),
antidepressants, serotonin and norepinephrine
reuptake inhibitors, cholinesterase inhibitors
Cognitive impairments: cholinesterase inhibitors,
monoamine oxidase-B inhibitors

The following sections will briefly review disease pathology, known causes of PD and the strengths and
weaknesses of the current experimental models used to model PD.
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Pathology and hallmarks

1.1.2.1

Degeneration of dopaminergic neurons

The central pathognomonic feature of PD is the degeneration of dopaminergic neurons of the substantia
nigra pars compacta5, although other brain regions are affected. The substantia nigra is located in the
midbrain and is a part of the basal ganglia, which is essential for several brain functions, especially
voluntary movement control13–18.
Dopaminergic neurons of the substantia nigra have a characteristic pigmentation, due to the presence
of a dark pigment called neuromelanin. It is the loss of these neurons, which is distinguishable at the
gross anatomical level by the loss of pigmentation (Figure 1.1), that causes the classical movement
disorder. Interestingly, motor symptoms only appear after at least 50% of the dopaminergic neurons and
80% of the dopamine have been lost19, which may explain why non-motor symptoms can precede motor
dysfunction by many years7,9. This highlights the significance of understanding the biological mechanisms
upstream of cell death.

Figure 1.1: The substantia nigra in Parkinson’s disease
Schematic representation of the location of the substantia nigra in the midbrain in a PD patient and a healthy subject, showing
the degeneration of dopaminergic neurons of the substantia nigra pars compacta in the patient.
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Lewy bodies

Additionally to the loss of dopaminergic neurons, the second PD hallmark is the presence of Lewy bodies
in post-mortem brains20. Lewy bodies are large eosinophilic neuronal cytoplasmic inclusions containing
aggregates of misfolded proteins, in particular α-synuclein and ubiquitin. The presence of α-synuclein in
Lewy bodies allows the classification of PD as a synucleinopathy21.
Consistent with an important role in PD pathology, Lewy bodies are predominantly found in the
substantia nigra, but are also found in other brain regions affected in PD. Although the mechanisms are
unclear, the α-synuclein pathology is thought to spread to connected regions in a prion-like manner22
(discussed further in Section 1.6.1.3). It is presumed that this spreading of Lewy bodies pathology is
central to disease progression, although it remains controversial whether Lewy bodies are themselves
neurotoxic or whether their formation is part of a neuroprotective response23. However, findings argue
that Lewy bodies are unlikely to be a key factor in PD pathogenesis since the extent of post-mortem
Lewy bodies pathology correlates poorly with the extent of cell death, disease progression and clinical
symptoms24,25.

1.1.2.3

α-synuclein pathology

Although the involvement of Lewy bodies in the pathogenesis of PD is debated, the involvement of αsynuclein is not. α-synuclein is a highly expressed neuronal protein generally enriched in presynaptic
nerve terminals. The normal physiological role of α-synuclein is not fully understood, but it is considered
to be a membrane-binding protein that plays a role in vesicular trafficking at pre-synaptic termini where
it may regulate synaptic transmission26,27.
Numerous studies have described the pathogenic role of misfolded α-synuclein accumulation and
aggregates, while PD genetics has identified strong linkage between SNCA, the gene encoding αsynuclein, and PD28. Furthermore, misfolded α-synuclein accumulation appears to be the ultimate
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pathological agent common in all causes of PD, since it occurs in almost all PD patients, irrespective of
whether the patient is considered to have idiopathic PD or PD due to genetic mutations.
α-synuclein can be present in several states. Whilst soluble α-synuclein proteins natively exist as
monomers, α-synuclein molecules form multimers at membranes. The formation of oligomers in a
pathological environment is generally believed to be neurotoxic, aggregating in fibrils and ultimately in
intraneuronal deposits (i.e. Lewy bodies)27,29. However, there is no consensus regarding which is the toxic
form of α-synuclein, a problem that hinders the discovery of potential therapeutics targeting αsynuclein30,31.
As such, it is likely that the α-synuclein pathology occurs early in PD pathogenesis, which starts before
the onset of PD, and that it drives the progression of the disease. Although the mechanisms are poorly
understood, it is thought that α-synuclein pathology mediates the impairment of fundamental cellular
processes27, such as the autophagic pathway, thereby causing further accumulation of α-synuclein and
eventually leading to neuronal loss. Therefore, it is relevant to investigate these potential upstream
pathological mechanisms that occur prior to the accumulation of α-synuclein.
While research has been prolific in other aspects of PD, the upstream mechanisms initiating PD are not
fully deciphered, although impairments in several cellular processes have been proposed26,32–37. These
impairments may act together to promote and trigger neurodegeneration by rendering dopaminergic
neurons more vulnerable to cellular insults and cell death, but can also result from neurodegeneration.
Impairments include defects in protein degradation pathways, mitochondrial dysfunction, synaptic and
axonal defects, neuroinflammation and deregulated calcium signalling. Their role in the mechanisms
underlying cellular dysfunction in PD and the involvement of PD-trigger factors will be discussed later in
this Chapter, in Section 1.6.1.
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Aetiology

Although PD is mostly sporadic and considered an idiopathic disease with unknown aetiology, several
potential causes have been described for the neurodegeneration observed in PD. These risks factors
include ageing, genetic factors and environmental factors, culminating in mitochondrial dysfunction,
neuroinflammation and oxidative stress32,33,38. Importantly, PD is considered a multifactorial disease, and
it is likely that the interplay of all these risk factors, whether environmental or intrinsic, worsen the
cellular dysfunction and trigger PD pathology (Figure 1.2).

Figure 1.2: Parkinson’s disease is a multifactorial disorder.
The potential interplay between the intrinsic and extrinsic risk factors in PD is thought to induce and aggravate cellular
dysfunction and trigger Parkinson’s disease (PD) pathology.

1.1.3.1

Ageing

The most important predisposition factor for PD is age31, with an onset of motor symptoms at a mean
age of 60. In fact, the motor symptoms of PD are attributable to changes within dopaminergic neurons
from the substantia nigra with advancing age. It should be noted that early-onset (and in some cases
juvenile) PD exists39–41, but these individuals account for a very small proportion of cases – the vast
majority of PD is late-onset (referred to as late-onset PD)42. Early onset forms of PD, which tend to be
genetic in nature, are discussed briefly in Section 1.1.3.3.
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Ageing is a normal physiological process that induces functional changes at the level of the organism but
also at the cellular level. These functional changes are associated with a decline in fundamental
processes maintaining cellular homeostasis. As such, cellular ageing is due to the accumulation of
damage occurring over time due to the deregulation or failure of several essential mechanisms, including
defects in macromolecule clearance, i.e. autophagic machinery, impaired proteostasis, dysfunctional
mitochondria and oxidative stress, toxicity handling with antioxidants, DNA damage, and inflammatory
senescence43–46. These age-related factors ultimately lead to cellular dyshomeostasis and participate in
the development of age-related diseases, in particular neurodegeneration. The general opinion supports
this age-associated decline of physiological processes in the enhanced vulnerability of dopaminergic
neurons to cytotoxicity and cell death.

1.1.3.2

Environmental factors

The vast majority of PD cases are sporadic, therefore environmental factors likely influence the onset of
most cases either directly or by interacting with predisposing factors such as less penetrant PD risk
genes47.
Established environmental risk factors for PD include chronic exposure to certain toxic compounds, most
notably pesticides48–52 such as organophosphates53, which are generally associated with farm activities
or occupational exposure. This follows the discovery that the neurotoxins 6-hydroxydopamine54,55 and
1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine (MPTP)55,56, similar to the herbicide paraquat57,58, cause
the loss of dopaminergic neurons and chronic parkinsonism59. These compounds act through
mitochondrial dysfunction and enhanced oxidative stress. Rotenone, another pesticide, can also lead to
PD60–62 through similar mechanisms.
Although the mechanisms are still unclear, numerous studies have described an additional range of
compounds52,63–67 that can induce PD, such as metals, chemicals used in industry or even air pollution.
On the other hand, certain factors such as coffee and tea consumption68, tobacco50 and ibuprofen52
potentially lower the risk for developing PD. PD has also been linked to head trauma69, and an increased
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risk of developing PD was found in patients with several inflammatory disorders or infections, such as
tuberculosis70 or inflammatory bowel disease71.

1.1.3.3

Genetic factors

Most importantly in the context of this project, there is increasing evidence that genetic factors play a
critical role in an individual’s lifetime risk of developing PD72–74. About 10% of cases have a clear
hereditary origin, either due to dominant or recessive mutations. These monogenic forms of PD are
referred to as familial PD, and at least 9 have been reported to date75 (Table 1.3). However, genomewide association studies indicate that when combined with additional genetic risk factors, the genome
of an individual accounts for a far greater proportion of their total PD risk than traditionally
assumed74,76,77. Substantial work has thus focused on the genetic causes of PD.
The first gene linked to PD was SNCA78, followed by PARK2, PINK1 and DJ-141,79,80 in juvenile or earlyonset autosomal recessive inherited PD. Interestingly, the proteins encoded by PARK2, PINK1 and DJ-1
are involved in mitochondrial homeostasis, in particular mitophagy81, which is the selective degradation
of mitochondria via autophagy. As such, genetic studies of rare early-onset PD have been incredibly
informative, supporting mitochondrial dysfunction as a key event in PD pathogenesis81,82, and also
established the critical pathogenicity of α-synuclein aggregation83.
The most common genetic risk factors for late-onset PD are disease-causing mutations affecting the
LRRK2 and GBA genes42,84. Since these mutations tend not to be highly penetrant, they may have to be
combined with other genetic or environmental factors to trigger PD. In contrast to early-onset PD,
genetics studies of late-onset PD have been less fruitful. Indeed, while it is now accepted that pathways
deregulated by most PD-causing genes converge to α-synuclein accumulation downstream, the
upstream events remain poorly understood. Nevertheless, all these PD-causing genes are involved in or
regulate the autophagic pathway, supporting its importance in neurodegeneration and PD pathogenesis.
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Table 1.3: Main dominant and recessive PD-causing mutations and overview of the associated pathology.
This table summarises the current knowledge on PD causing mutations75,85. SN: substantia nigra, DN: dopaminergic neurons,
LB: Lewy bodies, LC: locus coeruleus.
Inheritance

Phenotype

Severe
Parkinsonism
Early-Onset
PD

Autosomal
Dominant
PD

Gene

Function

Mutations

Neuropathology

α-synuclein

Likely involved in
neurotransmitter
release at presynaptic terminals
and vesicles
dynamic

missense,
duplications and
triplications
A53T, 130P,
E46K, H50Q,
G51D

- Main component
of LB present in
cortex and brain
stem
- Overexpression
of α-synuclein
- Loss of DN in the
SN and LC

LRRK2

Leucine Rich
Repeat
Kinase 2

- Signalling
pathways
- Cytoskeleton
dynamic
- Mitochondrial
function
- ER/Golgi
- Vesicle trafficking
- Autophagy and
endolysosomal
pathways

missense,
R1441C/G/H,
R1441S, Y1699C
G2019S, I2020T,
I2012T, R1628P,
G2385R,
N1437H/S

- Loss of DN in SN
- Presence or not
of LB in brain
stem
- Neurofibrillary
tangles

VPS35

Vacuolar
Protein
Sorting

Component of the
retromer complex

D620N

Undetermined

EIF4G1

Eukaryotic
translation
initiation
factor

Component of
the translation
initiation complex

R1205H

Lewy bodies
disease

GBA

β-glucocerebrosidase

Lysosomal enzyme

L44P risk factor

Typical LB

Parkin
(PARK2)

E3 Ubiquitin
Ligase

- Target proteins
for ubiquitination
- Mitochondrial
function

PINK1

PTENInduced
Putative
Kinase 1

Mitochondrial
ser/thr kinase

DJ-1
(PARK7)

Deglycase

Redox-sensitive
chaperone and
protease

Missense
mutations

Undetermined

ATP13A2

5 P-type
ATPase

Lysosomal ATPase

Loss of function
mutations

Kufor-Rakeb
syndrome
(levodoparesponsive PD)

SNCA

Classical
PD

Autosomal
Recessive
PD

Early-Onset
PD (Juvenile)

Protein

Indels,
duplications,
nonsense and
missense
mutations

- Presence or not
of LB
- Loss of DN in
the SN
- Neurofibrillary
tangles
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Biomarkers for Parkinson’s disease

Due to the long latency between the start of the neurodegeneration process and the manifestation of
motor symptoms, PD cannot be diagnosed in its early stages, which in turn makes early therapeutic
intervention impossible. Thus, the identification of reproducible and objective biomarkers of early-stage
PD is a crucial area of research.
PD is divided into several stages that are defined prior to the clinical diagnosis of PD86,87 (Figure 1.3). The
preclinical stage is defined as the time when neurodegeneration is ongoing but without any symptoms,
with certain non-motor symptoms occurring during the subsequent prodromal stage. Research has
therefore been focused on biomarkers for early diagnosis during these stages, in various areas86,87. For
instance, potential prodromal markers include non-motor symptoms, genetic and epigenetic markers,
or fluid biomarkers (Figure 1.3). Importantly, the PD biomarkers that have been proposed require the
use of a combination of several markers to be reliable, which implies that further studies are required.
Aside from PD diagnosis, biomarkers for PD could also help predict the risk of PD, monitor PD progression
and severity, help in therapeutic interventions, and distinguish PD from other form of parkinsonism and
synucleinopathies86,87.
However, despite progress in understanding PD pathophysiology, the complexity of PD aetiology makes
the discovery of biomarkers challenging86,87. An additional factor is the clinical heterogeneity in PD, which
manifests at each stage. Moreover, the lack of standardisation and generalisation in biomarker studies
constitutes another drawback. Findings vary between studies due to gender-related differences, sample
size or methods. As such, the available biomarkers still lack specificity for the detection of prodromal
stage, establishing diagnosis, or predict PD, and potential biomarkers still need to be validated in clinical
studies. Research is ongoing, and validated biomarkers are avidly awaited86,87.
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Figure 1.3: Brief overview of disease stages and biomarker research in Parkinson’s disease.
Parkinson’s disease is divided into several stages. Neurodegeneration begins during the preclinical stage but without symptoms.
PD-related symptoms appear during the prodromal stage, but the diagnosis is usually only possible when the clinical stage is
reached. Biomarkers could be used to predict the risks, detect the preclinical stage, provide clues on disease progression, or
help with diagnosis. At this time, no specific and reliable biomarker exists for these purposes, but research is ongoing86,87.
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It is worth mentioning that imaging studies are promising tools to complement clinical observations in
PD86,87 (Figure 1.3). Indeed, depletion of dopamine results in functional connectivity changes and
abnormalities across the whole brain. Several techniques, such as functional MRI, transcranial sonography
or single-photon emission computed tomography can be used to detect structural and functional

changes in the brain86,87. For instance, loss of dopaminergic neurons leads to reduced dopamine uptake
and dopamine transporter density, which is a key imaging biomarker for PD diagnosis, even prior to the
onset of motor symptoms. However, these techniques also have drawbacks that limit their use to detect
PD biomarkers, including the need for methods standardisation and lack in diagnostic specificity, since
these techniques do not necessarily allow for the monitoring of disease progression or the distinction
between PD and other synucleinopathies86,87. As such, this area merits further exploration.

1.1.5

Model systems to study the aetiology of PD

PD clinical phenotypes are heterogenous, and the underlying pathophysiology is not well understood.
Although motor and non-motor symptoms are clinically assessed, the associated brain pathology can
only be detected through examination of post-mortem tissues, which are fairly rare and limited. As such,
experimental models replicating the diverse aspects of PD have proven to be crucial tools to extend the
knowledge of the mechanisms underlying PD pathology and pathogenesis, and develop new treatment
strategies.

1.1.5.1

Animal models of PD

In principle, animal models should allow PD to be studied under physiologically relevant in vivo
conditions, replicating the clinical and pathological characteristics of the disease observed in patients.
Typically, current animal models of PD can be divided into two main categories: neurotoxin models and
genetic models55,88,89 (Appendix 1).
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Neurotoxin models are usually used to model sporadic PD using environmental or synthetic neurotoxins
to reproduce the main defects found in PD. Various models have been developed, such as exposure to
MPTP, 6-OHDA, paraquat or rotenone55,88–90. Toxin-based rodent models of PD significantly replicate, to
some extent, a number of key features in PD89. Generally, these models exhibit a rapid loss of
dopaminergic neurons of the substantia nigra, accompanied with motor deficits and behavioural
impairments, but lack formation of Lewy bodies89–91. Usually, the neurodegeneration correlates with the
motor deficits, and these models reflect the late stages of PD60. Such models have been essential for
investigating dopaminergic loss and motor symptoms, and are useful as an initial mean to screen drugs
and potential treatment for PD symptoms91. However, neurotoxin models are not suitable for the
development of preventative treatments, or to elucidate the molecular mechanisms that cause
dopaminergic loss in the first place.
The identification of PD-related genes offered an alternative to neurotoxin-based PD models and led to
the development of genetic PD models88,92. These animals include transgenic and viral vector-mediated
models based on the overexpression of familial PD-related gene mutations60,91,92. In contrast to toxinbased models, genetic models should replicate the early stages of PD pathology60. These models have
proven useful for the study of autosomal recessive early onset forms of PD (e.g. PINK1 and Parkin), where
knockout mice display clear nigrostriatal impairments that are consistent with a pre-PD phenotype93,94.
However, for late onset autosomal dominant forms of familial PD, these models have not provided
conclusive outcomes. Many genetic models have little or no phenotype, while those that do develop
motor symptoms fail to fully recapitulate the pathophysiology of the disease88,91. In the case of Lrrk2,
transgenic mouse and rat models have generally failed in reproducing all PD hallmarks, and Lrrk2
knockout mice do not exhibit neuropathological features88,90,91,95. These findings appear discouraging in
the context of PD, but it should be acknowledged that Lrrk2 knockout animals have at least been useful
for uncovering the basic role of Lrrk2, not least evidence of a role for Lrrk2 in the autophagic
pathway88,90,91,95, and also providing evidence that loss of Lrrk2 function causes age-related kidney and
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lung pathology in several mouse and rat models, which may have implications for the long-term use of
LRRK2 inhibitors in patients.
In summary, animal models of PD have contributed to the understanding of the disease but have
important limitations91. Furthermore, inconsistency in findings reinforce the need for the
standardisation of current PD models and procedures. It may be the case that the short lifespans of
rodents are simply insufficient for the development of a late-onset human disease. But even where more
convincing phenotypes are present, these animal PD models rarely allow the comparison of different
causes of PD in parallel, due to the financial and practical difficulties of housing multiple strains.
Therefore, there is a great need for alternative models.

1.1.5.2

Cell models of PD

In contrast to animal models, cellular models are promising tools for studying the early molecular events
underlying PD96,97. Indeed, cellular models permit multiple mutations to be studied in parallel by using
transient transfection of wildtype and mutant proteins. Most advances in understanding the function of
PD-associated proteins and in the mechanisms underlying PD pathology have come from these types of
study. In addition, it is possible to combine the use of toxins with genetic mutations, which might help
determine the contribution of environmental and genetic factors.
A number of cell lines are frequently used in neurodegenerative disease research, depending on the type
of experiment and aims90,96,98 (Appendix 2). Although cellular models of PD based on neuronal tumour
cell lines have provided insights into cellular impairments, the mechanisms responsible for PD are not
always investigated in dopaminergic neurons, the most affected cell type96. This is debatable, since
several neuronal cell types are affected in PD, which suggests that investigating the molecular basis of
PD in neuronal cells other than dopaminergic neurons might also help expand the understanding of the
disease.

Introduction

| 16

Cellular models have several advantages compared to animal models96,98. Aside from reduced financial
and practical difficulties, the use of pharmacological agents or genetic intervention are easier, and they
allow multiple experiments to be performed at the same time. As such, cellular models do not replicate
all features of PD, but allow the experimenter to explore the mechanisms responsible for a specific event
in a short amount of time and robustly.
However, cellular models are limited by non-physiological protein expression levels, and also by the
unrepresentative nature of transformed cell lines that do not replicate neurons in vivo96,98. Furthermore,
in many cases the cell lines are not of human origin but primary cell lines obtained from animal
models96,98. Thus, results obtained in cell models have to be validated in more relevant systems96. To
overcome the limitations of species and physiological relevance, induced pluripotent stem cells (iPSCs),
which are derived from patient tissue99,100 are becoming popular in vitro models. However, iPSCs also
carry epigenetic modifications associated with the tissue from which they were derived, which limits
their ability to accurately model a physiological cell type101. In addition, the use of iPSCs cells depends
on ethical approval, and they are less cost-efficient than immortalised cell lines.
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Leucine-rich repeat kinase 2

Mutations in the LRRK2 gene (PARK8) encoding the leucine-rich repeat kinase 2 protein (LRRK2), also
known as dardarin, are the most common cause of familial late-onset PD and also strongly influence the
risk of sporadic PD76,102–105. Importantly, pathogenic LRRK2 mutations induce phenotypes that are
clinically indistinguishable from idiopathic PD, including age of onset, symptoms, and patterns of
neurodegeneration of nigrostriatal dopaminergic neurons and Lewy bodies accumulation25,102,106,107. In
addition, genome-wide association studies have also identified LRRK2 risk variants108,109. These
observations suggest that LRRK2 is likely to be a central element in understanding both idiopathic and
familial PD aetiology.
Since the discovery of its involvement in PD in 2004, the complexity of LRRK2 has challenged the field of
PD with regards to determining its precise role in the pathogenesis of the disease, but also its normal
physiological role. Nevertheless, since LRRK2 is involved in various cellular functions that will be detailed
in the following sections, it is thought that LRRK2 mutations lead to PD through several potential
mechanisms.

1.2.1

LRRK2 protein and PD-causing mutations

LRRK2 is a large 2527 amino acid protein belonging to the ROCO family of GTPases (which also comprises
death-associated protein kinase 1 or DAPK1, malignant fibrous histiocytoma amplified sequences with
leucine-rich tandem repeats 1 or MASL-1, and LRRK1), that contains multiple functional domains110–112.
The structure of LRRK2 is depicted in Figure 1.4. Interestingly, these include four protein-protein
interaction domains and domains conferring both a serine-threonine kinase activity (MAPKKK-like) and
a GTPase activity (RocCOR domain). This complex structure implies both an enzymatic role and a
scaffolding role for LRRK2 in signal transduction112–117. In addition, protein-protein interactions have also
been reported to occur at the level of the RocCOR domain and amino-acids located between the ANK
and LRR domains, most notably with microtubules115 and 14-3-3 proteins118,119.
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Figure 1.4: LRRK2 structure and mutations
LRRK2 is a homodimer belonging to the ROCO family of GTPases. LRRK2 contains multiple domains: protein-protein interaction
domains ARM (armadillo), ANK (Ankyrin-like), LRR (leucine rich repeat) and WD40 (all in pink); a serine-threonine kinase domain
(in orange); and a Roc (Ras of complex proteins)-COR (C-terminal of Roc) tandem domain conferring GTPase activity (in blue).
The arrows indicate the putative intramolecular interactions. The locations of the pathogenic mutations are indicated in bold
red; the risk variants are indicated in red; and the protective variant is indicated in green.

LRRK2 is ubiquitously expressed and can either be cytoplasmic or found on organelle membranes, such
as lysosomes or mitochondria118,120–122. Typically, LRRK2 exists as both homodimers and monomers in
cells, regulating LRRK2 subcellular location and function112,123. Indeed, monomers are generally cytosolic,
whilst dimers are predominantly located on membranes with a higher kinase activity124–126.
Numerous PD-causing mutations have been identified within LRRK2 (Table 1.3). Since these mutations
are autosomal dominant, the assumption is that they cause a toxic gain of function127,128, although this
cannot be proven definitively until the normal physiological role of LRRK2 is established. Interestingly,
most of the disease-causing mutations cause amino acid substitutions within the catalytic core of
LRRK2112,126. This suggests that the modulation of LRRK2 enzymatic activities influences PD pathogenesis.
However, although several LRRK2 mutations have been studied in detail, few shared effects have been
reported. For example the G2019S LRRK2 kinase domain mutation, which is the most common
pathogenic LRRK2 mutation followed by R1441C/G/H72,130, increases LRRK2 kinase activity in vitro, yet
other pathogenic mutations do not appear to do this131–133. Conversely, mutations in the GTPase domains
decrease the GTPase activity of LRRK2, but this enzymatic activity is unaffected by G2019S.
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Combining multiple studies reporting on these PD-associated LRRK2 mutations, it is now commonly
accepted that they are associated with increased phosphorylation of LRRK2 kinase substrates and
reduced GTPase activity and/or increased GTP-binding103,132–139. In fact, it has been shown that LRRK2
kinase activity is the major actor in mediating LRRK2 toxicity and pathogenicity in PD132,140–142, and is
involved in various cellular mechanisms impaired in PD such as the autophagy-lysosomal pathway,
vesicular trafficking, inflammation, and neurite outgrowth143,144.

1.2.2

LRRK2 biochemistry

LRRK2 is involved in several cellular mechanisms and pathways, but its physiological role seems complex
and is still under debate. The current known role of LRRK2 kinase and GTPase activities in LRRK2 function
is detailed below.

1.2.2.1

LRRK2 kinase activity

Despite extensive research efforts, few widely accepted LRRK2 kinase substrates have been reported,
with the best-defined substrate being LRRK2 itself. LRRK2 is capable of autophosphorylation, which is
reported to regulate its kinase activity via phosphorylation of the kinase activation loop structure145,146.
Autophosphorylation of the GTPase domain has also an impact on the kinase activity147,148, and might
influence the subcellular location of LRRK2 through protein-protein interactions. Importantly, reports
have shown that pathogenic LRRK2 mutants display an elevated autophosphorylation at S1292147, a site
located in the LRR domain. The role of S1292 autophosphorylation is not known, but this
phosphorylation site is likely to be a reliable biomarker to assess LRRK2 kinase activity in vivo.
Nonetheless, a group of Rab small GTPases have now become established as bona fide LRRK2
substrates136. Importantly, Rab proteins can have different subcellular localisations and are involved in a
variety of cell biological processes149–151, including synaptic vesicle recycling, vesicular trafficking and the
autophagy-lysosomal pathway. Rab phosphorylation may therefore provide a mechanistic insight into
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the function of LRRK2 in these processes122,152–154. In particular, studies have focussed on Rab8a and
Rab10 as substrates of LRRK2, with Rab29 (Rab7L1) also described as a putative upstream activator of
LRRK2 in addition to being its substrate155. Of note, RAB29 is also a PD-risk gene76. Importantly, LRRK2
phosphorylation of Rab proteins is enhanced by all PD-causing LRRK2 variants tested136. Consistently,
phosphorylation of Rab proteins by LRRK2 results in the accumulation of Rab proteins at membranes
and impairs their function136,156,157, which in turn impairs the autophagic and endolysosomal pathways158–
160

. As is outlined later in this Chapter, these processes are of central importance to PD, so Rab

phosphorylation may be a key pathological mechanism of LRRK2 mutations.

1.2.2.2

LRRK2 GTPase

The number of pathogenic mutations located in the LRRK2 GTPase domain support an important role for
LRRK2 GTPase activity in LRRK2 pathogenicity161. These pathogenic RocCOR LRRK2 mutations, such as
R1441G, are associated with weaker GTPase activity and/or increased affinity for GTP, both of which
lead to a greater proportion of LRRK2 existing in a GTP-bound state. Interestingly, the PD-protective
variant R1398H appears to have opposite effects108.
Recent work has suggested that pathogenic LRRK2 RocCOR domain mutations impair the equilibrium
between the monomeric and dimeric forms of LRRK2, which may in turn impact upon LRRK2 kinase
activity. In particular, in the model described in recent reviews112,162, recruitment of monomeric LRRK2
at Golgi membranes by Rab29 proteins promotes its phosphorylation, dimerization and activation, i.e.
kinase activity and GTP hydrolysis137,155,163. As such, Rab29 regulates LRRK2 subcellular location and
promotes the phosphorylation of other Rab substrates in a Rab29-LRRK2-Rab axis112. Pathogenic
mutations, such as R1441C/G/H, might prevent a return to the cytosolic inactive GDP-bound monomeric
form of LRRK2, thereby stabilising GTP-bound/or nucleotide-free LRRK2 dimers. This has the effect of
increasing LRRK2 kinase activity and extending its presence on intracellular membranes, thus leading to
elevated substrate phosphorylation. This suggests a role for LRRK2 GTPase activity as a regulator of
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LRRK2 kinase activity, which is consistent with previous studies suggesting a complex functional
relationship between these enzymatic activities112,164.

1.2.2.3

Upstream regulation of LRRK2

To expand on Rab29, the upstream regulation of LRRK2 by Rab29 mentioned in the previous section has
also revealed a potential inhibitory feedback loop regulating Rab29 activity. As a LRRK2 substrate,
phosphorylation of Rab29 has been shown to prevent its effect on LRRK2 kinase activity155,163. Therefore,
the already important relationship between LRRK2 and Rab proteins appears to have more levels of
complexity.
Aside from LRRK2 autophosphorylation and dimerization, other factors regulate LRRK2-mediated
signalling, highlighting the complex regulation of LRRK2. In particular, studies have shown that LRRK2
can undergo regulatory phosphorylations by other kinases. For example, expression of LRRK2 is
increased in immune cells upon their activation165,166, and is associated with an increased LRRK2
phosphorylation by kinases from the IκB family167. In addition, the serine/threonine kinase CK1α has
been reported to phosphorylate LRRK2 at locations between the ANK and LRR domains. These
heterophosphorylation events modulate the protein-protein interactions of LRRK2, most notably binding
of LRRK2 with 14-3-3 proteins, which are known to have a large interactome and various effects
depending on the target protein and cellular process168. Binding of 14-3-3 proteins to LRRK2 has been
suggested to promote the monomeric form of LRRK2, maybe inactive, thereby regulating both its
subcellular localisation and activity118,169,170. Interestingly, pathogenic LRRK2 mutations have been
reported to disrupt the LRRK2-14-3-3 interaction, which support its potential relevance in PD118,119,169,171.
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Development of LRRK2 inhibitors

The upregulation of LRRK2 kinase activity is believed to be the major factor in mediating the pathogenic
effects of PD-causing LRRK2 mutations132,140–142. In fact, LRRK2 kinase activity, as judged by S1292
autophosphorylation and Rab10 phosphorylation, is also enhanced in patients with idiopathic PD,
irrespective of the presence or not of LRRK2 mutations172. Given that kinases are common
pharmaceutical targets, these observations indicate that LRRK2 kinase activity is a potential druggable
target, creating a new opportunity for the development of disease-modifying therapies. Consequently,
efforts have supported the development of pharmacological LRRK2 kinase inhibitors to reduce LRRK2
kinase activity and reverse LRRK2-mediated impairments. Towards this end, a number of small-molecule
inhibitors for LRRK2 kinase activity have been generated134,139,164,173,174.

1.2.3.1

LRRK2 kinase inhibitors

The earliest compounds tested for LRRK2 kinase inhibition were non-selective, broad-spectrum or “pan“
kinase inhibitors, which, despite their effect in cellular models and rodents, displayed a low potency,
relatively high off-target activity, and pharmacokinetic limitations134,143. This prevented their clinical
application and stimulated the discovery of more efficient compounds.
Thus, several generations of pharmacological inhibitors have been developed since, improving their
potency, selectivity, affinity, permeability and pharmacokinetics134,143,164. However, although the socalled “first generation” inhibitors (such as LRKK2-IN-1) were more efficient than early compounds, they
presented off-target effects and were not permeable through the blood-brain barrier, limiting their use
in vivo. Indeed, the ability of compounds to cross the blood-brain barrier is one of the most critical
“barriers” in the development of therapeutic compounds for PD. Second generation LRRK2 kinase
inhibitors (including GSK2578215A, GNE-9605 and PF-06447475, which were used in the present study
and will be further detailed in Chapter 4) display an improved bioavailability and permeability; however,
they also display significant off-target effects134,143,164. Importantly, these LRRK2 inhibitors are derived
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from inhibitors targeting other kinases, so off-target effects can, to some extent, be expected. Thus,
further improvements were required. The development of potent and selective LRRK2 inhibitors was
continued with the latest third generation small molecule LRRK2 kinase inhibitors (such as MLi-2), which
have shown significant advantages, such as improved selectivity, brain permeability, bioavailability and
safety compared to the previous generations of inhibitors134,143,164.
First and second generation LRRK2 kinase inhibitors have proven their utility in vitro. Cellular studies
using LRRK2 inhibitors have enabled researchers to determine whether an effect of LRRK2 is dependent
on LRRK2 kinase activity, in either a physiological or a pathological context. As such, their participation
in understanding the role of LRRK2 in autophagy will be detailed in Section 1.6.2.3.
Although findings supporting the neuroprotective effect of LRRK2 inhibitors are accumulating164,175,176,
the development of disease-modifying agents for PD has proven to be challenging, and important
limitations still need to be addressed. Indeed, the potential toxicity of LRRK2 inhibitors raises concerns.
Preclinical studies have shown deleterious effects of LRRK2 kinase inhibitors in several animal models,
including in the lungs and kidney of animal models, and safety studies have not been able to rule-out
toxic long-term effects yet134,139,164,174.
In addition, prior to using the LRRK2 kinase inhibitors as therapeutic agents, precise and reliable
biomarkers and assays for measuring LRRK2 kinase inhibition are still needed in order to provide
indisputable evidence that LRRK2 inhibitors are efficacious in patients. Some potential candidate
biomarkers are the LRRK2 substrates Rab proteins or the autophosphorylation site S1292, as mentioned
in the Section 1.2.2.1. This area is still under investigation.
Nevertheless, the development of small molecules to block LRRK2 kinase activity has advanced to an
extent that the most promising compounds are used in preclinical models, but are also the subjects of
clinical trials that have shown encouraging results, with human trials currently in process134,139. Over the
last few years, the use of LRRK2 kinase inhibitors has also greatly improved knowledge regarding LRRK2
biology and the effects of LRRK2 pathogenic mutations on LRRK2 catalytic activities. Nonetheless, there
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are still gaps in the precise role of LRRK2, which will be key to successfully using LRRK2 activity-modifying
drugs as PD therapeutic agents.

1.2.3.2

LRRK2 GTPase inhibitors

Although most efforts have been focused towards the development of LRRK2 kinase inhibitors, the
LRRK2 GTPase domain is also an interesting drug target for therapeutic intervention. Indeed, in line with
the findings described in Section 1.2.2.2, decreasing the proportion of LRRK2 existing in a GTP-bound
state would reduce LRRK2 kinase activity and would likely be neuroprotective. Therefore, selective and
blood-brain barrier-permeable LRRK2 GTPase inhibitors (in particular, GTP-binding inhibitors) may
represent an additional option to explore beyond kinase inhibition. Surprisingly though, research on
LRRK2 GTPase inhibitors has not been prolific and very few research groups have actively taken that
route and developed GTPase inhibitors. To date, one group has developed LRRK2 GTPase inhibitors,
including compound 68 and its analogue FX2149177–179. Interestingly, since the structure of the LRRK2
GTPase domain has been shown to differ from other small GTPases, these inhibitors theoretically only
target LRRK2177. Both compounds are potent and selective LRRK2 GTPase inhibitors in vitro, but FX2149
has the advantage compared to compound 68 of having an improved blood-brain barrier permeability,
thereby improving its application in vivo. 68 and FX2149 are both able to reduce LRRK2 GTP binding, but
the compounds also reduce LRRK2 kinase activity in vitro, with a neuroprotective effect in presence of
pathogenic LRRK2 mutants in vivo and in vitro177–179.
However, the field around LRRK2 GTPase inhibitors is in its early stages. Thus, similar to LRRK2 kinase
inhibitors, LRRK2 GTPase inhibitors also need to be tested further to rule out potential toxic side-effects
in animal models.
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Overview of LRRK2 function in cells

Although little is widely agreed about its role, LRRK2 has been implicated in various cellular processes
and signalling pathways112,180,181. These processes, which include mitochondrial function, microtubule
dynamics, autophagy, vesicle trafficking, lysosomal biology and Wnt signalling (Figure 1.5), are
summarised in this Section. The role of LRRK2 in autophagy and calcium signalling will be discussed in
greater detail later in this Chapter (Section 1.6.2). Importantly, despite the importance and relevance of
the catalytic activities of LRRK2 to its function, current evidence suggests that overall LRRK2 may mainly
act as a scaffold protein180,182, and not necessarily through its enzymatic activities.

Figure 1.5: Cellular processes regulated by LRRK2 and affected by LRRK2 mutants
As described in the main text, LRRK2 is involved in the regulation of several biological processes, some of which are intertwined.
Rab proteins are involved in several of these processes and potentially mediate some effects of LRRK2.

1.2.4.1

Wnt signalling pathways

One of the suggested LRRK2-mediated signalling mechanisms are the Wnt signalling pathways, where
LRRK2 mainly acts as a scaffold protein180,182 as part of a signalling complex128,183,184. LRRK2 interacts
through protein-protein interactions with several proteins involved in the activated canonical Wnt
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signalling pathway, such as dishevelled phosphoproteins, the serine/threonine kinase GSK3β, and the
co-receptor LRP6, where LRRK2 promotes the signalling activity via translocation of β-catenin in the
nucleus. However, LRRK2 is thought to inhibit the canonical Wnt signalling under basal conditions, where
LRRK2 acts as a scaffold within the β-catenin destruction complex with APC, Axin and GSK3β to induce
the phosphorylation of β-catenin proteins and facilitates their proteasomal degradation128. Consistently,
LRRK2 may promote the antagonistic non-canonical Wnt, or PCP, pathway185, indicating a dual role for
LRRK2128,183.
Importantly, PD-causing mutations throughout LRRK2 have been reported to inhibit canonical Wnt
signalling125,126,180. This observation is particularly interesting since it adds to growing lines of evidence
suggesting that the canonical Wnt signalling pathway is involved in early PD pathogenesis186,187. This
includes the key role of Wnt signalling in dopaminergic neuronal development188, whilst many other PDrelated genes, not just LRRK2, are linked to the Wnt signalling pathway187. Strengthening the connection
further, a LRRK2 protective variant R1398H appears to have opposite effects to LRRK2 PD-causing
mutations in assays of Wnt signalling activity108. This implies that the impairment of Wnt signalling may
have an essential role in the neurodegeneration resulting from LRRK2 mutations in PD116,189 and could
be targeted for therapeutic use.

1.2.4.2

Microtubules

A large body of evidence support a role for LRRK2 in microtubule stability in several cellular mechanisms
requiring the microtubular scaffold190. In fact, LRRK2 can bind dynamic microtubules structures115,191. As
such, the interaction of LRRK2 with microtubules is thought to be one of the explanations for the role of
LRRK2 expression in neurites, where pathogenic LRRK2 mutations have been shown to enhance the
repressing effect of LRRK2 on neurite outgrowth190,191. Similarly, LRRK2 also interacts with the actin
cytoskeleton which is thought to participate in the effects of LRRK2 on axonal growth191,192.
Given the fact that microtubule function is essential in maintaining cellular homeostasis, the impairment
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of microtubule function caused by pathogenic LRRK2 mutants has an obvious negative impact on the
transport of organelles and vesicles, which may in turn alter cellular processes such as autophagy or
mitochondrial trafficking191. In addition, interaction of LRRK2 with Rab proteins, in particular Rab8a and
Rab10, has been shown to be involved in the regulation of two other microtubular structures, cilia and
centrosomes, where studies showed that several pathogenic LRRK2 mutations impaired
ciliogenesis156,193 and induced centrosomal defects194,195.
Reports have identified another role for LRRK2 as a scaffold involving microtubules. The axonal
microtubule-associated protein Tau is known for its role in the pathology of Alzheimer’s disease and in
Frontotemporal dementia with Parkinsonism196, where Tau hyperphosphorylation disrupts microtubule
stability and leads to neurofibrillary tangles197. Interestingly, PD cellular and animal studies, as well as
post-mortem studies, have shown that pathogenic LRRK2 mutations can also lead to Tau pathology198–
202

. The mechanism by which LRRK2 causes Tau pathology is not yet known, but it could potentially be

by facilitating the activation of GSK3β, a known Tau kinase181,200,201, which would be analogous to the
reported role of LRRK2 as a β-catenin repressor in Wnt signalling. As such, one of the roles of LRRK2 in
neurodegeneration might be as a scaffold protein regulating GSK3β activity in various contexts.

1.2.4.3

Mitochondrial function

The role of LRRK2 and the impact of pathogenic LRRK2 mutations on mitochondrial function are unclear,
but hypotheses have emerged. One possibility is that LRRK2 is involved in mitochondrial trafficking and
mitophagy via the outer mitochondrial membrane protein Miro, since pathogenic mutations impair the
physical interaction of LRRK2 with Miro and deregulate mitophagy188,202. On the other hand, pathogenic
LRRK2 mutants might impair the neuroprotective anti-oxidant mechanisms206,207, leading to an increase
in reactive oxygen species (ROS). In addition, pathogenic LRRK2 mutants have been shown to influence
the vulnerability of dopaminergic neurons towards MPTP and oxidative stress, in animal models and
humans208–210. Impaired mitochondrial homeostasis, especially via deregulation of mitophagy, eventually
leads to reduced ATP generation, accumulation of damaged mitochondria, and elevated oxidative stress,
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which ultimately results in the neurodegeneration of dopaminergic neurons (for further details on the
selective loss of dopaminergic neurons and the mechanisms, see Section 1.6.1).

1.2.4.4

Endoplasmic Reticulum homeostasis and Trans-Golgi network

The protective Endoplasmic Reticulum (ER) stress response, also called the unfolded-protein stress
response, occurs when misfolded proteins accumulate within the ER lumen, with the aim of increasing
the production of chaperones and decreasing protein translation211. Interestingly, several studies have
shown that this process is elevated in PD and suggest that LRRK2 may participate by being involved in
the expression of chaperones212,213. Furthermore, LRRK2 has been described to mediate ER vesicle
release and the transport of ER-derived vesicles to the Golgi apparatus112, another organelle with which
LRRK2 has been implicated.
Evidence of a role for LRRK2 at the Golgi apparatus started with screenings for LRRK2 interacting-proteins
that identified BAG5 and GAK, both of which were already linked to PD112. These proteins, in complex
with LRRK2 and Rab29, are believed to localise on vesicular membranes of the trans-Golgi network,
where they promote the clearance of trans-Golgi network-derived vesicles via autophagy. Interestingly,
all pathogenic LRRK2 mutations tested were reported to enhance this mechanism, supporting a role for
LRRK2 enzymatic activities in the clearance of the Golgi apparatus as a component of a four-part
complex. In addition, LRRK2 and Rab29 may be involved in the function of the retromer complex,
regulating the sorting of endosomes for recycling towards the trans-Golgi network or for degradation in
lysosomes, since data support a role for retromer dysfunction and Rab29 in the phenotype associated
with LRRK2 mutants152.

1.2.4.5

Lysosomal homeostasis

Recent findings have described lysosomes as important organelles in PD, and have even proposed that
PD could be a lysosomal disease214. In the context of LRRK2-PD, pathogenic LRRK2 mutations have been
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reported to alter lysosomal structure and function in several cell types, including astrocytes120,215,216. In
addition, Tong and colleagues reported an accumulation of lysosomal damage with age in kidneys of
LRRK2 knockout mice217, which is particularly interesting since LRRK2 is highly expressed in kidneys.
However, how LRRK2 affects lysosomal homeostasis remains unclear.
Importantly, data linking LRRK2 to the lysosomal damage response have recently emerged, and may
provide part of an answer. Eguchi and colleagues first revealed the involvement of LRRK2 in the
regulation of the overload stress-induced lysosomal response218. Indeed, Rab29 promotes the
translocation of LRRK2 to stressed lysosomes, which in turn recruits and activates Rab8a and Rab10. This
promotes both lysosomal secretion/exocytosis of non-degraded cargo, and a reduction of lysosomal
enlargement. In addition, Herbst and colleagues showed that LRRK2 is involved in the regulation of
endolysosomal homeostasis in RAW264.7 macrophages219, especially by promoting membrane repair via
the recruitment of Rab8A and other effectors on damaged endolysosomes, otherwise targeted for
degradation (via lysophagy). This was supported by observations from macrophages from PD patients
carrying pathogenic LRRK2 gain-of-function mutations (G2019S and R1441G), in which damaged
endolysosomes accumulated. As such, these findings suggest that overactivation of LRRK2 signalling
might reduce autophagy in PD patients.
Finally, a recent study further supports the connection between LRRK2 and lysosomal membrane
damage, where LRRK2 appears to govern lysosomal tubulation in a newly discovered process that might
be relevant to PD220. The authors showed that, upon lysosomal membrane permeabilization, the LRRK2dependent phosphorylation and activation of Rab35 and Rab10 at lysosomal membranes promotes the
subsequent recruitment of the motor adaptor protein c-Jun N-terminal kinase (JNK)–interacting protein
4 (JIP4). Consequently, JIP4 stimulates the formation of tubules to release vesicles from lysosomes, likely
to communicate with other lysosomes.
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Neurotransmission

Increasing evidence support an additional role for LRRK2 in neurotransmission, in particular at the
presynaptic level221. Although not in total agreement on whether LRRK2 has a positive or negative
impact, studies have shown a role for LRRK2 in synaptic vesicle trafficking and in neurotransmitter
release117,222–226. Fascinatingly, LRRK2 appears to act positively via its kinase activity227,228, and negatively
as a scaffold225. Therefore, changes affecting either LRRK2 kinase activity or its ability to interact with
proteins might disrupt neurotransmission. In addition, reports have shown that LRRK2 may be involved
in

the

activation,

degradation

and

recycling

of

dopamine

receptors

in

post-synaptic

compartments223,229,230. Importantly, these observations are also consistent with a role for LRRK2 in the
endo-lysosomal system, which further support its role in autophagy (detailed further in Section
1.6.2.2.2).

1.2.4.7

Immune cells and inflammation

In addition to roles in ubiquitous cell biological processes and those specific to neurons, LRRK2 has also
been linked to immune cells112. Indeed, there is growing evidence that inflammation, both in the central
nervous system and systemic, is involved in PD pathomechanisms. Importantly, LRRK2 is highly
expressed in immune cells, and this expression is increased further upon pro-inflammatory cues165,166. In
addition, LRRK2 has been functionally associated to inflammation-related pathways231, including
autophagy, phagocytosis and cytokine release. Thus, it is likely that LRRK2 has a significant role in
immune cells and inflammation232,233.
This is fascinating, since inflammatory disorders have been reported as a PD risk70,71, whilst genome-wide
association studies have implicated LRRK2 polymorphisms in the pathogenesis of several chronic
inflammatory conditions112, including leprosy234, Crohn’s disease109 and tuberculosis235. Interestingly,
these apparently unrelated inflammatory diseases share similarities. For instance, tuberculosis and
leprosy are due to similar mycobacterial infections. In addition, genome-wide association studies have

Introduction

| 31

linked a number of bona fide inflammatory genes to all three conditions, such as NOD2 and RIPK2112,236,
and have revealed similarities between their genetic risks. As such, these conditions might plausibly
share similar pathomechanisms. By contrast, PD has little in common with these inflammatory diseases,
the only link being LRRK2. Of note, since leprosy and tuberculosis are not common in countries where
PD is most researched, it is possible that other links have not been identified yet. Nevertheless, whilst
LRRK2 mutations alone cause PD, all three inflammatory conditions are linked to LRRK2 as risk variants,
and not to PD-causing LRRK2 mutants. This is consistent with other causal factors triggering these
inflammatory diseases. Importantly, these findings indicate that LRRK2 is likely to be involved in different
pathomechanisms in PD compared to these inflammatory conditions.
Returning to the subject of the role of LRRK2 in immune cells, a common view speculates that
pathological LRRK2 activity in microglia – immune cells of the brain – may contribute to neuronal
dysfunction. In line with this hypothesis, a number of reports have associated LRRK2 with inflammation,
and pathogenic LRRK2 mutants have been associated with impaired inflammatory responses165,166,237–239.
In particular, LRRK2 mutations alter the activation of the transcription factors NF-kB and NFAT237,239–241,
which are also relevant in neurodegeneration242. Indeed, NFAT signalling is relevant to both neuronal
development and innate immune responses. LRRK2 has been shown to stabilise the NRON RNA-protein
complex through its scaffolding ability, which facilitates the phosphorylation of NFAT, thereby
preventing its translocation to the nucleus and inhibiting NFAT signalling241. In addition, studies in
microglia report that LRRK2 promotes neuroinflammation through the NF-kB signalling237,243,244.
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Autophagy

The findings described so far suggest that the process of autophagy might be essential in PD pathology.
Autophagy and its regulation will be described in the next sections.

1.3.1

Role of autophagy in cells

Autophagy, deriving from the Greek words for “self-eating”, is a mechanism for survival and normal
homeostasis at both the organismal and cellular levels, that is conserved from yeast to mammals245.
Autophagy has a critical role in various processes, in particular maintaining cell homeostasis by
promoting lysosomal degradation of undesirable cargos, such as damaged or old organelles, long-lived
proteins, aggregates and macromolecules, which might otherwise become toxic if accumulated. The
main purpose of autophagy is cytoprotective and to deliver nutrients for cellular functions from the
recycling of the resulting breakdown products. For example, free amino acids and fatty acids are reused
for de novo protein synthesis246. However, if cells are damaged beyond repair, pathways such as
apoptosis are activated to eliminate damaged cells. As such, cellular homeostasis is maintained through
continuous degradation and synthesis247. Of note, the ubiquitin proteasome system (UPS) is the other
main degradative pathway, which only involves protein degradation.
Autophagy is an adaptive cellular process that occurs constitutively at basal levels, but can also be
stimulated in response to exposure to cellular stress such as nutrient starvation, growth factors
depletion, hypoxia, mitochondrial depolarisation, misfolded proteins or damaged organelles. This is also
true in immune cells, where autophagy is activated against pathogens and bacteria248. Due to its vital
function as a homeostatic regulator, disruption of any stages of the autophagic pathway can result in
autophagy impairment and the build-up of autophagic vesicles and cargo, which is implicated in several
human pathologies including certain cancers, metabolic syndromes, infectious diseases, liver diseases,
myopathies, ageing and neurodegenerative disorders including PD22,249–252.
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Types of autophagy

Generally, three types of autophagy are distinguished based on how the cargo is delivered to lysosomes:
macroautophagy, chaperone-mediated autophagy and microautophagy. Microautophagy is a
mechanism through which cytoplasmic material is directly sequestered into lysosomes for
degradation253. Chaperone-mediated autophagy is a selective process responsible for the clearance of
soluble proteins containing a specific motif recognised and targeted to the lysosome by chaperones254.
Finally, macroautophagy is a mechanism through which cytosolic material is targeted for degradation by
sequestration into double-membraned vesicles called autophagosomes, that ultimately fuse with
lysosomes255. Importantly, macroautophagy enables the clearance of larger material that cannot be
degraded via the two other autophagy types256.
This Section (and study) focuses on macroautophagy, hereafter referred to as autophagy, of which the
early steps have been extensively studied, and the later steps are poorly understood. Commonly,
autophagy is described as non-selective (“in bulk”) towards its substrates. In contrast, selective
autophagy is the degradation of a specific ubiquitinylated target, including organelles, such as
mitochondria (mitophagy) or aggregate-prone proteins (aggrephagy)257,258, and involves adaptor
proteins promoting the degradation of the cargo259.

1.3.3

Mechanisms of the autophagic pathway

An overview of the autophagic pathway is depicted in Figure 1.6, and summarised in this Section.
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Figure 1.6: Overview of the autophagic pathway in mammalian cells
A schematic depicting the general process and machinery of autophagy is shown. Autophagy is a multistep process that can be
divided into 7 steps: (1) initiation and nucleation (2) phagophore formation and membrane isolation (omegasome) (3) expansion
of the phagophore membrane (4) cargo sequestration (bulk or selective) and sealing of the membrane (5) maturation of the
autophagosome (6) fusion with lysosome and formation of autolysosomes (7) degradation, recycling of content and lysosome
reformation. These steps are regulated by multiple ATG proteins assembled in sequentially recruited complexes, which relocate
to a specific membranous subcellular location named the phagophore assembly site. Following autophagy induction, the ULK1initiation complex is activated, which recruits and activates the PI3K nucleation complex. PI3K produces PI3P from
phosphatidylinositol on the isolated membrane and recruits the effectors DFCP1 and WIPI2. The scaffolds WIPI2 and DFCP1
recruit ubiquitin-like conjugation systems, including ATG5-ATG12-ATG16L (and other ATGs that have been omitted for
simplicity, see Figure 1.7 for more details), which promote the binding of LC3-I proteins to phosphatidylethanolamine,
converting LC3-I to an anchored form LC3-II. In parallel, the ULK1 complex promotes the recruitment of ATG9 and ATG9containing vesicles/membranes to deliver membrane material (originating from different sources), and form the phagophore,
a cup-shaped structure. Cellular components targeted for their bulk-degradation get encapsulated in the phagophore, or
alternatively, cargo receptors and adaptors recognise ubiquitinated organelles or macromolecules targeted for degradation.
LC3-II facilitates this process by interacting with LIR motifs present on receptors. The phagophore membrane then seals into a
double membraned vesicle named autophagosome. The maturation step is poorly understood; while ATG proteins are
progressively removed, autophagosomes are transported towards acidic lysosomes, and the machinery responsible for
lysosomal delivery, tethering and fusion is recruited (omitted for simplicity). Following fusion with lysosomes, the cargo is
degraded in autolysosomes by proteolytic and hydrolytic enzymes. The degraded components are then recycled to the cytosol
or directly to other organelles, and lysosomes reform.

Autophagy induction results in the recruitment of autophagy related proteins (ATGs), which regulate all
steps of the autophagic process. These proteins relocate to a specific membranous subcellular location
named the phagophore assembly site (PAS). ATGs are organised into functional complexes, defined by
their interactions and function, which cooperate with each other. One of the first complexes involved in
initiation of autophagy is the ULK1 complex, which contains the serine/threonine kinase ULK1 (Unc-51-
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like kinase 1), FIP200 (focal adhesion kinase family-interacting protein), ATG13 and ATG101. However,
the mechanisms involved in the recruitment of ULK1 to the PAS are not well understood.
Activation of the ULK1 complex allows for the subsequent recruitment and activation of other complexes
necessary for the induction of autophagy260,261 (Figure 1.6), such as PI3K class III complex I262, which
comprises VPS34 (vacuolar protein sorting 34; a lipid kinase that is the catalytic subunit of the complex),
Beclin1, VPS15 and ATG14. This complex produces PI3P (phosphatidylinositol 3-phosphate) by the
phosphorylation of PI (phosphatidylinositol) on the isolated membrane at the nucleation site to form the
omegasome (Figure 1.6). PI3K complex is also essential to recruit and bind the PI3P effectors DFCP1
(double FYVE domain-containing protein 1) and WIPI proteins (WD-repeat-interacting phosphoinositide
protein), in particular WIPI2.
WIPI2 and DFCP1 next act as scaffolds and recruit ubiquitin-like conjugation systems that participate in
the binding of the family of proteins comprising LC3 (microtubule-associated protein 1-light chain 3) and
GABARAPs (γ-aminobutyric acid receptor-associated proteins) to phosphatidylethanolamine on the
isolation membrane263 (pre-autophagosomal structure) (Figure 1.6). This process enables the conversion
of LC3-I from a diffuse form into an anchored and lipidated form LC3-II261,264. In parallel, the ULK1
complex regulates the recruitment of ATG9, the only transmembrane ATG protein, and ATG9-containing
vesicles are one of the sources providing membrane material (i.e., lipid bilayers). Although the exact
origin of the membrane material supplied is not well understood, different membrane sources are
thought to participate, including the plasma membrane, mitochondria, ER, recycling endosomes and
Golgi complex261.
These steps are necessary for the formation and expansion of the phagophore265–267, a sphere-like
membranous shape. Cellular components targeted for bulk degradation get encapsulated in the
phagophore (Figure 1.6). Alternatively, cargo receptors and adaptors, such as SQSTM1/p62268, recognise
ubiquitinated organelles or macromolecules targeted for degradation via selective autophagy269. This
process is facilitated by LC3-II anchored at the phagophore membrane which interacts with LIR regions
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present on cargo receptors270. The phagophore membrane then seals into a double-membraned vesicle
named autophagosome.
The mechanisms involved in the maturation of the autophagosomes and their regulation are
coordinated, but poorly characterised. Whilst the ATGs proteins are gradually removed from the
autophagosomal membrane (Figure 1.6), LC3-II contributes to the transport of autophagosomes on
microtubules towards the acidic lysosomes, and the machinery mediating lysosomal delivery, tethering
and fusion is recruited271–276. The fusion of autophagosomes with lysosomes forms autolysosomes,
where the cargo is degraded by the luminal proteolytic and hydrolytic enzymes supplied by the
lysosomes277. Autophagic flux is defined as this dynamic cargo clearance, from the formation of the
phagophore to the delivery of the cargo to the lysosome, and is essentially the amount of autophagic
clearance.
The steps following cargo degradation are poorly understood, but the current view suggests an efflux of
the amino acids and other components to be recycled, either into the cytosol via transporters, or into
other organelles via membrane-membrane contacts, and a reformation of lysosomes from
autolysosomes through budding-off278,279.

1.3.4

Regulation of autophagy by mTORC1

Autophagy is a dynamic process tightly controlled by various factors, including the availability and
activity of ATGs, and regulatory kinases. Importantly, in addition to their degradative function, lysosomes
are also involved in nutrient sensing and signal transduction275, and impaired lysosomal function results
in defects in cargo clearance and accumulation of autophagosomes280.
ATG proteins are the molecular mediators essential for all steps of the autophagic process. The ULK1 and
PI3K complexes, as well as ATG9, are essential for autophagy initiation. Deletion or inhibition of these
factors impairs phagophore formation and leads to the accumulation of autophagic substrates, which is
thought to underlie several pathological states, including neurodegeneration257,281–283. As depicted in
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Figure 1.7, ATG proteins are also regulated through phosphorylation. For example, if the subunits of the
ULK1 complex have not been phosphorylated, the ULK1 complex remains inactive and cannot activate
the PI3K complex or promote LC3 lipidation, which prevents the initiation of autophagy.

Figure 1.7: Events involved in the activation of the ATG complexes initiating autophagy
A series of phosphorylation events affecting the core ATG proteins occur to initiate autophagy. (ULK1 and PI3K complexes)
Upon nutrient starvation, mTORC1 dissociates from the ULK1 complex and is inhibited, notably via the activation of the TSC1/2
complex by AMPK. Inhibition of mTORC1 leads to dephosphorylation of ULK1 at the mTORC1 repressor site. AMPK also activates
ULK1 directly, and ULK1 autophosphorylates (Thr180). Activated ULK1 subsequently phosphorylates ATG13 (Ser318), FIP200
and ATG101 which activates the ULK1 complex. Beclin1, part of the PI3K complex, is activated by AMPK (Ser90/94 or Ser93/96)
and DAPK1 (Thr119), which leads to the release of Beclin1 from Bcl2. The ULK1 complex then phosphorylates the subunits of
the PI3K complex, Beclin1 (Ser14), ATG14 (Ser29) and VPS34 (Ser249), necessary for autophagy induction, but also AMBRA1
(S465/635) which releases the PI3K complex that was tethered to the cytoskeleton, allowing its relocation to the phagophore
assembly site. VPS34 is also phosphorylated and activated by AMPK. (The ubiquitin-like conjugation systems) The ATG12
conjugation system comprises ATG12, activated by ATG7 and bound to ATG5, which is attached to ATG16L via ATG10. The
ATG12-ATG5-ATG16L is then recruited to the phagophore assembly site by the effectors WIPI2 and DFCP1 recruited by the
activated PI3K complex. Pro-ATG8 (LC3 or GABARAP) is cleaved by the protease ATG4 to form LC3-I. The ATG12-ATG5-ATG16L
then promote the conjugation of LC3-I to phosphatidylethanolamine via ATG3 and ATG7, to form LC3-II on the phagophore
membrane. Of note, ATG4 can convert LC3-II back to LC3-I, as a control mechanism. Similarly, the ULK1 complex can inhibit
ATG4.
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One of the most studied upstream mechanisms regulating autophagy is the mTOR (mammalian target
of rapamycin) pathway. mTOR itself is a conserved serine-threonine kinase that exists as part of two
distinct complexes, mTORC1 and mTORC2, each of which contains different subunits and have different
functions. mTORC2 is mostly involved in cell survival and cytoskeletal organisation and is influenced by
growth factors. On the other hand, mTORC1 is a key negative regulator of autophagy, which promotes
biosynthesis and cellular growth284–286.
Upstream signals sensing the cellular energy state control the activation of mTORC1 through
phosphorylation/dephosphorylation events287,288 to coordinate cell growth and homeostasis289. As
depicted in Figure 1.8 , growth factor deprivation, nutrient depletion and low energy levels are wellestablished autophagy inducers, and the regulation of autophagy by mTORC1 is mediated by ATG
proteins. Under nutrient-rich conditions, activated mTORC1 relocates to lysosomes290 and suppresses
autophagy by phosphorylation-dependent inactivation of ULK1 and PI3K complexes263,291,292. In addition,
mTORC1 prevents the expression of autophagy-related and lysosomal biogenesis-related genes through
the phosphorylation of the key regulator TFEB, a transcription factor293–296. In contrast, energy
deprivation (low levels of ATP, glucose or amino acids deprivation) leads to the activation of several
upstream molecules including AMPK (AMP-activated protein kinase), which inhibits mTORC1 and
activates ULK1297, and ultimately induces autophagy (Figure 1.7 and Figure 1.8). Importantly, AMPK can
also activate autophagy via the ULK1 complex in an mTORC1-independent manner298,299, in response to
increased AMP levels corresponding to a loss of energy.
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Figure 1.8: Brief overview of upstream regulation of mTORC1 and mTORC1-dependent regulation of autophagy
initiation
(Top section) Upstream signals sensing the cellular energy state control the activation of mTORC1 through
phosphorylation/dephosphorylation events. Growth factor deprivation, nutrient depletion, low energy levels, hypoxia or DNA
damage lead to the activation of several effectors that ultimately inhibit mTORC1 through the activation of TSC1/2 complex and
promote autophagy. In contrast, mTORC1 is activated in nutrient-rich conditions or inflammation, through inhibition of the
TSC1/2 complex which cannot inactivate the GTPase RHEB, repressing autophagy. In response to amino acid signalling, RAG
GTPases are activated and induce the relocalisation of mTORC1 to lysosomal membranes. Amino acid depletion inactivates RAG
GTPases, and AMPK activation inactivates mTORC1 and blocks its translocation. AMPK also inactivates mTORC1 via activation
of the TSC1/2 complex. (RPTOR and PRAS40: subunits of ULK1 complex) (Bottom sections) In nutrient-rich conditions, mTORC1
binds to the ULK1 complex via RPTOR, and phosphorylates ULK1 (Ser757/637) and ATG13 to inactivate the complex and prevent
interaction with AMPK, thereby repressing autophagy. In parallel, mTORC1 phosphorylates ATG14 to prevent the activation of
the class III PI3K complex, tethered to the cytoskeleton via AMBRA1. Bcl2 associates with Beclin1 to repress autophagy, and
Beclin1 is also phosphorylated by AKT. mTORC1 also prevents the expression of autophagy- and lysosome-related genes by
phosphorylating TFEB (Ser142) and promoting its association to 14-3-3 proteins and retention in the cytosol.

Introduction

1.3.5

| 40

Autophagy in the brain

1.3.5.1

Role of basal autophagy in neurons

Autophagy is essential for maintaining homeostasis and survival in neurons. Since neurons are polarised
cells, the soma, dendrites and axons are described as cellular compartments in which autophagy is
spatially regulated. As such, the early steps of the autophagic pathway can occur in axonal terminals,
and the clearance of the autophagic cargo in the soma300. Beyond the maintenance of cellular
homeostasis, constitutive autophagy is also essential for neuronal synapse development, activity and
plasticity301,302, and contributes to the regulation of presynaptic function in dopaminergic neurons303,304.
Basal autophagy also participates in axonal and dendritic plasticity and development305. The degradation
of myelin in Schwann cells in cases of nerve injury also depends on autophagy in the peripheral nervous
system306,307.
The importance of autophagy in neuronal health has been evidenced by mouse genetic studies in models
where inhibition of autophagy and deletion of ATG genes, in the absence of other known
neurodegeneration-causing factors, are sufficient to result in impaired axonal structure and
development,

accumulation

of

cytoplasmic

protein

inclusions,

motor

impairments

and

neurodegeneration257,282,283,308. The data also suggest that there is a differential response to age-related
autophagy failure from neuronal cell types depending on their vulnerability to toxic protein
aggregation309,310.

1.3.5.2

Autophagy and ageing

Neurons rely on quality control pathways as pro-survival mechanisms. Ageing is accompanied with a
decline in these processes, and a reduced expression of ATGs genes (including Beclin1) in the brain,
which are required for the proper functioning of autophagy311. In particular, the efficiency of both the
autophagic pathway and lysosomal proteolytic activity have been shown to deteriorate with age43,142,312–
316

, leading to a build-up of autophagic vesicles. This greatly contributes to the accumulation of damaged
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or dysfunctional organelles, such as mitochondria and lysosomes, and other toxic macromolecules, such
as aggregate-prone α-synuclein317–320, characteristic of neurodegenerative disorders. Of note,
accumulation of protein aggregates can also directly impair autophagy, resulting in further build-up321.
These phenomena are particularly deleterious for neurons since they are post-mitotic cells required for
the entire life of the organism, where mitosis is not able to help in the handling and dilution of waste
material312.
These data strongly suggest that improving the function of the autophagic pathway in the ageing brain
might delay age-associated dysfunction43, and will provide essential tools to improve health and
longevity. In fact, current work is focused on restoring autophagy homeostasis to improve age-related
diseases in model organisms322,323, and pharmacological treatment for enhancing autophagy has been
shown to ameliorate disease or increase longevity in various animal models, whilst inhibiting autophagy
has been shown to accelerate the ageing process98,324,325.
As such, the interplay between abnormal autophagy and ageing may speed up neurodegeneration in the
context of PD326,327. In line with this hypothesis, impairments in the autophagic machinery have been
found to contribute to the toxicity of aggregate-prone proteins in neurons and are a major feature in
PD98,322,326,327. The role of autophagy in PD will be explored further in Section 1.6.

1.3.6

Microscopy methods to measure autophagy in cells

Since autophagy is a dynamic and multi-step process, it can be challenging to measure, especially in in
vivo systems and humans. Importantly, there are different approaches to measure autophagy in cell
models using microscopy techniques which have been extensively reviewed328,329.
One approach is to monitor autophagy in cells that lack some key ATG proteins (i.e. loss of function) to
investigate their physiological role, which has been widely used and revealed the spatiotemporal
dynamics of the autophagic pathway260,281. However, this requires the comparison of models depleted
in ATGs involved at different stages of the process, since some ATGs might have other cellular
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functions330. Another frequent approach is to monitor autophagic flux by measuring the degradation of
autophagic substrates328,331. Finally, specific markers can be used to directly monitor and quantify
autophagic structures in a particular experimental set-up. In this section, widely used microscopy
methods available to study autophagy in vitro are briefly discussed.

1.3.6.1

Autophagy modulators

Importantly, induction of the autophagic process can be modulated in an in vitro experimental setting.
Typically, starvation of cells by deprivation of amino acids and growth factors from the extracellular
medium is a potent physiological inducer of autophagy328,329. In addition, autophagic flux can be
assessed by the selective modulation of specific stages of autophagy using pharmacological compounds.
Essentially, inducers or inhibitors of upstream or downstream steps in the autophagic process can help
understand their regulation. Therefore, innovative studies should combine the use of autophagy
inducers with inhibitors.
Autophagy can be induced by direct inhibition of mTORC1 using compounds such as rapamycin or PP242,
as described in more detail in Chapter 4, Section 4.2. Conversely, autophagy induction can be repressed
through inhibition of the PI3K complex using 3-methyladenine332. A caveat associated with the use of 3methyladenine is that long treatments can also induce autophagy332. In contrast, lysosomal inhibitors
such as Bafilomycin A1 or Chloroquine, which respectively suppress lysosomal activity and impair the
fusion of autophagosomes with lysosomes333,334, block autophagosomal clearance and cause the
accumulation of autophagosomes. In the context of neurodegeneration models, the recent autophagy
activators Trehalose and Nilotinib have been shown to act via AMPK335,336.

Introduction

1.3.6.2

| 43

Transmission electron microscopy

Transmission electron microscopy was the first widely used method in autophagy research328,329,337. This
technique is the only tool adapted to study ultrastructures within fixed cells with a subcellular resolution
in the nanometre range. Consequently, electron microscopy has been used in numerous studies to
identify autophagic structures and to establish their presence, luminal content, number, and
morphology in their cellular environment329,337. In particular, the morphological details of
autophagosome formation were obtained using cells lacking some of the ATG proteins281.
Morphologically, autophagosomes typically appear as double-membraned structures with a clear
separation between the membranes328. In contrast, autolysosomes are single-membraned structures.
Therefore, the successive morphological changes occurring throughout the autophagic pathway can be
observed. For instance, sequestrated organelles (such as mitochondria) generally appear electron-dense
within autophagic structures, and can be observed at various stages of degradation, initially recognisable
but becoming amorphous at later stages328.
Importantly, transmission electron microscopy assays combining the use of autophagy modulators and
multiple time points can provide crucial information on autophagy and autophagic flux, even on fixed
cells. Commonly, the analysis of images obtained with electron microscopy is used to reveal an
accumulation of a specific type of autophagic vesicle (e.g. autophagosomes or autolysosomes), or any
potential changes in the appearance of autophagic structures that might occur due to the experimental
conditions328. However, electron microscopy-based assays are generally complicated, time-consuming
and not the most suitable method to quantitatively investigate the dynamic events of autophagy. One
limitation of this technique is associated with the risk of misinterpreting the type of autophagic
structures338,339. In part as an answer to some of these limitations, fluorescent-based assays have been
developed using specific fluorescent autophagic markers.
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Fluorescence microscopy

Fluorescence microscopy is another potent tool widely employed for studying autophagy in cells328,340,341.
Compared to transmission electron microscopy, this approach has the essential advantage that it
enables the investigation of autophagy in live cells, allowing the autophagic process to be followed in
real-time. As such, fluorescence microscopy-based assays can be used to investigate the formation and
processing of autophagosomes using fluorescent markers.
A commonly used marker is LC3 tagged with the green fluorescent protein (GFP)328. Stable cell lines in
which GFP-LC3 is expressed can be valuable tools to study autophagy. Since LC3 proteins are present on
autophagic vesicles throughout the autophagic pathway, GFP-LC3 can be used to visualise all autophagic
vesicles. GFP-LC3 that has been recruited to autophagic vesicles appears as bright punctate structures
and as such, quantification (i.e., counting) of the number of GFP-LC3 punctae in a cell corresponds to the
number of autophagic vesicles, and can be used to monitor basal autophagy levels, as well as changes in
autophagy levels under given experimental conditions.
Other ATG proteins such as ULK1, WIPI2 or ATG5, can also be used as autophagy markers when combined
with a fluorescent protein328. However, in contrast to LC3, most ATGs are rapidly recycled and are
removed from the phagophore membrane prior to the maturation into autophagosome. Thus, they are
only present on the outer membrane of early autophagic structures. As such, the expected caveat is that
only isolation membranes and phagophores on which ATGs are still attached can be observed, and
therefore only proximal events can be studied. Thus, fluorescence microscopy assays designed to
monitor autophagy at a specific stage should use the correct autophagy marker to be able to observe
autophagosomes at later stages of the autophagic pathway.
Another method to visualise autophagy in living cells is to use LC3 tagged with both GFP and red
fluorescent protein (RFP)328. This tandem-reporter allows early and late autophagic vesicles to be
distinguished from each other by taking advantage of the different sensitivity to pH of these fluorescent
proteins. Whilst RFP-GFP-LC3 emits both red and green fluorescence in autophagosomes, GFP
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fluorescence is quenched in acidic compartments, so mature autophagosomes and autolysosomes
appear only as red punctae. This system enables the observation of the autophagic flux and induction of
autophagy concomitantly.
Of note, the use of recombinant fluorescently tagged ATGs (including LC3) in transient transfection
experiments might not represent the best technique, since transfections can lead to cellular stress and
upregulated autophagy, but also due to possible artifacts caused by excessive and/or variable
overexpression levels. In this case, stable cell lines expressing fluorescently tagged ATGs at a consistent
lower level are preferable. An alternative possibility to detect ATG proteins is the use of
immunofluorescence assays, where fixed cells are incubated with antibodies targeting specifically the
endogenous ATG protein of interest. This technique also enables the combined use of several autophagic
markers, such as WIPI2 and LC3, although this can also be done in live cells using ATGs tagged with
different coloured fluorescent proteins. Furthermore, the dynamic monitoring of autophagic substrates
and their rate of degradation, such as the cytosolic protein lactate dehydrogenase, is an additional
method to analyse the autophagic flux342,343.
Fluorescence microscopy is the main method used throughout Chapter 4 in the present study.
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Calcium signalling

The spatiotemporal orchestration of calcium signals and calcium storage in intracellular organelles
regulate both cellular homeostasis and apoptosis344–346. The role of calcium in cells is briefly described
below.

1.4.1

Calcium as a messenger in cells

Since its identification as a signalling messenger in 1883347, extensive research has delineated the role of
calcium as one of the most important intracellular messengers for signal transduction. Through dynamic
intracellular signalling events, calcium signals are involved in the regulation of numerous cellular
functions, including cell growth, neuronal excitability, neurotransmitter release, proliferation, cell death,
muscle contraction, endocrine secretion, oocyte fertilisation and gene expression348–352, if not all cellular
pathways.
Calcium can be sequestered and stored in organelles. Essentially, the regulation of calcium signalling is
based on the capacity of these organelles to release and subsequently re-uptake calcium following a cell
stimulation348,353,354. Calcium is continuously transferred between cellular compartments (or stores) and
the cytosol, and calcium levels and fluxes at both basal levels and in response to stimuli are tightly
regulated in a spatiotemporal manner349. These coordinated calcium fluxes occur via calcium-permeable
channels, and involve calcium-mobilising messengers or effectors, calcium-binding proteins and
transporter proteins354. This machinery is also involved in maintaining the calcium gradient between the
extracellular and intracellular spaces. Indeed, cells at rest maintain a low cytosolic calcium concentration
of around 100 nM349, which can increase to 1 µM in response to stimuli. In contrast, extracellular calcium
levels can reach 1-2 mM355, which creates a marked gradient. Changes in the concentration of cytosolic
calcium can result from calcium release from intracellular stores, or calcium influx from the plasma
membrane348.
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Aside from controlling the generation and folding of de novo synthesised proteins, the endoplasmic
reticulum (ER) is also the largest and best characterised mobilizable intracellular source of calcium,
establishing the cytosolic calcium signals353,356. In stark contrast to cytosolic calcium concentration,
calcium stored in the ER ranges between 100 to 800 μM355. Calcium is also stored at concentrations
greater than that of the cytosol in mitochondria, Golgi apparatus and endolysosomal compartments. In
the lumen of all these organelles, calcium can exist as free ions or is buffered by specific calcium buffer
proteins and calcium-binding proteins, which can have other functions within these compartments348,354.
Various stimuli can evoke different calcium signals, involving different effector proteins depending on
the cell response. These stimuli can be for example neurotransmitters, hormones, growth factors,
membrane depolarisation, osmotic changes, but also physical stimuli such as changes in membrane
curvature352,357. Cells can decode specific calcium signals into specific outputs and downstream
pathways, and information is contained in the spatiotemporal and amplitude release of calcium
oscillatory signalling. What makes calcium a potent messenger is its capacity to modulate the function,
or conformation, of transducers that will carry out the downstream effects. Upon stimulation, transient
and localised cytosolic calcium signals are induced through generation of intracellular second
messengers and activation of calcium channels351, leading to an increase in cytosolic calcium levels via
the release of calcium from intracellular stores or entry from the extracellular space across the plasma
membrane358.

1.4.2

Channels and mechanisms

Calcium fluxes occur through channels present on the plasma membrane and on internal calcium stores.
The dynamics of calcium signalling can be divided in a few steps349.
First, cells are exposed to a stimulus, which triggers the rapid release of calcium from intracellular stores
via generation of diffusible second intracellular messengers, which results in store-depletion. The most
common intracellular second messengers are calcium itself, IP3 (inositol 1,4,5-trisphosphate), cADPR
(cyclic ADP ribose), and NAADP (nicotinic acid adenine dinucleotide phosphate)351. Calcium release from
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the ER store is triggered by IP3-receptor (IP3-R) and ryanodine receptor (RyR) channels, which are
activated upon binding of IP3 and cADPR respectively359,360. Furthermore, calcium itself can regulate the
activity of the IP3-receptor; low levels of calcium can stimulate the IP3-receptor, whilst higher
concentrations are inhibitory. For example, binding of a growth factor ligand to its receptor on the
membrane surface leads to the generation of IP3. IP3 then activates the release of calcium from the ER
and increases global cytosolic calcium levels. Upon entry into the cytoplasm, calcium binds cytosolic
buffer proteins, such as calbindin, but also proteins transducing the effect of calcium called calciumeffector proteins, such as calmodulin. These proteins allow the activation of downstream calciumsensitive cellular mechanisms361.
Secondly, this transient elevation in cytosolic calcium levels and store-depletion, in turn, induce a
calcium influx from the extracellular space via store-operated calcium entry (SOCE)362–364, which is also
involved in the replenishment of intracellular stores. Voltage-operated/gated calcium channels (VGCC)
present on the plasma membrane of excitable cells (such as neurons) also participate in the calcium
influx.
Upon termination of the signal, various actors participate in the quick removal of excess cytosolic calcium
to reinstate basal calcium levels. Sarco-endoplasmic reticulum ATPase (SERCA) pumps transport calcium
into the ER to replenish the store365 in an energy-dependent manner366. In contrast, calcium ATPase
pumps and Na+/Ca2+ exchangers present on the plasma membrane extrude the calcium towards the
extracellular space367.

1.4.2.1

ER and mitochondria

Although one of the main roles of mitochondria in cells is the production of ATP (i.e., energy),
mitochondria are also important calcium stores. Importantly, calcium signalling contributes to the
maintenance of mitochondrial homeostasis368,369, and is involved in the regulation of mitochondrial
dynamics, trafficking, and activity370,371. This organelle can uptake calcium from the cytoplasm via the
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voltage-dependent anion channel (VDAC) and the mitochondrial uniporter complex, present on the
outer and inner mitochondrial membrane respectively, and release calcium via Na+/Ca2+ exchangers.
Mitochondria also have an important role in calcium buffering (i.e., sequestration of calcium) following
the increase in cytosolic calcium levels. Indeed, mitochondria can uptake and provide calcium from/to
the ER via cyclical exchange372. This interplay occurs in close-contact sites called mitochondria-associated
ER

membranes

(MAMs),

and

is

essential

in

mitochondrial

homeostasis

and

calcium

homeostasis368,369,372,373. This interplay is also involved in regulating important cell mechanisms such as
lipid synthesis, autophagy, apoptosis, ROS-induced cell stress, ER-stress, mitochondrial morphology and
mobility374–379. These processes can lead to calcium overload in mitochondria, decreased ATP production
and result in mitochondrial dysfunction. Consequently, these defects induce autophagy and ultimately
lead to cell death359,372. As a pro-survival mechanism, damaged or dysfunctional mitochondria can be
degraded via a selective type of autophagy named mitophagy380.

1.4.2.2

Lysosomes

Acidic organelles, and more specifically the endolysosomal system, have emerged as important
intracellular calcium stores381–383. This system is involved in numerous cellular functions such as protein
transport, signal transduction, autophagy and endolysosomal trafficking275,384. However, the calcium
signalling function of the endolysosomal system is controversial385 and not well understood, but its
pathophysiological relevance is becoming increasingly clear386,387.
Lysosomes are acidic vesicles containing several types of hydrolytic enzymes and acidic hydrolases. As
degradative organelles, lysosomes are known for their role in clearance of macromolecules and
organelles, with both autophagy and endocytosis culminating in lysosomes. However, lysosomes are also
involved in signal transduction, energy metabolism and secretion275. In particular, lysosomes are
important calcium stores388,389 and calcium is essential for

lysosomal homeostasis381,386,390. Both

lysosomal degradative functions and fusion events are regulated by local calcium release, and there is
evidence of a close relationship between calcium channels and lysosomal pH391–393.
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In light of the relevance of lysosomal calcium to both cellular calcium signalling and autophagy, the
mechanisms of lysosomal calcium release and uptake are addressed specifically in the next sections.

1.4.2.2.1

Lysosomal calcium release

Lysosomal calcium release has important implications for intracellular calcium signalling275. Typically,
lysosomal calcium concentrations are similar to that of the ER, around 600 µM394, although more calcium
can be released from the ER given its larger total volume in cells. Similar to the ER, a range of calcium
channels are responsible for the release or uptake of calcium in lysosomes. Although IP3-receptors and
RyRs have been found on acidic organelles395, another potent endogenous calcium-mobilising agent has
been shown to be the major regulator of calcium release from these stores, namely NAADP (nicotinic
acid adenine dinucleotide phosphate)381,396. Two families of calcium-permeable channels, TPCs (twopore channels) and TRPMLs (transient receptor potential mucolipins channels), have been described as
lysosomal calcium channels with a pH-dependent activation, but also as the intracellular source of
NAADP-induced calcium signals from lysosomes and endosomes381,386,397.
Interestingly, NAADP appears to bind TPCs indirectly, through yet unknown small proteins, to regulate
TPC activity381,398,399. TPC isoforms have been shown to have distinct functions, and TPC2 is mostly
present on lysosomes397,400,401. Other studies suggest that aside from calcium permeability402, TPCs might
be Na+- or H+-selective channels403,404, and can also be gated by the phospholipid PI(3,5)P2
(phosphatidylinositol 3,5-bisphosphate)404. Although TPCs regulation remains controversial405, a
comprehensive review concluded that these channels are regulated by both NAADP and PI(3,5)P2406.
Similar to TPCs, TRPMLs channels are potentially targeted by NAADP and PI(3,5) P 2386,407,408. However,
their regulation and permeability remain poorly understood. It has been suggested that local release of
calcium via TRPML1 is essential in fusion events within the endolysosomal system, but also in lysosomal
exocytosis and autophagy408–410. Of note, TRPML1 has been reported to co-immunoprecipitate with
TPCs411. Consistently, mutations in TPC2 or TRPML1 can result in lysosomal storage disorders409,412.
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Lysosomal calcium uptake

In contrast to the ER, there is a very limited knowledge about calcium uptake in lysosomes. The current
hypothesis suggests that lysosomal calcium uptake is pH-dependent386,413, occurs through calciumATPase pumps or exchangers, and is mediated by ER calcium and IP3-receptors414–416. This hypothesis is
supported by the existence of membrane contact sites between the ER and lysosomes417,418, and by the
reported close proximity of TPCs to ER regions enriched in IP3-Rs and RyRs416,419,420. In addition, ERlysosomal contact sites have been described as NAADP “trigger zones”417,421, where a calcium-regulated
functional coupling exists. In principle, NAADP induces a local calcium release from lysosomes, which is
then enhanced by a secondary calcium-induced calcium release (CICR) from the ER. As mentioned above,
calcium is a second messenger itself, and modulates the ER calcium channels to create a global “wave”
of calcium in cells422. Studies also showed that it is a two-way coupling between the two organelles,
where calcium released by the ER is buffered by lysosomes422–425.

1.4.3

Chemical indicators to measure calcium

Monitoring the amplitude and spatiotemporal changes in calcium levels, whether it might be in the
cytosol or in organelles, is challenging. Nonetheless, a number of techniques are available, the choice of
which depends on their suitability for a cell type and their feasibility.
Although various physiological ways to trigger calcium signals have been described in the previous
sections, it is worth mentioning that intracellular calcium signals can also be induced with extracellular
soluble calcium-mobilising molecules. For example, cells can be stimulated with natural agonists that
lead to IP3 production, such as exogenous ATP426,427. If the goal is to block or induce a specific process,
other molecules can also be used such as cyclopiazonic acid (CPA), which induces the depletion of the
ER calcium content and inhibits the SERCA pumps, thereby preventing the refilling of the ER427,428.
A commonly used approach to measure intracellular calcium concentrations is electrophysiology 429, a
highly sensitive technique that is able to measure calcium signals and dynamics over time using
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microelectrodes via patch-clamp. However, electrophysiology has several drawbacks; it requires specific
skills, and is far from being time-efficient or high-throughput since only one cell at a time can be analysed.
Alternative approaches are available, such as membrane-permeant fluorescent calcium probes with a
high selectivity for calcium. Tsien and colleagues were the first to develop calcium indicators based on
the structure of the calcium chelator BAPTA (1,2-bis(O-aminophenoxy)ethane-N,N,N′,N′-tetra- acetic
acid), which couples a fluorophore and a calcium chelator, and allows the study of calcium
homeostasis430. The principle of this method is relatively simple and relies on the fluorescence intensity
changes of the calcium indicator depending on the calcium concentration, especially upon binding or
release of calcium molecules. A variety of calcium indicators are available431.
Chemical indicators are subdivided into single-wavelength indicators, which exhibit a brighter
fluorescence intensity change that is calcium-dependent, and double-wavelength indicators, which
exhibit a variation in the excitation or emission wavelengths following calcium binding432. The latter
offers the opportunity to monitor calcium in a ratiometric and quantitative manner, which means that
the dynamic range is improved and that it can account for uneven indicator loading in cells, leakage and
progressive loss of signal. Fura-2 is one of the most common used double-wavelength calcium indicators,
and will be detailed further in Chapter 2 Section 2.5.1.2.
In the case of Fura-2432, while the emission spectrum remains unchanged, the excitation wavelength
undergoes a shift from around 380 to 340 nm subsequent to calcium binding. The ratio of fluorescence
that is emitted at these two excitation wavelengths 340/380 provides a quantitative measure of the
concentration of calcium. However, since excitation of Fura-2 is achieved using UV wavelengths, the
caveat associated with this approach is that measurements are performed while the excitation and
emission wavelength are alternated, which can potentially limit time resolution. Another limitation is
that both BAPTA and calcium indicator dyes have been shown to have potential significant off-target
effects433 which can have various cellular outcomes and lead to misinterpretations. Nonetheless, calcium
indicators have become one of the chosen methods as a result of their wide dynamic range, fluorescence
intensity and stability.
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Calcium as an autophagy regulator

Amino acid depletion, a common autophagy inducer, has been found to trigger an increase in cytosolic
calcium levels in various cell types434. As such, calcium signalling is an additional mechanism that
regulates autophagy. Studies have shown that calcium is involved in autophagosome formation and
maturation435,436, but also in the fusion events at later stages and in lysosomal reformation390.
Consistently, autophagic impairments have been shown following the use of calcium-mobilising
agents437,438. The mechanisms underlying the effect of increased cytosolic calcium on the autophagic
pathway are not yet fully understood, but involve different calcium sources and several downstream
effectors434,437,439.
It has been reported that calcium signalling has a dual regulatory role on autophagy and can both
promote or supress autophagy368,434,437,438. These opposite effects may depend on the energetic state of
the cell, the levels of intraluminal calcium, or the spatiotemporal characteristics of calcium signals440. As
such, calcium may act as an energetic sensor and suppress autophagy under normal growth conditions,
whilst promoting a pro-survival autophagy in conditions of stress. Generally, studies show that increased
cytosolic calcium levels facilitate autophagy, whereas IP3-R-mediated release of calcium commonly
inhibits autophagy441. Figure 1.9 represents some of the known mechanisms through which calcium
regulates autophagy, which are described in the next sections.
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Figure 1.9: Calcium-dependent regulation of autophagy
(Positive regulation of autophagy) Multiple factors can lead to a rise in cytosolic calcium levels by stimulating IP3-R-mediated
calcium release from the ER and lysosomal calcium release, triggering autophagy through several mechanisms. These include
calcium mobilising agents that promote calcium release or prevent calcium buffering in organelles, ER stressors, or autophagy
inducers. Elevated cytosolic calcium levels activate CaMKKβ which stimulates the inhibition of mTORC1 via the phosphorylation
and activation of AMPK. Increased cytosolic calcium also activates DAPK, which phosphorylates the PI3K complex subunit
Beclin1, and the ERK pathway, which phosphorylates Bcl-2, thereby mediating the dissociation of Beclin1 from Bcl-2 and
promoting the initiation of autophagy. Calcium is required for lysosomal function and lysosomal fusion events. Calcium release
from TRPML1-3 contributes to the rise in cytosolic calcium levels, either directly and locally, or globally through the calciuminduced calcium release from the ER. Elevated cytosolic calcium leads to the activation of the phosphatase calcineurin, which
dephosphorylates TFEB, a transcription factor anchored to 14-3-3 proteins following phosphorylation by mTORC1, which
promotes its nuclear translocation and the expression of genes associated with autophagy and lysosomal biogenesis. A potential
feedback loop to control autophagy involves mTORC1 which can phosphorylate and inhibit TRPML1, and the TRPML1-calcium
release-mediated activation of mTORC1. The disruption of the elevation of cytosolic calcium levels by the calcium chelator
BAPTA abolishes autophagy induction. (Negative regulation of autophagy) Increased levels of the second messenger IP3 and
subsequent IP3-mediated calcium release from the ER prevent autophagy. Consistently, lithium treatment triggers autophagy
by reducing IP3 levels. High cytosolic calcium levels participate in the generation of ATP in mitochondria which buffers calcium.
High levels of ATP prevent the activation of AMPK and inhibit autophagy, whereas high levels of AMP promote AMPK activation
and consequent mTORC1 inhibition and ULK1 complex activation, triggering autophagy. Mitochondria also produce ROS, which
can activate AMPK and induce TRPML1-mediated calcium release to promote autophagy. As opposed to the role of DAPK, IP3R may act as a scaffold and suppress autophagy by reducing the release of Beclin1 from Bcl-2 and therefore facilitating its
sequestration. In addition, Bcl2 can prevent IP3-R mediated calcium release, thereby blocking autophagy. Another key
autophagy-repressor mechanism involves calpains, activated by ER-mediated increased cytosolic calcium, which can cleave
Beclin1, and also ATG5 to prevent the formation of the ATG12-ATG5-ATG16L conjugation complex. Additionally, calpains are
involved in the degradation of plasma membrane calcium channels, thereby leading to excess cytosolic calcium and autophagy
inhibition (not represented for simplicity). However, calpain activation has also been shown to be necessary for autophagy.
TPC2-mediated calcium release can promote autophagy, since mTORC1 inhibits TPC2 in normal conditions, but TPC2 can also
lead to an alkalinisation of lysosomes, impairing lysosomal function and preventing the formation of autolysosomes, thereby
blocking the autophagic pathway. ER RyRs (not represented) can also inhibit autophagy by impairing lysosomal degradation.
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Perspective on the contradictory roles of calcium

These seemingly opposite functions for cytosolic calcium on autophagy need to be considered more
comprehensively, using the ER for example. On one hand, ER dysfunction and ER stress can impair
luminal calcium levels, which triggers the unfolded protein response442, a pro-survival mechanism that
acts to re-establish ER homeostasis. On the other hand, both calcium depletion and excess calcium in
the ER can lead to ER stress. Furthermore, calcium release due to ER stress can also stimulate autophagy
as a pro-survival process443, likely through the calmodulin-dependent protein kinase kinase-β (CaMKKβ)dependent activation of AMPK437 or via the activation of the calcium-regulated death associated protein
kinase (DAPK)444 (Figure 1.9).

1.5.2

Positive regulation of autophagy by intracellular calcium

1.5.2.1

CaMKKβ/AMPK pathway

The rise in cytosolic calcium levels following ER calcium release through IP3-R can stimulate autophagy368.
One example is via the activation of CaMKKβ434,437. CaMKKβ promotes the induction of autophagy via
the phosphorylation and activation of AMPK, which inhibits mTORC1 (Figure 1.9). Elevation of cytosolic
calcium upon treatment with calcium mobilising agents or SERCA inhibitors has been shown to activate
CaMKKβ and autophagy; in contrast, reduced cytosolic calcium prevents the initiation of
autophagy426,434,445. Moreover, resveratrol promoted autophagic clearance of aggregated proteins in
neuronal cells via this pathway426. This calcium/CaMKK-β/AMPK pathway therefore links autophagy,
mTORC1 and calcium signals. As such, this pathway might be involved in the mTORC1-dependent
activation of autophagy, since it was reported to rely on IP3-R-mediated calcium release446,447. As
opposed to its role as an autophagy inhibitor through Beclin1 sequestration, Bcl2 has been proposed to
contribute to the activation of CaMKKβ and autophagy437.
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Effects of calcium chelators

In line with findings indicating that autophagy is activated as a result of increased cytosolic calcium levels,
studies have also shown that mechanisms that limited the increase in cytosolic calcium also limited
autophagy induction (Figure 1.9). Indeed, it is established that the chelation of cytosolic calcium
suppresses autophagy induction434,435,448. Cytosolic calcium signals are commonly chelated by loading
cells with BAPTA, a high-affinity cell permeable calcium-buffering agent that has been widely used in
studies of the autophagic pathway to test the involvement of calcium in a cellular process. In many
reports associating a repressive effect of BAPTA on autophagy449, BAPTA has invariably provided
evidence that raised cytosolic calcium levels are essential in the induction of autophagy, although the
precise effectors and calcium sources are still debated. In fact, BAPTA has been shown to suppress not
only autophagy following treatment with calcium mobilising agents, but also in basal conditions and in
response to common autophagy inducers such as mTORC1 inhibition, starvation or amino acid
depletion424,425,436–438. In addition, BAPTA-mediated chelation of calcium in the lumen of acidic stores
also prevented membrane fusion, further supporting an essential role for this source of calcium and its
dynamics in autophagy394,450.

1.5.2.3

Calcineurin and TRPML1

Calcium is involved in the regulation of various stages of the autophagic pathway, and is in particular
required for lysosomal function and lysosomal fusion events386. Since lysosomes are vital actors in the
autophagic pathway, it is not surprising that lysosomal calcium is involved in its regulation.
In contrast to TPC2, which will be detailed below, calcium release from the lysosomal channel TRPML1
and TRPML3 has recently been reported to promote autophagy, with the modulation of the expression
of these channels regulating autophagy in response to various stimuli451. Alternatively, upon nutrient
starvation, local calcium release through TRPML1, either directly or indirectly by inducing an increase in
global cytosolic calcium levels452 (CICR), leads to the activation of calcineurin (a calcium-dependent
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phosphatase). In turn, calcineurin dephosphorylates TFEB and thereby promotes its nuclear
translocation and the expression of genes associated with autophagy and lysosomal biogenesis453,454
(Figure 1.8 and Figure 1.9). In addition, TRPML1 has recently been described as a redox status sensor,
since ROS stimulation can induce calcineurin activation via TRPML1-mediated calcium release455,456.
However, there is an ambiguous relationship between mTORC1 and TRPML1. On one hand, activated
mTORC1 can directly inhibit TRPML1 activity by phosphorylation in normal conditions412. On the other
hand, mTORC1 was found to be activated by TRPML1-calcium release457, involving the association of
mTORC1 with calmodulin, and TRPML1 knockdown blocked mTORC1 activity. Potentially, this
mechanism might work as a feedback loop to control autophagy.

1.5.3

Negative regulation of autophagy

1.5.3.1

The IP3-R pathway

Interestingly, several reports propose that calcium negatively regulates autophagy via IP3, in an mTORC1independent manner368,458–461.The IP3-R has been described as a key regulator of autophagy via IP3mediated calcium release from the ER462. Both the blockage with pharmacological compounds and
knockdown of IP3-R induce autophagy460,463, suggesting that IP3-dependent calcium release from the ER
and subsequent elevation of cytosolic calcium levels prevent autophagy. Consistent with these
observations, whilst IP3 accumulation blocks autophagy in starvation conditions, decreased IP3 levels
through treatment with lithium has been shown to enhance autophagy438.

1.5.3.1.1

Beclin1, Bcl-2

Recent studies have implicated an inhibitory role for IP3-R on autophagy that is independent of calcium
release, by acting as a scaffold for the regulation of Beclin1464. As such, IP3-R facilitates the formation of
the sequestration complex Bcl2-Beclin1 by preventing the release of Beclin1440,461 (Figure 1.9). Since
Beclin1 is essential in the induction of autophagy and formation of the phagophore as part of the PI3K
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complex, this mechanism limits the availability of Beclin1 and ultimately blocks autophagy (Figure 1.8).
Furthermore, IP3-R can be modulated by Bcl2460.

1.5.3.1.2

Calpains

An additional key autophagy-repressor mechanism involves calpains, cytosolic calcium-sensitive
proteases that are activated upon increased cytosolic calcium levels and involved in development and
apoptosis465,466. In regards to autophagy, the constitutive cleavage of ATG5, which forms a complex with
ATG12, is mediated by the calcium-dependent activation of calpain and inhibits the initiation of
autophagy459 (Figure 1.7 and Figure 1.9). Accordingly, reduced cytosolic calcium levels prevented the
calpain-mediated degradation of ATG5 and induced autophagy. Of note, apoptosis can be triggered by
the translocation of cleaved ATG5 to mitochondria467. In addition to ATG5, calpain can also impair
autophagy by mediating the cleavage of Beclin1 in conditions of increased cytosolic calcium468.
Furthermore, the calpain-dependent degradation of calcium channels located at the plasma membrane,
involved in the removal of cytosolic calcium towards the extracellular space, leads to excess cytosolic
calcium and inhibits autophagy469.
Whilst several studies indicate that calpain can inhibit autophagy, other studies have found that calpain
activation is necessary for autophagy470, at both early (autophagosome formation) and late stages
(lysosomal degradation). In the context of neurodegeneration, this dual role of calpain in the regulation
of autophagy could be comparable to the function of autophagy itself, which has been shown to have
both protective and harmful roles during different stages of neurodegeneration471–473.

1.5.3.2

RyRs

As opposed to IP3-R, the role of RyRs in the calcium-dependent regulation of autophagy has not been
the focus of many studies. A potential role for RyRs has been reported in a study where inhibition of
RyRs prevented autophagy alterations and promoted survival in a mouse model of neuropathic Gaucher
disease474. Additionally, in neuronal hippocampal stem cells, RyRs were involved in autophagic cell
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death475. Recently, Vervliet and colleagues showed that RyR-mediated calcium release is involved in the
repression of autophagy in cell lines and primary neurons, especially impairing autolysosomal fusion
events476. Indeed, an mTORC1-independent increase of autophagic flux was observed following
inhibition of RyRs476. Thus, both IP3-R and RyRs can have inhibitory effects on autophagy, and whilst the
effects of IP3-R-mediated calcium release appear to impact the induction of autophagy, the effects of
RyRs seem to be more distal and at the level of lysosomal degradation.

1.5.3.3

TPC2 channels

In contrast with TRPML1, calcium release mediated by TPC2 has been identified as a negative regulator
of autophagy392,477. Specifically, calcium-release from TPC2 is thought to lead to the alkalinisation of
lysosomes (i.e. elevation of lysosomal pH), thereby preventing the formation of autolysosomes392 (Figure
1.9). In line with this, studies have shown that autophagosomes accumulate following overexpression of
TPC2, confirmed by the further accumulation resulting from TPC2 activation by NAADP, and by the
opposite effect observed using the NAADP-mediated calcium release antagonist Ned19477,478. However,
other studies have shown impaired lysosomal pH when TPC2 was dysfunctional, resulting in impaired
autophagy393. These data suggest a tight regulation of TPC2-dependent lysosomal pH.
Conversely, TPCs and mTORC1 have been reported to co-immunoprecipitate, with mTORC1 inhibiting
TPCs in normal conditions479. Upon nutrient deprivation and low ATP concentration, conditions
associated with activated autophagy, this inhibition is relieved and TPCs are activated.

1.5.4

Limitations of the current studies implicating calcium in autophagy

Although some mechanisms promoting or repressing autophagy are well described and accepted in the
field, overall, modulation of calcium signalling in cells has yielded inconsistent results. Caution needs to
be taken when interpreting data obtained while modulating cellular calcium signals, since physiological
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signals are generally spatially and temporally controlled, brief, transient and oscillatory events that fit
with their physiological function.
Indeed, this is problematic for two reasons. First, the compounds used can have other effects not
intended by the experimenter, for example a long treatment with SERCA inhibitors (such as thapsigargin)
or calcium mobilising agents (such as ionomycin or ATP) induce a sustained cytosolic calcium increase,
thereby depleting intracellular calcium stores and triggering cellular stress449. As a result, the autophagic
pathway could potentially be activated as a pro-survival mechanism, and not as a result of elevation of
cytosolic calcium levels. Secondly, although BAPTA has been repeatedly shown to prevent autophagy,
the involvement of calcium signals in a cellular process has often been assessed depending on the
activation or repression of that process in the presence of calcium chelators, and not combined with
monitoring changes in calcium signals following chelation. In addition, BAPTA has been shown to have
significant off-target effects independently of calcium (detailed in 433).
These observations imply that more work needs to be done to support the data resulting from the use
of BAPTA and calcium ionophores. Regardless, the precise role of calcium in the regulation of autophagy
is currently being extensively studied.
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Central role of Autophagy and Calcium signalling in PD
Molecular mechanisms underlying cellular dysfunction in PD

Despite years of research to understand the molecular basis of neurodegeneration in PD, the underlying
mechanisms leading to the selective neurodegeneration of dopaminergic neurons are still under debate.
However, it is commonly accepted that PD is not only due to the progression of α-synuclein pathology,
but to a combination of several cellular events acting together to impair the homeostatic balance. The
general hypothesis suggests that dopaminergic neurons are particularly vulnerable to oxidative damage
and cell death, due to an impairment of degradative processes. The next sections will expand upon
potential explanations related to the intracellular setting of these neurons that have been proposed in
the literature (Figure 1.10).

Figure 1.10: Mechanisms underlying cellular dysfunction in Parkinson’s disease
The physiological activity of dopaminergic neurons causes high levels of oxidative stress. Dopamine metabolism, mitochondrial
dysfunction, calcium dyshomeostasis and neuroinflammation contribute to the increase of ROS and the subsequent impairment
of the autophagic pathway, resulting in the vulnerability of dopaminergic neurons to cell death. In the context of Parkinson’s
disease, pathogenic LRRK2 mutants promote the accumulation of α-synuclein, deregulations in calcium handling, and autophagy
defects. Pathogenic LRRK2 mutants and α-synuclein accumulation also participate in microglial activation. Importantly, all these
processes are also affected by ageing. The combination of an age-related decline in these cellular processes and cellular insults
caused by pathogenic LRRK2 mutants, is thought to accelerate neurodegeneration and cause Parkinson’s disease pathology.
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Oxidative stress

PD is a neurodegenerative disease that has been described as an “enhanced” ageing process480–482, and
as mentioned in Section 1.1.3.1, ageing is a major risk factor for PD. One of the age-related factors that
leads to the progression of cellular ageing is oxidative stress, in particular reactive oxygen species
(ROS)483,484. ROS are a by-product of oxidative phosphorylation occurring in the mitochondria to generate
ATP483,485. The controlled production of ROS is involved in several cellular processes486, such as growth
and apoptosis487. Elevated ROS levels lead to oxidative stress which is harmful for cells and can cause
permanent oxidative damage to cellular components such as genomic and mitochondrial DNA, proteins
and lipids, and impairs several cellular pathways487–492.
Oxidative stress has been shown to significantly contribute to PD pathogenesis and
neurodegeneration32,33,490,492–494. This is supported by evidence from the substantia nigra of PD patients
showing high level of oxidative damage33. A variety of vital mechanisms believed to be involved in PD
pathogenesis are thought to induce oxidative stress, including dopamine metabolism, mitochondrial
dysfunction, calcium homeostasis and neuroinflammation37,315,495, which are also processes affected by
ageing (Figure 1.10). Their dysfunction in turn impacts other cellular processes32,494,496,497, such as the
autophagy-lysosomal pathways, which are crucial in the clearance of toxic α-synuclein oligomers. Their
role will be detailed in the sections below.

1.6.1.2

Neurotransmission and mitochondrial dysfunction

Importantly, the structure and physiological function of dopaminergic neurons are both thought to cause
high levels of oxidative stress, resulting in their vulnerability in PD. Structurally, dopaminergic neurons
from the substantia nigra are characterised by high connectivity and a branched axonal network,
implying a high number of transmitter release sites37,495. The maintenance of such connectivity likely
relies on cellular degradative pathways to prevent the accumulation of waste material due to the high
metabolic activity498.
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In addition to their burst firing activity, these neurons have an autonomous pacemaking activity,
required to maintain the levels of dopamine in the striatum499–501. This activity is accompanied by large
variations in calcium flux, promoting the generation of energy36,502–505. Indeed, intracellular calcium
levels are tightly controlled and essential for the survival of these neurons. However, since cytosolic
calcium buffering is low506,507, this type of electrical activity leads to elevated cytosolic calcium levels and
mitochondrial calcium overload (Figure 1.10). Because dopaminergic neurons rely on mitochondrial
activity due to their high metabolic demands, ROS generation is elevated. Over time, these neurons
become vulnerable to excitotoxicity, and calcium dyshomeostasis results in mitochondrial
dysfunction36,37,508–512, which further increases oxidative stress316. Eventually, if damaged mitochondria
are not removed via mitophagy, they become permeable and release their content, leading to
apoptosis513,514. Compromised autophagy and mitophagy with age315 contribute to these
phenomena484,485,515,516.
In addition, given that calcium signalling has an established role in most cellular mechanisms, calcium is
potentially involved in PD in other ways. For example, impaired calcium signalling can participate in the
deregulation of autophagy (Figure 1.10). Furthermore, loss of calcium homeostasis can be predicted to
affect other intracellular stores such as the ER and lysosomes, in particular through the interactions at
MAM and between ER/lysosomes sites422,517. Although the mechanisms need to be elucidated to be
proven with confidence, these interactions likely support a ripple effect, with dysfunction affecting one
organelle which in turn induces defects in another, thereby contributing to neuronal dysfunction and
neurodegeneration.
Since mitochondria-generated ROS are also involved in the up-regulation of autophagy516,518–521, it is not
surprising that mitochondrial dysfunction and oxidative stress, in turn, disrupt autophagy-lysosomal
pathways and α-synuclein turnover494,496,522. Interestingly, enhanced autophagy has been shown to be
neuroprotective by reducing the production of ROS in dopaminergic neurons523. Similarly, it has been
shown that reducing the size of arborisation also reduced oxidative stress in these neurons37.
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Of note, α-synuclein is believed to play a role in synaptic transmission and is present at synaptic vesicle
release sites26. Another direct consequence of their extensive branching and high number of release
sites, dopaminergic neurons require a higher expression of α-synuclein, which potentially contributes to
increased α-synuclein aggregates over time. Furthermore, α-synuclein also participates in the elevation
of cytosolic calcium through calcium influx524,525. This further supports the cross-talk between different
actors which all contribute to the degeneration of dopaminergic neurons.
Taken together, a large body of evidence from animal and cellular models and post-mortem analyses on
PD patients1,54,57,61,498,500,517–526 supports an important role for calcium dyshomeostasis, mitochondrial
dysfunction and impaired autophagy in dopaminergic neurons in the pathology of PD.

1.6.1.3

Autophagy and α-synuclein spread

Whilst autophagy is initially a neuroprotective process, defective autophagy has been associated with
accelerated neurodegeneration and PD323,536,537. For instance, evidence suggests that autophagy is
repressed in PD brains, with an elevation of mTORC1 signalling and a reduced expression of essential
ATG proteins and transcription factors (such as TFEB)538,539.
Importantly, there is a causative link between impaired autophagic machinery and accumulation of toxic
α-synuclein aggregates. Indeed, α-synuclein is a substrate of autophagy, in particular chaperonemediated autophagy540–542, but is also targeted for degradation by aggrephagy258,543,544. Therefore, a
common view suggests that a defective autophagic machinery in PD results in the neurotoxic
accumulation of α-synuclein aggregates, which further disrupts the autophagy-lysosomal
pathway321,539,540,545. Thus, α-synuclein aggregates may contribute to their own accumulation as well as
to the accumulation of other proteins, eventually leading to neurodegeneration (Figure 1.10). However,
this view is challenged by the hypothesis that the build-up of toxic misfolded proteins leads to the
impairment of the autophagic machinery in the first place321,545,546.
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Another reason why research has focused on the autophagic pathway in PD is that it is thought to be the
means by which α-synuclein oligomers spread between neurons547–550. The general hypothesis is that a
“cell-to-cell spread” occurs from the vesicular release of toxic α-synuclein aggregates into the
extracellular compartment, from where these aggregates are uptaken by other neuronal cells551. Then,
the pathology progresses in a prion-like manner, where α-synuclein aggregates induce further protein
misfolding and cytotoxicity. Therefore, autophagic and lysosomal impairments within a neuron may not
only lead to PD pathology in that cell, but also participate in its progression to other neurons. However,
the exact mechanisms are still unknown and debated. Interestingly, this process has also been described
as a compensatory mechanism aiming at removing toxic material that cannot be degraded552.
Importantly, calcium signalling has already been implicated in the autophagic degradation of aggregateprone proteins in neuronal cells, suggesting that abnormal calcium signalling may inhibit autophagy. In
particular, it has been reported that mTOR-independent clearance of aggregated proteins via autophagy
is activated following calpain inhibition458.

1.6.1.4

Dopamine metabolism

Consistent with the detrimental changes associated with sustained electrical activity and calcium
dyshomeostasis, dopamine metabolism itself can be toxic and contributes to the selective sensitivity of
dopaminergic neurons to oxidative stress522,553,554. In fact, although dopamine is stored in vesicles,
accumulated and unstable cytosolic dopamine becomes oxidised and converted to quinones, which are
reactive species. This is accompanied by the generation of toxic ROS (Figure 1.10). Therefore, dopamine
catabolism eventually results in high levels of ROS and mitochondrial dysfunction, which promotes
cellular stress555. As such, both their transmission activity and dopamine metabolism, i.e., their own
phenotype, makes dopaminergic neurons more vulnerable to cell death.
An interesting interplay in dopaminergic neurons might occur between dopamine and α-synuclein.
Indeed, quinones are involved in the conversion of monomeric α-synuclein into its toxic oligomeric
form556. This can block the degradation of α-synuclein497 and contribute to its accumulation. In addition,
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cytosolic α-synuclein has been shown to induce the release of dopamine stored in secretory vesicles in
the cytosol557, which further promotes the formation of dopamine-quinones, and α-synuclein
accumulation.

1.6.1.5

Neuroinflammation

Importantly, mitochondrial dysfunction is closely related to neuroinflammation558–560. The involvement
of microglial cells and neuroinflammatory pathways in PD is now widely recognised561, with
neuropathological and biochemical evidence from PD patients providing strong evidence of uncontrolled
activation of microglia. In support of this is the finding that microglial cells are present at a high density
in the substantia nigra562, but also by the discovery that LRRK2 and α-synuclein are involved in proinflammatory responses563.
Oxidative stress consequent to dopamine oxidation leads to the formation of neuromelanin564, which
accumulates with age. The loss of this pigment in PD is thought to be the result of neuroinflammation564,
which might both contribute to and be a result of neurodegeneration. Although the role of neuromelanin
is not well understood, studies propose that, at first, neuromelanin has a protective effect, and activates
microglial cells. However, neuronal death and further release of neuromelanin both lead to chronic
inflammation564–566. As such, neuromelanin participates in a vicious cycle creating a deleterious
neuroinflammation contributing to further neurodegeneration and PD pathogenesis over time512,567,568.
As well as neuromelanin, neuronal death is accompanied by the release of α-synuclein oligomer
aggregates, which activate microglia569,570. This means that, in addition to the autophagic pathway, αsynuclein-mediated toxicity and PD progression is amplified through microglial activation and
neuroinflammation571 (Figure 1.10). α-synuclein-dependent activation of microglia might also occur
following internalisation of α-synuclein monomers, originating from the cleavage of α-synuclein
mediated by calpain, which is activated by increased cytosolic calcium572,573.
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LRRK2-associated pathology

The perturbation of the processes outlined above promote the perpetuation of a vicious cycle leading to
neurodegeneration. These neurons are thus inherently vulnerable to cell death. It is therefore clear that
any genetic or external factor that might provide the toxic input necessary to aggravate the defects in
any of the processes mentioned above is likely to lead to dopaminergic neuron dysfunction, α-synuclein
pathology and PD574. Pathogenic LRRK2 mutations are such PD-trigger factors, and since LRRK2 interacts
with several downstream partners and is involved in a plethora of cellular processes, these cellular
processes might all be generally deregulated by LRRK2 mutations (Figure 1.10). Furthermore, LRRK2
might have a different role depending on the cell type or cellular environment180, suggesting that the
toxicity associated with LRRK2 PD-causing mutations might be more important in vulnerable
dopaminergic neurons. As such, neurons carrying LRRK2 mutations are predisposed to be more sensitive
to cellular and external stress factors.
Strong evidence of a close relationship between LRRK2 and α-synuclein is emerging, suggesting that
LRRK2 might act upstream of α-synuclein575–578. Indeed, LRRK2 and α-synuclein have been reported to
endogenously interact in brain tissue from PD patients and in cell models, and to co-localise in some, but
not all, Lewy bodies575–577,579. Loss of LRRK2 also induced defects in degradation pathways and
accumulation of α-synuclein in aged mice217. Recent studies in mouse and human models of LRRK2
G2019S described increased neurodegeneration and α-synuclein aggregation, linked to an augmented
neuroinflammation state580–582.
Interestingly, it has been shown that ROS can activate LRRK2 and increase the phosphorylation of its
substrate Rab10 in absence of pathogenic mutations172, suggesting that oxidative stress might
upregulate LRRK2 kinase activity. Thus, in the context of cellular oxidative stress in dopaminergic
neurons, pathogenic LRRK2 mutants may further enhance LRRK2 kinase activity, promoting their toxic
effects.
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With regard to neuroinflammation, loss of LRRK2 in microglial cells caused an increased internalisation
of monomeric α-synuclein through Rab5-positive endosomes583. In addition, one of the aggrephagyreceptors targeting α-synuclein is p62544,584, and since LRRK2 kinase-dependent p62 phosphorylation is
reported to increase neurotoxicity585,586, pathogenic LRRK2 mutants may enhance this effect. These data
support a role for PD-causing LRRK2 mutations in the spreading of α-synuclein pathology. Furthermore,
α-synuclein is also thought to be required for the toxic effects of LRRK2 mutants578, acting either by
promoting the accumulation and misfolding of LRRK2, or synergistically with LRRK2 by inducing defects
in proteostasis and other cellular mechanisms, leading to cellular dysfunction. As such, the interaction
between these two proteins has yet to be fully characterised, although a plausible mechanism is via
vesicular trafficking, since both LRRK2 and α-synuclein are linked to this process.
Returning to the subject of intracellular calcium, there is evidence for a broad regulatory role for LRRK2
in calcium signalling. Impaired mitochondrial and ER calcium signalling has been observed in neuronal
models expressing pathogenic LRRK2 mutants587–590, with various downstream effects such as neurite
degeneration. In addition to its role in cytosolic calcium buffering590, LRRK2 has been shown to modulate
plasma membrane calcium channels. Indeed, LRRK2 can stimulate the activity of the Na+/Ca2+
exchanger591, and overexpression of LRRK2 WT and mutants has been shown to increase the activity of
VGCC in a kinase-dependent manner228,590. These data suggest that pathogenic LRRK2 mutants may
affect cellular calcium homeostasis, and since calcium signalling is involved in most cellular processes,
LRRK2 may at least in part operate through impaired calcium signalling to induce cellular defects. For
example, LRRK2 is involved in lysosomal calcium homeostasis391, which, if deregulated, would be
expected to impair lysosomal degradation and autophagy (Figure 1.10).
In summary, this body of evidence points towards a particular effect of PD-causing LRRK2 mutations on
autophagy and calcium signalling.
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LRRK2-mediated regulation of autophagy

The effects of LRRK2 mutants reported on the autophagy-lysosomal pathway strongly support the
involvement of LRRK2 in the regulation of this pathway122,142,154,218,592. Nonetheless, the role for LRRK2
remains elusive. In vitro studies carried out in numerous cell lines describe opposite impacts of LRRK2
activity. For example, the knockdown of LRRK2 has been reported to either have no effect120,593, to
increase122, or inhibit autophagy233. Overexpression of wildtype LRRK2 results in increased autophagy in
some cases120,154,479,594, but reduced autophagy391 or no effects141 in others. Similarly, previous work
described that LRRK2 pathogenic mutants G2019S and R1441G lead to increased120,479,594–597 or
decreased autophagy122,391,593,598,599. In vivo studies have also been inconsistent, describing differential
variations in the autophagy-lysosomal pathway depending on the model used142, such as transgenic mice
that are knocked-out for Lrrk2, express LRRK2 mutants, or knocked-down for Lrrk2.
These contradictory results can in principle be explained by numerous variables in protocols used, such
as the model, the method to monitor autophagy, or the expression levels of LRRK2.
Nonetheless, when taken together, evidence of the participation of LRRK2 and pathogenic LRRK2
mutations in the autophagic and/or lysosomal impairments found in PD are accumulating, but further
work is necessary to define the seemingly complex role of LRRK2 in these processes. Several cellular
processes have been proposed, which are summarised below and in Figure 1.11.
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Figure 1.11: Potential pathways through which LRRK2 contributes to the regulation of autophagy in the context
of PD.
LRRK2 potentially operates through different pathways to regulate autophagy depending on the cell type. Evidence suggests
that LRRK2 may promote autophagy in a LRRK2 kinase-dependent but mTORC1-independent manner, by inducing TPC2dependent lysosomal calcium release, amplified by the calcium-induced calcium release from the ER, and activation of the
CaMMKβ/AMPK pathway. This pathway is deregulated in the presence of LRRK2 pathogenic mutants, which can induce defects
in lysosomal morphology and calcium handling. Alternatively, LRRK2-mediated elevation of autophagy may be mTORdependent. LRRK2 is also involved in the regulation of lysosomal pH via interaction with the v-H+-ATPase pump, which can be
impaired by LRRK2 pathogenic mutants. In addition, LRRK2 might regulate autophagy either via the MEK/ERK pathway directly,
or via the VPS34/Beclin1 complex (PI3K complex). Furthermore, LRRK2 may be involved in the regulation of autophagy through
vesicular trafficking via Rab proteins, and LRRK2 mutants impair their normal function. LRRK2 and α-synuclein are both
chaperone-mediated autophagy substrates, and both pathogenic LRRK2 mutants and toxic forms of α-synuclein are poorly
degraded via this mechanism, and in turn inhibit it, thereby promoting the accumulation of α-synuclein and other chaperonemediated autophagy substrates, which in turn impair autophagy.

1.6.2.1

1.6.2.1.1

LRRK2 calcium-dependent regulation of autophagy

CaMMKβ/AMPK pathway

As described in Section 1.5 and Figure 1.9, it is widely accepted that cytosolic calcium levels are involved
in the regulation of autophagy449. Since this process is deregulated in LRRK2-PD, it is not unexpected that
calcium signalling might mediate some aspects of LRRK2 cytotoxicity. Evidence of functional cross-talk
between LRRK2, autophagy and calcium homeostasis has recently been revealed216,479,600,601. Indeed,
LRRK2 may act through the CaMKKβ/AMPK pathway to increase autophagy in a manner independent of
mTOR, but dependent on LRRK2 kinase activity. These data support a model where LRRK2 interacts with
TPC2 and triggers the TPC2-dependent calcium release from lysosomes, which is then amplified by the
calcium-induced calcium release from the ER (Figure 1.11). This elevation of cytosolic calcium then
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promotes the CaMKKβ/AMPK-dependent activation of autophagy. This model is supported by evidence
indicating that NAADP reproduces the effects of LRRK2 overexpression or G2019S pathogenic mutation,
with inhibition of TPC2 preventing these effects. In addition, the use of a calcium chelating agent or the
depletion of ER calcium stores also blocked these effects, supporting the involvement of calcium signals
in the regulation of autophagy by LRRK2216,479,600,601. Importantly, these authors reported consistent
results in various cell lines tested, including dopaminergic neurons.

1.6.2.1.2

Lysosomal pH

Consistent with the role of calcium in lysosomal function mentioned in the previous sections, decreased
lysosomal calcium concentration results in increased luminal pH, which impairs lysosomal function and
causes autophagy defects, leading to α-synuclein accumulation in PD142. A recent investigation into
lysosomal activity in neurons showed that LRRK2 is involved in the regulation of lysosomal acidity,
through interaction with the v-H+-ATPase membrane proton pump. This pump maintains a low lysosomal
pH essential for the activity of hydrolytic enzymes within the lysosomal lumen391. Overexpression of the
pathogenic LRRK2 mutant R1441C blocked this interaction and increased lysosomal pH in primary
neurons, whilst wild-type LRRK2 and G2019S did not alter this interaction but impaired autophagy as
well. Interestingly, the deleterious effect of R1441C was LRRK2 kinase-independent. These findings
corroborate the importance of lysosomal homeostasis in PD and the significance of LRRK2 in lysosomal
biology.
Of note, other studies support the LRRK2-mediated regulation of lysosomal calcium homeostasis
through TPC2. Both cytosolic calcium chelation and TPC2 inhibition restored the marked lysosomal
morphology and calcium deregulations observed in fibroblasts from LRRK2 G2019S patients 216.
Furthermore, LRRK2 and TPC2 are reported to co-immunoprecipitate, suggesting that TPCs are LRRK2
targets479. It is possible that the interaction between LRRK2 and TPC2 is direct, or indirect, perhaps
through one or more Rab family small GTPases.
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Thus, pathogenic LRRK2 mutations appear to be involved in both morphological and functional lysosomal
defects, which might explain their widespread effects on the autophagy-lysosomal pathway.

1.6.2.2

1.6.2.2.1

Calcium-independent regulation of autophagy by LRRK2

Modulation of core autophagic machinery

As depicted in Figure 1.8 and Figure 1.9, the MEK/ERK pathway participates in the regulation of
autophagy via Beclin1 (Figure 1.11). In particular, studies showed that inhibition of MAPK signalling was
sufficient to reverse the effects of the LRRK2 G2019S pathogenic mutant, such as neurite shortening141
and increased autophagy595, whilst inhibition of the mTOR-dependent activation of autophagy via PI3K
did not prevent these effects141,595. In line with these findings, others reported that LRRK2-mediated
effects on autophagy were mTOR and ULK1 independent in neuroglioma cells, but Beclin1 and VPS35dependent593.
However, other studies present conflicting results. For example, a recent study reported that LRRK2 can
phosphorylate ULK1, which suggests that LRRK2 can also regulate autophagy via ULK1602. In addition,
Schapansky and colleagues showed that the LRRK2-mediated elevation of autophagy was mTORdependent in RAW264.7 macrophages and murine microglial cells233. A caveat in this comparison is that
LRRK2 is highly expressed in immune cells165,166,238,239, where it might play a distinct role. These
observations suggest that LRRK2 potentially operates through a different pathway to regulate autophagy
depending on the cell type, which might be relevant to the physiological function of LRRK2 or involved
in LRRK2 pathogenicity.

1.6.2.2.2

Vesicular trafficking and Rab GTPases

Studies in animals and in vitro models place LRRK2 at the interconnection of autophagy and the endolysosomal pathway, supporting a role for LRRK2 in vesicular trafficking, in both non-neuronal and
neuronal cells122,142,154,218,592,603. For example, LRRK2 can localise at vesicular structures and
lysosomes122,604, and the LRRK2 G2019S pathogenic mutant has been associated with defects in
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endocytosis in dopaminergic neurons derived from iPS cells605. Several reports have also described
impeded endocytosis at synapses when LRRK2 was either genetically depleted or overexpressed, but
also in the presence of the LRRK2 R1441C mutant, which is associated with α-synuclein
accumulation227,606–609. In support of this is evidence that Endophilin A, which regulates membrane
curvature and vesicle release, can be phosphorylated by LRRK2610.
Although the role of LRRK2 in vesicular dynamics is not fully elucidated, the recent connection to Rab
GTPases provides insights into a functional mechanism136. As mentioned in Section 1.2.2.1, a number of
Rab GTPases are LRRK2 kinase substrates. Around 70 Rab GTPases are found in human cells, and these
proteins localise to distinct membranous compartments, including the Golgi apparatus and endosomes.
Rab GTPases act as regulators of perhaps all forms of intracellular membrane trafficking events, including
the directionality and specificity of vesicular trafficking pathways. Thus, Rab GTPases control diverse
cellular functions, including the organisation and transport of vesicles in the autophagic pathway. To
carry out their functions, membrane-associated Rab GTPases recruit effector proteins to create
functional membrane domains, linking them to the cytoskeleton and permitting transport, but also
allowing membrane fusion with acceptor membranes. In addition, Rab proteins regulate each other in
cascades, as is the case in the Rab29-LRRK2-Rab proteins axis. Therefore, any alteration in the function
of Rab proteins will directly impact vesicular trafficking and impair the mechanisms regulated by these
proteins, especially autophagy152,156,158,160,218,611,612.
The link between Rab proteins and LRRK2 may therefore provide at least part of an answer for the
autophagy and lysosomal defects associated with LRRK2 mutants136,158. Current data indicate that LRRK2
can directly phosphorylate certain Rab GTPases, with pathogenic LRRK2 mutants causing elevated Rab
phosphorylation, which interferes with their proper functioning136, blocking their ability to regulate
trafficking events, and resulting in their accumulation at membranes. This in turn impairs the autophagic
pathway158–160, and dysfunctional Rab proteins are sufficient to cause neurodegeneration of
dopaminergic neurons613. Therefore, the detrimental effects of LRRK2 and PD-causing LRRK2 mutants on
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autophagy might be mediated by the interference with vesicle transport machinery through aberrant
Rab protein phosphorylation (Figure 1.11).
Supporting this connection further, to expand on the role of LRRK2 and Rab29 mentioned in Section
1.2.2, pathogenic LRRK2 mutants appear to be associated with retromer complex dysfunction, which
might in turn impair lysosomal function. Fascinatingly, the retromer is a multiprotein complex which
contains VPS35; mutations in the VPS35 gene are also known to cause PD152,614. As such, LRRK2 is thought
to regulate VPS35 function in the recycling of components from the endosomal system to the trans-Golgi
network112.

1.6.2.2.3

Chaperone-mediated autophagy

Chaperone-mediated autophagy participates in the first line of defence against protein aggregation by
promoting the degradation of damaged or misfolded soluble proteins. In the case where a “nonconventional” substrate (e.g., a pathogenic form of a substrate) abnormally interacts with chaperonemediated autophagy components, this substrate fails to enter into lysosomes, and instead accumulates
at the lysosomal surface where it can form into oligomeric structures. These oligomers impair
proteostasis and the chaperone-mediated autophagy pathway dynamics, as well as the degradation of
other substrates, thereby disrupting this mechanism further. Consequently, this toxic effect can impact
upon autophagy, for example by affecting lysosomal biogenesis. As such, defective chaperone-mediated
autophagy has been associated with PD. Indeed, similar to α-synuclein615, LRRK2 is a substrate of
chaperone-mediated autophagy120, but the mutant forms appear to be poorly degraded by this system.
Both toxic forms of α-synuclein and mutant forms of LRRK2 appear to inhibit chaperone-mediated
autophagy (Figure 1.11), enhancing the toxicity and accumulation of α-synuclein and other
substrates120,497,540,575. When taken with data on the role of LRRK2 and α-synuclein in the deregulation of
autophagy, these observations support a model where PD-causing LRRK2 mutations promote the
deleterious effects of toxic α-synuclein and vice-versa.
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Effects of LRRK2 inhibition on the autophagic pathway in cells

Studies investigating the effect of the LRRK2 kinase inhibitors on autophagy, in particular in vitro, are
limited and the outcomes are inconsistent and often contradictory142,164. These studies used various
inhibitors, including GSK2578215A and PF-06447475 which were used in the present study and will be
detailed in Chapter 4. Some of the findings have already been described throughout this Chapter, but
they will be further detailed here.
One of the first autophagy studies to use LRRK2 inhibitors was performed in H4 neuroglioma cells, and
showed that the LRRK2 inhibitors GSK2578215A, LRRK2-IN-1 and CZC-25146, targeting endogenous
LRRK2, led to increased autophagy in an mTOR-independent but Beclin1- or ULK1-dependant
manner593,598,616, with similar effects observed in SHSY5Y neuroblastoma cells and HEK293 cells. In
another study617, GSK2578215A treatment led to increased levels of LC3-II and lower levels of p62 in
bone marrow derived macrophages, which is consistent with the induction of autophagy described by
Manzoni et al598. These findings support a role for LRRK2 kinase activity in the regulation of autophagy
induction in these cell lines, and suggest that blocking LRRK2 kinase activity would have a
neuroprotective effect by promoting autophagy and reducing cell death. Consistently, LRRK2-IN-1 and
CZC-25146 reduced the accumulation of α-synuclein and reversed the lysosomal impairments in primary
cortical neurons from LRRK2 G2019S knock-in mice175, and GSK2578215A and LRRK2-IN-1 reversed the
PINK1/Parkin-dependent mitophagy defects caused by the G2019S mutation176.
Conversely, LRRK2-IN-1 and GSK2578215A led to impaired autophagy in microglial and monocyte cells233,
suggesting a different role for LRRK2 kinase activity in autophagy in these cell lines. In addition,
GSK2578215A has been shown to induce cytotoxicity and alter the autophagic flux by preventing the
degradation steps, but also leads to a protective autophagy response as mitophagy was stimulated in
SHSY5Y cells618. Overall, although the data suggest a consistent autophagy-stimulating effect of LRRK2
kinase inhibition in most cell lines, this is not always the case.
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Another LRRK2 inhibitor, PF-06447475, induced neuroprotective effects in an in vitro model of PD
(human nerve-like differentiated cells treated with rotenone), since this compound prevented the
apoptotic signals caused by oxidative stress and phosphorylation of LRRK2 at S935 induced by rotenone
treatment619. Furthermore, the LRRK2 G2019S mutation caused neurotoxicity by increasing the
accumulation of α-synuclein inclusions in rat dopaminergic neurons581, but the use of MLi-2 and PF06447475 inhibitors rescued this phenotype164. Treatment with PF-06447475 in vivo alleviated the
increased inflammation and dopaminergic neurodegeneration due to the overexpression of α-synuclein
in LRRK2 G2019S transgenic rats, and was neuroprotective in WT transgenic rats164.
Regarding the LRRK2 RocCOR mutations, LRRK2 kinase inhibitors have been described to reverse the
effect of RocCOR mutations on LRRK2 substrate phosphorylation112. However, these compounds are
reported to reproduce other effects of pathogenic mutations, such as enhanced microtubule
association620, disrupted Wnt signalling116,128 and LRRK2 GTP binding620,621, which is clearly a concern.
In summary, the use of LRRK2 kinase inhibitors can help gain insight into LRRK2 function, but with regards
to the role of LRRK2 in autophagy, these compounds have yielded opposite findings. Although these
contradictory results might in principle be explained by variations in protocols and models used, or by
differences in the expression levels of LRRK2, the type of inhibitor used might also provide at least part
of an explanation. Indeed, whilst some of these findings were obtained using second generation (such
as GSK2578215A, GNE-9605 and PF-06447475) and third generation (MLi-2) LRRK2 kinase inhibitors139,
other studies used first generation LRRK2 inhibitors (LRRK2-IN-1 and CZC-25146), for which important
off-target effects have been described139,143,622.
Of note, there is little published research on the LRRK2 GTPases inhibitors mentioned in Section 1.2.3.2.
The papers that described the discovery and efficiency of compound 68 and FX2149177,178 also report that
treatment with these GTPase inhibitors was protective against pathogenic LRRK2 mutants-induced
neurodegeneration. Recently, the same group623 showed that 24 hours treatment with either 68 or
FX2149 promoted LRRK2 ubiquitination, aggregation, and contributed to an aggresome response
(formation of Lewy bodies-like inclusions), which is thought to represent a cellular mechanism of self‐
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protection to sequestrate toxic proteins. Although the authors only mentioned it briefly, we can
speculate that these findings might potentially result from prolonged autophagy inhibition, which could
have led to the aggresome response.
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Working hypothesis and Aims
Rationale and hypothesis

Understanding the pathogenesis of PD is key for the selection of therapeutic candidates that act during
the early stages of the disease to prevent or, at least, slow down the progression of the disease. Since
LRRK2 has been implicated in both familial and idiopathic PD, the mechanisms underlying the pathology
mediated by pathogenic LRRK2 mutants has been the focus of extensive research. The findings discussed
in this Chapter reinforce the hypothesis of LRRK2 being a central element to understanding PD aetiology,
but also highlight the conflict in the literature, which points to a need to study LRRK2 mutations in a new,
relevant model.
As discussed, how pathological LRRK2 mutations eventually lead to neurodegeneration remains
controversial. However, common processes seem to stand out, in particular the autophagic pathway and
lysosomal biology. Pathogenic LRRK2 mutations impairing autophagy might not only account for the
accumulation of α-synuclein, but also the accumulation of dysfunctional mitochondria and elevated ROS
seen in PD, thereby participating in Lewy bodies formation and neurodegeneration.
Alternatively, it is plausible that pathogenic LRRK2 mutations alter cellular calcium homeostasis during
the early stages in the development of PD-associated pathology, impacting downstream mechanisms
such as the calcium-mediated autophagy-lysosomal processes. Given the close relationship between
LRRK2, autophagy and calcium signalling detailed throughout this Chapter, understanding the role of
LRRK2 in the regulation of calcium signalling and in autophagy can be expected to provide insight into
the early impairments involved in PD pathogenesis. Targeting the autophagy-lysosomal pathway is
therefore an interesting approach to prevent neurodegeneration in LRRK2-PD.
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Objective and aims

The primary objective of this project is to develop new cellular models to investigate the role of LRRK2
in the regulation of autophagy and calcium signalling. In the following sections this objective is further
described as two explicit aims:
•

The development of isogenically matched cell lines containing pathogenic and protective LRRK2
mutations.

•

The use of these cells and pharmacological tools to study the requirements for LRRK2 and LRRK2
enzymatic activities in autophagy and calcium signalling.

1.7.2.1

Isogenic cell lines to compare LRRK2 mutations

PD-causing and PD-protective LRRK2 mutations will be introduced into ReN VM cells, which are neuronal
stem cells, using the CRISPR/Cas9 gene-editing technique (detailed in Chapter 3). These cell lines will be
human, will express mutant protein at endogenous levels, and can be differentiated into dopaminergic
neurons. Most importantly, the cells lines will be isogenic, which means they will be genetically identical
except for the presence of a mutation. This method will allow the different LRRK2 mutations to be
studied in parallel, such that common pathological changes that are absent from wild-type cells can be
identified.
The LRRK2 mutations intended to be made are (depicted in Figure 1.12):
•

Two pathogenic mutations; G2019S, which is located in the kinase domain and causes a gain of
kinase function; and R1441G, which is located in the GTPase domain and causes a loss of GTPase
function.

•

A protective mutation, R1398H, which is located in the GTPase domain and results in a gain of
GTPase function.

Importantly, opposite effects in cell lines carrying the protective R1398H variant compared to the cell
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lines carrying the G2019S and R1441G mutations can likely be expected, making R1398H cells powerful
controls for subsequent experiments.
In parallel CRISPR/Cas9 will be used to introduce a sequence encoding a FLAG epitope tag into the
translational start site of LRRK2, causing an N-terminal FLAG-tag to be added to endogenous LRRK2. This
will allow improved immunological detection of wild type LRRK2 protein, facilitating subsequent studies.

Figure 1.12: LRRK2 mutations and LRRK2 inhibitors used in this study.
The pathogenic (R1441G and G2019S) and protective (R1398H) LRRK2 mutations focused on in the present study are
represented. The name of the LRRK2 kinase inhibitors (in orange) and the LRRK2 GTPase inhibitor (in blue) are also depicted.

1.7.2.2

Investigation into the role of LRRK2 enzymatic activities in autophagy and calcium
signalling

Since numerous PD mutations occur in the kinase and in the RocCOR domains, both LRRK2 kinase and
GTPase activities are instrumental to understanding LRRK2 toxicity mechanisms. However, GTPase
inhibitors have sparked less interest than the multitude of kinase inhibitors developed. Therefore, the
second aim of this work is to assess the requirement for both the LRRK2 kinase and GTPase activities in
the effects of LRRK2 and LRRK2 mutants on autophagy and calcium signalling. To do so, experiments
using LRRK2 mutants mentioned in the previous section will be combined with experiments using LRRK2
kinase and GTPase inhibitors (Figure 1.12) to create a tailored set of assays to monitor autophagy and
measure calcium signals.

2
Materials and Methods

2.1

Materials

All the reagents and chemicals used are listed in the Tables below or in the relevant Section. Plasticware
was from Greiner bio-one or Fisher Scientific.
Table 2.1: List of solutions, chemicals and kits used, with their supplier and catalogue number.
The name of the item and its acronym or abbreviation used in the text are shown.

Item/Kits

Supplier

Catalogue number

6X DNA Loading Dye 1ml

Thermo Scientific

R0611

Agarose

Fisher Scientific

BP1356-500

Ampicillin

Sigma Aldrich (Merck)

A9393-5G

DH5α Competent Cells (Subcloning
Efficiency)

Invitrogen

11541505

DH5α Competent Cells (MAX Efficiency™)

Invitrogen

11563117

Dimethyl sulfoxide DMSO

Fisher Scientific

BP231-100

Gel DNA extraction kit

Macherey-Nagel

740609.50

Gel DNA extraction Kit Qiaquick

Qiagen

28706

Gel DNA extraction kit (Monarch)

New England Biolabs

T1020G

Gene Ruler DNA Ladder 100bp

Thermo Scientific

SM0241

Genomic DNA extraction kit

Sigma Aldrich

G1N70

Invitrogen™ Molecular Probes™
ProLong™ Gold Antifade Mountant

ThemoFisher

P36931

Kanamycin

Sigma Aldrich (Merck)

60615-5G

LB Agar (Miller)

Fisher Scientific

BP9723-500

Luria-Bertani Broth (Miller) – LB medium

MERCK

VM309985436
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Maxi prep plasmid extraction kit

Qiagen

12263

Midori Green Advance DNA Stain

GeneFlow

S6-0022

Paraformaldehyde

Fisher Scientific

C192/13

Phosphate buffer saline, PBS, Tablets

Fisher Scientific

11510546

Polymerase Kapa HiFi kit

Kapa Biosystem

KK2502

Polymerase Kit Phusion

Thermo Scientific

F530S

Polymerase kit Robust KAPA2G

Kapa Biosystem

KK5702

Proteinase K

Zymo Research

D3001-2-B

Silica Bead DNA Gel Extraction kit

Thermo Scientific

K0513

Tris Acetate EDTA TAE Buffer 50X

Fisher Scientific

BP132-500

Trypsin-EDTA 1X

Gibco, Life-Technologies

25200-056

Table 2.2: List of technical equipment used with their supplier and catalogue number.
Item

Description

Supplier/Cat. number

Electrophoresis tools

Tank, powerpack

BioRad

G:BOX

Gel Imaging doc system

Syngen

Microscope

Leica DMI6000

Leica

PCR machine

C1000 thermal cycler
and icycler

BioRad

Tali® cellular analysis slides

Tali®

T10794

Tali™

Image-based cytometer

Thermo Fisher

NanoDrop™ One

Microvolume UV-Vis
spectrophotometer

Thermo Scientific
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General Methods

For further details on reagents, kits and chemical mentioned in this Section, refer to Table 2.1 and Table
2.2.

2.2.1

General cell culture conditions

The cell culture reagents are listed in Table 2.3 and the cell lines used are summarised in Table 2.4.
Table 2.3: List of cell culture reagents, with their supplier and catalogue number.
The name of the item and its acronym or abbreviation used in the text are shown.

Item

Supplier

Catalogue number

Accutase

Merck Millipore

SCR005

B27 Supplement

Invitrogen

12587010

BioCoat Poly-D-Lysine

Fisher Scientific

11503550

Dulbecco’s Modified Eagle Medium

Gibco, Life-Technologies

11330-032

Epidermal Growth Factor (EGF)

Merck Millipore

GF144

Foetal Bovine Serum (FBS)

Gibco, Life-Technologies

11550356

basic Fibroblast Growth Factor (b-FGF)

Merck Millipore

GF003

Fisherbrand™ Borosilicate Glass Circle
Coverslips

Fisher Scientific

12313138

G418 sulfate (Geneticin)

Cambridge Bioscience

CAY13200-5G

Gentamycin

Fisher Scientific

11500506

Hank’s Buffer Saline Solution, HBSS

Gibco, Life-Technologies

14170-088

Heparin sodium salt

Merck Millipore

375095-100KU

jetPEI® DNA transfection reagent

Polyplus

101-01N

Laminin

Fisher Scientific

10152421

Penicillin (10,000 units/mL) Streptomycin (10,000μg/mL)

Gibco, Life-Technologies

15140-122
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Table 2.4: Cell lines used in this project, with their respective origin.
Abbreviation

HEK293

Origin

Human embryonic
kidney cells

Purchased

Use as a model for PD research
Easily transfectable cell line,

ECACC 12022001

frequently used in neurodegenerative disease research.
Easily transfectable cell line,

HEK293T

Human embryonic
kidney cells

derivative of the HEK293 cells,
ECACC 12022001

contains the SV40 T-antigen,
frequently used in neurodegenerative disease research.

HEK293-

Human embryonic

Created in house by

GFP-LC3

kidney cells

Dr Tala Chehab

Derivative of the HEK293 cells,
stably transfected to express
GFP-LC3
Possesses many characteristics of

SH-SY5Y

Human
neuroblastoma

ECACC 94030304

dopaminergic neurons, can be
differentiated into a functionally
mature neuronal phenotype624.
Can differentiate into neurons or

Human neural
ReN VM

progenitor ventral

Merck Millipore

mesencephalon

WT RAW

Mouse

264.7

macrophages

glial cells625, comes from the
midbrain region where there is
dopaminergic cells loss.

Supplied by Dr Kirsten
Harvey, UCL.

Produced in collaboration with the

ATCC SC-6003

Michael J. Fox Foundation. Tool to
study the neuro-inflammatory

Lrrk2 KO RAW

Mouse

264.7

macrophages

Supplied by Dr Kirsten
Harvey, UCL.
ATCC SC-6004

process in LRRK2-associated
Parkinson’s disease.
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Cells were cultured according to standard mammalian tissue culture protocols and sterile techniques:
• HEK293 cells, HEK293T cells, HEK293 GFP-LC3 cells, SHSY5Y cells, and RAW 264.7 macrophages (both
wildtype and Lrrk2 KO) were grown in DMEM/F12 complemented with 10% (v/v) Foetal Bovine Serum
(FBS) and 1% (v/v) Penicillin-Streptomycin, in a standard cell incubator in a humidified atmosphere with
5% CO2 at 37°C. This cell culture medium is referred to as “Complete DMEM” in the following Sections
in this Chapter.
• HEK293 GFP-LC3 cells required continual selection in geneticin (the integrated GFP-LC3 expression
cassette having a neomycin resistance gene). Thus, these cells were cultured with the addition of
Geneticin 400 µg/ml to the Complete DMEM and this medium is referred to as “GFP DMEM” in the
following Sections in this chapter.
• ReN VM cells were grown on laminin-coated plasticware in DMEM/F12 complemented with B27 (2%
(v/v) of final volume), gentamycin (50 µg/ml final), heparin sodium sulfate (10 U/ml final), FGF-b (20
ng/ml final) and EGF (20 ng/ml), and referred to as “Growth Medium”. Laminin coating was performed
a day prior to seeding cells, by incubating plasticware in 20 µg/ml laminin solution diluted in DMEM/F12
media (covering the entire surface) for 4 hours in a cell incubator, followed by one wash with DMEM/F12,
and left with fresh DMEM/F12 in a cell incubator until use.

2.2.1.1

Growth of cells

Cells were cultured in 75 cm² flasks and passaged when they reached 70-80% confluency, in order to
maintain a sub-confluence. In the majority of cases, this required cells to be passaged every 2-3 days
(cell medium changed every 2 days for ReN VM cells) and usually split in a ratio of 1:10 (1:8 for ReN VM
cells). To split the cells, the medium surrounding the cells was removed, cells were washed once with 10
ml of prewarmed Hank’s Buffer Saline Solution HBSS (or phosphate-buffered saline for ReN VM cells)
and incubated with 1 ml of pre-warmed Trypsin-EDTA for 3 minutes (or 5 ml of Accutase for 5 minutes
at 37°C for ReN VM cells) to allow cells to dissociate from the surface of the flask or plate.
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For routine passaging or for setting up experiments where the cell number did not need to be specified,
cells were resuspended in 10 ml of their respective fresh cell culture medium and plated into new cell
culture plasticware at an appropriate concentration. ReN VM cells were transferred to a 15 ml tube for
an additional centrifugation step for 5 minutes at 8784 rcf (9000 rpm, Rotanta 460 R benchtop
centrifuge, Hettich Instruments). The supernatant was removed, cells were resuspended in 10 ml of
Growth Medium and plated onto new laminin-coated cell culture plasticware.
When needed, cells in suspension were counted with a haemocytometer, the total number of cells per
ml being 10 000 multiplied by the number of cells in a 1 mm² square of the grid. Cells were then
resuspended in their respective cell culture medium at the desired density.
Cells (except ReN VM cells) required for imaging purposes were seeded onto freshly poly-D-lysine-coated
16 mm glass coverslips in 12-well plates. Poly-D-lysine coating was performed by incubating coverslips
in 50 µg/ml poly-D-lysine solution (dissolved in phosphate-buffered saline) for 2 hours at room
temperature, followed by two washes with autoclaved water, allowing the coverslips to air dry prior to
seeding the cells.

2.2.1.2
•

Cryopreservation and recovery

Cryopreservation

For long-term storage, cultured cells at confluency were first washed once with 5 ml of prewarmed HBSS
(or PBS for ReN VM cells) and incubated with 1 ml of Trypsin-EDTA for 3 minutes (or 5 ml of Accutase for
5 minutes at 37°C for ReN VM cells) to allow cells to dissociate from the surface of the flask. Cells were
then resuspended in 9 ml of HBSS (or PBS) and centrifuged for 5 minutes at 10844 rcf (10000 rpm,
Rotanta 460 R benchtop centrifuge, Hettich Instruments) to remove the Trypsin-EDTA (or Accutase) and
obtain a cell pellet. Once the supernatant was removed, the cell pellet was resuspended in freezing
medium (50% (v/v) respective cell culture medium, 40% (v/v) FBS, 10% (v/v) DMSO, or containing 80%
(v/v) Growth Medium and 20% (v/v) DMSO for ReN VM cells) before being transferred into 1.5 ml

Material and Methods

| 87

cryovial aliquots. The cryovials were then placed in isopropanol-filled freezing containers (Nalgene®)
overnight in a -80°C freezer. Cryovials were then moved to a cryopreservation container and kept in
liquid nitrogen.
•

Recovery

Frozen cells were recovered by thawing a cryovial in a warm water bath at 37°C. Cells were transferred
to a T25cm² flask and resuspended in 6 ml of warm cell culture medium before being placed at 37°C.
ReN VM cells were transferred to a 15 ml tube for an additional centrifugation for 5 minutes at 8784 rcf
(9000 rpm, Rotanta 460 R benchtop centrifuge, Hettich Instruments). The supernatant was removed,
and cells resuspended in 1 ml of DMEM/F12 and transferred to a laminin-coated flask containing 5 ml of
Growth Medium.
Once the cells had adhered to the flask (usually 24 hours later), the cell culture medium was replaced by
fresh cell culture medium to remove the DMSO that was present in the freezing medium, and allowed
to grow at 37°C. Once the cells reached 70-80% confluence, they were washed once with 5 ml of
prewarmed HBSS (or PBS for ReN VM cells) and incubated with 1 ml of Trypsin-EDTA for 3 minutes (or 3
ml of Accutase for 3 minutes at 37°C for ReN VM cells) to allow cells to dissociate from the surface of the
flask. Cells were then resuspended in 15 ml of fresh cell culture medium and transferred into a new T75
cm² flask and placed at 37°C. ReN VM cells were transferred to a 15 ml tube for an additional
centrifugation for 5 minutes at 8784 rcf (9000 rpm, Rotanta 460 R benchtop centrifuge, Hettich
Instruments). The supernatant was removed, and cells resuspended in 10 ml of Growth Medium and
transferred to a laminin-coated T75 cm² flask containing 5 ml of Growth Medium.
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Molecular biology

2.2.2.1

Transformation of E. coli

Chemically competent DH5α bacteria cells were transformed with plasmid DNA using a heat shock
method described below.
Prior to transformation of bacteria, LB media was prepared using 25 g of LB broth diluted in 1 litre of
ultrapure water and autoclaved, while in parallel 1.2% (w/v) agar plates were prepared with 37 g of LB
agar powder diluted in 1 litre of autoclaved purite water. LB media and agar plates were complemented
with the relevant antibiotic for selection as appropriate (ampicillin or kanamycin at 100 µg/ml).
For the transformation, competent cells were taken from storage at -80°C and thawed on ice. 50 µl of
cells were added to a sterile tube to which 1 µl of plasmid DNA was added (usually ≈100 ng). The
competent cell and DNA mixture was incubated on ice for 20 minutes, and then heat shocked at 42°C
for 45 seconds and returned on ice for 2 minutes. 250 µl of LB media (without antibiotics) was added to
the mixture, and the transformation tube was placed at 37°C in an orbital shaker for 45 minutes for the
recovery step. 200 µl of the transformation mixture was then spread onto agar plates near a Bunsen
burner and incubated overnight at 37°C.
Single colonies were picked from agar plates using a plastic pipette tip, and used to inoculate 200 ml of
LB media complemented with the relevant antibiotic for the selection of bacteria. The colonies were
grown overnight at 37°C in an orbital shaker. The LB media with the bacteria (bacteria culture) was then
collected in 50 ml tubes.

2.2.2.2

Glycerol stock preparation

To create glycerol stocks of bacteria containing a plasmid of interest that can be stored for future use,
500 µl of bacterial culture, obtained following the steps detailed in Section 2.2.2.1, was added to a
cryovial containing 500 µl of 50% (v/v) glycerol (diluted in ultrapure water), and stored at -80°C.
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Plasmid DNA preparation

Plasmid DNA was obtained from bacterial cultures following two procedures:
•

Transformed bacterial strains containing the relevant plasmids were taken from glycerol stock
cryovials previously made (Section 2.2.2.2) using a plastic pipette tip to inoculate 200 ml of LB
media complemented with the relevant antibiotic for selection (ampicillin or kanamycin at 100
µg/ml). Liquid cultures of bacteria were grown at 37°C in an orbital shaker for 16-24 hours to
express the plasmid of interest.

•

Alternatively, the DNA was extracted (as described below) directly from the bacteria culture
obtained in Section 2.2.2.1.

Plasmid DNA was then isolated from bacterial cultures using the Qiagen Maxiprep plasmid purification
kit according to the manufacturer protocol (Table 2.1). Plasmid DNA concentration was assessed using a
NanoDrop™ spectrophotometer, and the DNA stored at -20°C.

2.1.1

Statistical analysis

Autophagy and calcium signalling data were analysed using GraphPad Prism 7.05 Software (La Jolla, US).
The Shapiro-Wilk normality test was used to assess the normal distribution of the data and confirmed
with Q-Q plot. The data was analysed using One-way ANOVA or Two-way ANOVA with the data grouped
by experiment, with Tukey or Dunnett’s post hoc tests used as appropriate (indicated in the Figure
legends). Grouping by experiment was included as part of the experimental design to account for
anticipated variations between repeats, since autophagy and calcium signalling are fundamental
homeostatic mechanisms that can be influenced by variations in the state of the cells, for example the
confluency or the passage number.
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Chapter 3 – CRISPR/Cas9-related methods
Creation of LRRK2 CRISPR/Cas9 plasmid constructs

The CRISPR/Cas9 reagents were designed previous to this current work by Dr Daniel Berwick and a
visiting student, Abdullahi Adan. All CRISPR/Cas9 plasmids were derived from the Zhang Lab CRISPR
plasmid pSpCas9(BB)-2A-GFP (PX458) available from Addgene626 (plasmid # 48138). CRISPR/Cas9
plasmids encode a Cas9 enzyme co-expressed with a specifically designed gRNA (sgRNA for “single guide”
RNA) to induce a double-strand break at a relevant DNA cut site (Table 2.5). gRNAs were designed
according to the recommendation of the Addgene website and tested through the CRISPR design tool
available from the Zhang Lab (http://crispr.mit.edu:8079/). Sequences were searched against the human
genome to minimize off targeting using the NCBI BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Two different gRNA were designed for each genomic location targeted (A and B). A plasmid map is
depicted in Appendix 3. Cas9 is under the control of a constitutive chicken beta-actin promoter and the
gRNA is under the control of a U6 promoter. CRISPR plasmids also contain a Green Fluorescent Protein
gene (GFP) reporter, to identify cells expressing the plasmids.
Table 2.5: CRISPR plasmids used for the transient transfections.
For each mutation site, the two plasmids (A and B) designed to test their specificity are shown.

LRRK2 Mutation

Plasmid

sgRNA and PAM Sequence

N-terminal FLAG-tag

Start A

GCATGAACGTCCGCTGCTCA [GGG]

or Start codon deletion

Start B

GAGGGCGGCGGGTTGGAAGC [AGG]

RH A

TTTTTAATCTTTCAAACGAC [AGG]

RH B

TAATCTTTATTTAGGTCGTG [AGG]

RG A

GGGAAGAAGAAGCGCGAGCC [TGG]

RG B

GATTCTCGTTGGCACACATT [TGG]

GS A

GTCAGCAATCTTTGCAATGA [TGG]

GS B

GCTCAGTACTGCTGTAGAAT [TGG]

R1398H

R1441G

G2019S
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Transfection of CRISPR plasmids

CRISPR/Cas9 plasmids were delivered into cells by transient transfection. HEK293T cells were seeded in
6-well plates with a density of ≈5x104 cells per well in 1 ml of Complete DMEM. 24 hours after seeding,
the cell medium was replaced with 1 ml of fresh medium. Previous results from the Berwick team
suggested that co-transfection with the pUC18 cloning plasmid as carrier DNA improved the uptake of
the plasmid of interest and improved transfection efficiency. Therefore, cells were then co-transfected
with one of eight CRISPR plasmids (Start A, Start B, RH A, RH B, RG A, RG B, GS A, or GS B) (Table 2.5) and
pUC18 at a 1:1 weight ratio (3 µg DNA in total, 1.5 µg each) using the JetPei® DNA transfection reagent
following the manufacturer procedure. After 48-72 hours, the cell medium was replaced with fresh
Complete DMEM and the transfection efficiency was assessed as described in Section 2.3.3.

2.3.3

Calculation of transfection efficiency

Since the CRISPR plasmids express GFP, transfection efficiency was assessed by counting cells and
comparing the number of fluorescent transfected cells to the total number of cells. This was either done
using a fluorescence microscope or via the use of a TaliTM image-based benchtop cytometer device. For
counting by fluorescence microscopy (see 2.4.6.1 for details on the fluorescence microscope),
representative images of fields of cells were taken under green and bright field channels and the
numbers of green cells and total cells were counted by eye by the experimenter. For counting using the
TaliTM device, which is a more objective method, 25 µl of cells in suspension needed to be added to
disposable cellular analysis chamber slides. Transfected cells were therefore dissociated using 200 µl of
pre-warmed Trypsin-EDTA for 3 minutes and resuspended in 1 ml of Complete DMEM.
The background was measured with a sample of untransfected, non-fluorescent cells to set the threshold
to detect green fluorescence. The correct size for the cells was also gated so that debris or aggregates
were not included in the quantification. 13 images of different fields were taken in each condition, and
the total number of cells and the total number of green cells were automatically counted. A percentage
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representing the number of green cells among the total number of cells was obtained, indicating the
transfection efficiency.

2.3.4

PCR reactions

PCR reactions were performed to amplify the region of interest following the manufacturers’ protocols
using a Kapa HiFi kit, a Robust or a Phusion kit, in a volume of 25 µl on a thermal cycler.

2.3.4.1

Primer optimisation

The PCR method was used to amplify the region of interest using PCR primers spanning the different
mutation sites, i.e., with a complementary sequence to each relevant DNA region of interest within
LRRK2, which were designed by Dr Daniel Berwick (Table 2.6). The PCR conditions for each pair of primers
were first determined with HEK293T, SH-SY5Y or ReN VM genomic DNA to assess whether they work in
each cell line or needed to be redesigned. Cell pellets were obtained from these cell lines using the
dissociation and centrifugation method described in Section 2.2. Genomic DNA from HEK293T, SHSY5Y
and ReN VM cells was extracted using the Sigma Aldrich gDNA extraction kit (Table 2.1). The various PCR
conditions tested are summarised in Appendix 4.
Table 2.6: PCR primers used.
Mutation name

Forward

Reverse

START codon (START)

CTGCCTCCTTCCTC
ATAAACAG

GTAAGGAGGGGG
AGAAAGTTTG

R1398H (RH)

TTGCCTCCAGAAT
GGAGAAG

TGAAGAGCCAAG
GCTTCATG

R1441G (RG)

AGGCATGAAGAT
GGGAAAGG

CTTTGCGTTGCTT
CTCATCAG

G2019S (GS)

CTTTAAGGGACAA
AGTGAGCAC

TGGTTATCCATCC
TGAAGATAG

Dilution from stock solution

1:10 to 10 µM
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Assessment of DNA cutting in transfected cell lines

After transfection with CRISPR plasmids (Section 2.3.2), a heterogenous population of cells was obtained.
Within this population of cells, it was necessary to determine whether a mutation had been created at
the desired genomic location. To do so, PCRs were performed. First, transfected cells were detached and
resuspended in Complete DMEM as described in the previous sections, before cell suspensions were
centrifuged for 5 minutes at 10844 rcf (10000 rpm, Rotanta 460 R benchtop centrifuge, Hettich
Instruments) to obtain pellets. Genomic DNA was then extracted using the Sigma Aldrich gDNA
Extraction Kit (Table 2.1) following the manufacturer protocol. PCR were performed using this genomic
DNA and the PCR primers detailed in Table 2.6.

2.3.4.3

Electrophoresis

PCR amplification products were separated using agarose gel electrophoresis at 1% (w/v) agarose. Gels
were prepared with 1.5 g of agarose dissolved in 150 ml TAE 1X buffer and boiled. 10 µl of Midori green
was then added to the cooled down solution. The solution was then poured and allowed to set. Samples
were loaded with 5 µl of a 6X loading dye, and the band size was estimated with a standard 100 base
pair DNA ladder. Electrophoresis was performed at a constant voltage of 150 V for around 1 hour. The
DNA was visualised and the gel imaged using the Syngen Gel Box with UV light. If the PCR was successful,
a band at 400 base pairs should be seen.

2.3.4.4

Gel extraction

The relevant PCR products were excised from the gel using a scalpel over a UV transilluminator to
visualise the DNA. DNA was then extracted and purified using a DNA gel extraction kit (three were tested,
see Table 2.1) in accordance with the manufacturer protocol. DNA concentration was finally assessed
using a NanoDrop™ spectrophotometer, and samples were prepared for sequencing as detailed below.
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Sequencing of genomic DNA

Genotyping of cell lines was performed by sequencing of the targeted genomic region, to determine if
Cas9 effectively cut at the anticipated site. 15 ng of DNA template was used with 3.2 pmol of the relevant
primer and diluted with water to a final volume of 30 µl, according to the instructions of the sequencing
service. Samples were then sent to MRC PPU DNA Sequencing and Services (University of Dundee, UK).
The sequencing process provides chromatograms representing the detailed DNA sequence with peaks
corresponding to the base located at each position.
With regard to CRISPR/Cas9-transfected cells, the chromatograms of a mixed population of mutated and
unmutated cells should display a discordant signal from the mutation site onwards.

2.3.6

Growth of transfected cells

The goal is to establish homogenous stable cell lines containing mutations within the LRRK2 gene. To do
so, it is essential to derive clonal cell lines from the initial mixed population and determine if the clones
are carrying the desired mutation. Following the transfection step described in Section 2.3.2, the
transfection efficiency was determined as detailed in Section 2.3.3. When the transfection efficiency was
high enough, a portion of the mixed population of cells was prepared for genotyping via genomic DNA
sequencing (see Section 2.3.4.2 for genomic DNA extraction and Section 2.3.5 for details on sequencing),
while the remainder of the cells were plated in new 6 well plates. Clonal cell lines were only expanded
further if the sequencing results indicated that successfully mutated cells may be present within the
original mixed population.
The limiting dilution method aims at isolating each individual cell and plating them at a very low density,
thereby allowing for isolated colonies to be obtained. Transfected cells were detached using 500 µl of
pre-warmed Trypsin-EDTA for 3 minutes and resuspended in 1 ml of Complete DMEM, and then were
diluted in Complete DMEM at a concentration that can be expected to yield an average of 0.5 cells per
well into 96-well plates. After plating in this manner, cells were allowed to grow for a minimum of 7 days

Material and Methods

| 95

prior to identifying wells with a single monoclonal colony. These colonies were allowed to expand until
confluent, then cells were detached using 10 µl of pre-warmed Trypsin-EDTA for 2 minutes, transferred
to 12 well plates and then to 6 well-plates with Complete DMEM, allowed to grow in between transfer
until there were sufficient cells per well to be passaged. A portion of cells from a given clonal cell line (12 wells) was then prepared for genotyping; cells were detached using 500 µl of pre-warmed TrypsinEDTA for 3 minutes and resuspended in 1 ml of Complete DMEM, centrifuged for 5 minutes at 10844 rcf
(10000 rpm, Rotanta 460 R benchtop centrifuge, Hettich Instruments) to obtain a pellet, and genomic
DNA was extracted using the Sigma Aldrich gDNA extraction kit (Table 2.1) in accordance with the
manufacturer protocol. PCRs using the PCR primers detailed in Table 2.6 followed by DNA sequencing
were performed to verify that CRISPR/Cas9 cut at the anticipated site.
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Chapter 4 – Autophagy-related methods

The reagents used in Autophagy assays are listed in Table 2.7 below.
Table 2.7: List of supplementary autophagy assay-related reagents, with their supplier and catalogue number.
The name of the item and its acronym or abbreviation used in the text are shown.

Reagent

Supplier

Catalogue number

AlamarBlue™ Cell Viability Reagent

Thermo Fisher

DAL1025

GSK2578215A (LRRK2 kinase inhibitor)

Insightbio

HY-13237-S

GNE-9605 (LRRK2 kinase inhibitor)

Insightbio

HY-12282-S

PF-06447475 (LRRK2 kinase inhibitor)

Insightbio

HY-12477-S

FX2149 (LRRK2 GTPase inhibitor)

Synthesised in house*

PP242 (Torkinib)

Insightbio

HY-10474

Bafilomycin A1 (BafA1)

LC Labs

B-1080

Ivermectin (IVM)

Sigma Aldrich (Merck)

I8898

* FX2149 was kindly synthesised in house for us by Dr Sarah Allman, following the
procedure described in reference n°177.

2.4.1

Cell viability assay

The LRRK2 inhibitors were tested for cytotoxicity in HEK293 GFP-LC3 cells and RAW264.7 macrophages
using the Alamar Blue Cell viability reagent. Cells were seeded onto a 96 well plate 24 hours prior to the
experiment in Complete DMEM (RAW264.7 cells) or GFP DMEM (HEK293 GFP-LC3 cells). Cells were
incubated with the different LRRK2 inhibitors (all at 1 µM) or DMSO (at an equivalent 1:1000 dilution) in
90 µl of fresh cell culture medium for 17 hours, which is a longer incubation time than used in other
experiments. 10 µl of Alamar Blue dye (AB) was then added to each well to make a total volume of 100
µl. After 4 hours of incubation in a cell culture incubator, the absorbance in each well was measured at
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570 nm on a BMG Labtech FLUOstar OPTIMA plate reader, and the data was exported as Excel files and
analysed.
Importantly, three control reactions were performed in parallel with the LRRK2 inhibitor- or DMSOtreated cells. These were:
-

Condition A, a positive control in which the AB had been autoclaved prior to the experiment so
that it was entirely in a reduced form.

-

Condition B, a “blank” constituted of untreated cells in cell culture medium without AB, to
measure the background. The values obtained for Condition B were subtracted from all the
experimental conditions to account for absorbance at 570 nm that was not associated with the
AB.

-

An untreated condition, to determine if the addition of DMSO itself had any effects on cell
viability.

After subtracting the background values as measured in Condition B from all other samples, values were
normalised to the DMSO condition to obtain the percentage of reduction of Alamar Blue, which
corresponds to the relative viability of cells subjected to each treatment compared to those treated with
the vehicle DMSO. For each condition, 3 replicates were used in each 3 repeats of the experiment.

2.4.2

Cell culture and treatments

For general cell culture protocols, see Section 2.2.1. An overview of the different protocols used in
Chapter 4 can be seen in Figure 2.1, detailed below.
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Figure 2.1: Overview of the protocols used in the autophagy assays performed in the Chapter 4.
The general experimental design used in Chapter 4 can be divided into 5 steps, with variations depending on the experiment.
Protocol A refers to experiments where GFP-LC3 punctae were quantified from HEK293 GFP-LC3 cells. Protocol B refers to
experiment where the GFP-LC3 punctae were quantified from HEK293 GFP-LC3 cells expressing the LRRK2 mutant constructs.
Protocol C refers to experiments where endogenous WIPI2 punctae were quantified from fixed HEK293 GFP-LC3 cells or
RAW264.7 macrophages. The black text represents the steps in common between the protocols. Each protocol is detailed in
Section 2.4.2.

2.4.2.1

Protocol A – GFP-LC3 assay in HEK293 GFP-LC3 treated with LRRK2 inhibitors

This protocol refers to experiments where GFP-LC3 punctae were quantified in HEK293 GFP-LC3 cells
using live-imaging microscopy.
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Step 1 – Cells were cultured in 1 ml of cell culture medium on 16 mm poly-D-lysine-coated glass
coverslips in 12 well plates and allowed to grow in a cell culture incubator. 24-48 hours after seeding,
the cell medium was replaced with 1 ml of fresh GFP DMEM.
Step 2 – Cells were pre-treated with the LRRK2 kinase inhibitors GSK2578215A, GNE-9605 or PF06447475 (at 1 µM), or the LRRK2 GTPase inhibitor FX2149 (at 100 nM or 1 µM) or the vehicle DMSO (at
an equivalent 1:1000 dilution), for a duration of 1 hour or 16 hours at 37°C.
Step 3 – Following this pre-treatment, the cell medium was replaced with 1 ml of fresh GFP DMEM. Cells
were then treated with different autophagy modulators depending on the experiment, such as PP242 (2
µM) for 1 hour (induces autophagy), BafA1 (0.1 µM) for 1 hour (inhibits the last stages of autophagy), or
Ivermectin (15 µM) for 2 hours (induces mitophagy), or the vehicle DMSO (at an equivalent 1:1000
dilution) at 37°C.
Step 4 & 5 – At the end of the treatment, the coverslips were transferred into circular imaging chambers
adapted for the stage of the Leica DMI6000 fluorescence microscope with 1 ml of fresh GFP DMEM and
images were acquired. Importantly, cells were maintained in complete culture medium for the total
duration of all live-imaging autophagy assays. The measurement of autophagy is detailed in Section
2.4.6.

2.4.2.2

Protocol B – GFP-LC3 assay in HEK293 GFP-LC3 overexpressing LRRK2 mutants

This protocol refers to live-imaging experiments where GFP-LC3 punctae were quantified in HEK293 GFPLC3 cells transiently transfected with LRRK2 mutant constructs.
Step 1 – common with Protocol A.
Step 2 – Cells were then transfected with the LRRK2 mutants. For more details on the transfection
procedure, see Section 2.4.3. 48 hours after transfection, the cell medium was replaced with fresh GFP
DMEM.
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Step 3 to 5 – common with Protocol A, except that cells were only treated with PP242 (2 µM) or the
vehicle DMSO (at an equivalent 1:1000 dilution) for 1 hour at 37°C.

2.4.2.3

Protocol C – WIPI2 punctae assays in HEK293 GFP-LC3 cells and RAW264.7
macrophages

This protocol refers to experiments where endogenous WIPI2 punctae were quantified in fixed HEK293
GFP-LC3 cells or RAW264.7 macrophages stained with an antibody against WIPI2.
Steps 1 to 3 – common with Protocol A, except that HEK293 GFP-LC3 cells or RAW264.7 macrophages
were only treated with PP242 (2 µM) or the vehicle DMSO (at an equivalent 1:1000 dilution) for 1 hour
at 37°C.
Step 4 – At the end of the treatment, cells were fixed and stained using an antibody against endogenous
WIPI2. For further details on the immunocytochemistry procedure, see Section 2.4.4.
Step 5 – Slides were observed on the fluorescence microscope (see 2.4.6.1 for details on the fluorescence
microscope).

2.4.3

Transfection of LRRK2 mutants

HEK293 GFP-LC3 cells were seeded onto poly-D-lysine coated coverslips in 12-well plates. 24-48 hours
after seeding, the cell medium was replaced with 1 ml of fresh GFP DMEM. Cells were then cotransfected with an mApple plasmid and one of five myc-tagged LRRK2 constructs (wild-type, R1398H,
R1441G, G2019S and the R1398H/R1441G double mutant) (Table 2.8) at a 70:30 by weight ratio of LRRK2
plasmid to mApple plasmid (1 µg of DNA in total) using the JetPei® DNA transfection reagent following
the manufacturer procedure. After 48 hours, the cell medium was replaced with fresh GFP DMEM, and
the cells were treated according to the experimental conditions detailed in Section 2.4.2 and in Section
2.5.2.
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Table 2.8: Plasmids used with LRRK2 mutations in this project.
LRRK2 missense mutations proven to segregate with PD are listed, alongside their status as a protective or pathogenic mutation.
The location of the corresponding amino acid substitution within LRRK2 protein is shown together with a brief explanation.

Mutation

Pathogenicity

Location within LRRK2

R1398H

Protective

Roc domain

Protective variant;
has decreased GTPase function

R1441G

Pathogenic

Roc domain

A particularly penetrant pathogenic mutant;
has increased GTPase function

G2019S

Pathogenic

Kinase domain

Most common pathogenic mutation;
has increased kinase activity

Wild-type
Empty Vector

2.4.4

Reason selected for this project

Control of mutant effect
Control of overexpression

Immunocytochemistry

Immunocytochemistry experiments were performed to (1) assess the co-transfection of the marker
mApple with myc-tagged LRRK2 plasmids in HEK293 GFP-LC3 cells; and (2) detect and visualise
endogenous WIPI2 punctae in HEK293 GFP-LC3 cells and in WT and Lrrk2 KO RAW264.7 macrophages.
All the steps were performed at room temperature.
Following the transfection method described in Section 2.4.3 and the treatments described in Section
2.4.2, cells were fixed with paraformaldehyde (4% (v/v) in PBS) for 5 minutes in a fume hood and
subjected to two 5 minutes washes in PBS. Cells were then permeabilised with 0.1% (v/v) Triton X-100
in PBS for 10 minutes and washed twice with PBS for 5 minutes. Non-specific epitopes were then blocked
with an incubation with 10% (w/v) BSA in PBS for 30 minutes. Cells were then incubated with the relevant
primary antibody at 1/200 dilution (mouse anti-myc, or mouse anti-WIPI2) in the presence of 2% (w/v)
BSA in PBS for 2 hours (Table 2.9). Cells were washed twice with PBS for 5 minutes, then incubated with
the relevant secondary antibody at 1/600 dilution (anti-mouse conjugated with the red fluorophore
Alexa 568 or the far-red fluorophore Alexa 633) in the presence of 2% (w/v) BSA in PBS for 45 minutes
in the dark, since the secondary antibodies are sensitive to light. Cells were washed 3 times with PBS for
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5 minutes, and the coverslips were mounted on glass slides with 10 µl of DAPI-containing ProLong™ Gold
Antifade Mountant and left in the dark overnight to set. The coverslips were then sealed to the slide with
clear nail polish, and stored at 4°C.
Table 2.9: List of antibodies used in immunocytochemistry assays, with their supplier and catalogue number.

2.4.5

Item

Supplier

Catalogue number

Antibody Alexa 568,
secondary Goat Anti-mouse

Thermo Fisher

A-11031

Antibody Alexa 633,
secondary Goat Anti-mouse

Thermo Fisher

A-21052

Antibody anti-WIPI2, mouse

Bio-Rad

MCA5780GA

Antibody anti-myc, mouse

Cell Signalling Technology

2276S

Determination of use of mApple as marker for expression of LRRK2 mutants

The use of mApple as a reliable live-cell marker for cells co-transfected with LRRK2 constructs was
determined using the frequency with which these constructs co-express when transfected together. In
order to detect exogenous LRRK2 following the transfection method described in Section 2.4.3, cells
were subsequently fixed and stained with an antibody against the myc-tag of the LRRK2 constructs using
the immunocytochemistry method described in Section 2.4.4, and co-transfection was determined by
fluorescence microscopy.
The proportion of transfected cells expressing one or both type of plasmids (Figure 4.21 A) was obtained
using this formula: (number of cells expressing LRRK2 and/or mApple) x 100
(the total number of transfected cells)

The proportion of labelled cells that co-express LRRK2 (Figure 4.21 B) was obtained using this formula:
(number of cells co-expressing LRRK2 and mApple)
x 100
(number of cells co-expressing LRRK2 and mApple)
+ (number of cells expressing mApple only)
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Monitoring Autophagy

2.4.6.1

GFP-LC3 assays

GFP-LC3 assays were performed following the protocols described in Section 2.4.2. HEK293 GFP-LC3 cells
stably express GFP-tagged LC3 and therefore in the absence of treatment to induce autophagy appear
green due to the diffuse distribution of this protein. This diffuse GFP-LC3 distribution represents the LC3
molecules that are not associated with autophagic vesicles. By contrast, brighter green fluorescent spots
represent autophagic vesicles that contain GFP-LC3, referred to as GFP-LC3 punctae. Thus, autophagy
can be quantified using the number of GFP-LC3 punctae per cell.
•

Following Protocol A described in Section 2.4.2.1, the number of GFP-LC3 punctae per cell was
quantified using the Image J manual counter from fluorescence images captured using a 12-bit
DFC360 FX digital camera on a Leica DMI6000 light microscope. GFP was excited at 450-490 nm
and emitted at 500-550 nm, and the 63x oil immersion objective was used to allow for the
resolution of individual punctae. For each condition the mean number (± SEM) of GFP-LC3
punctae per cell was calculated, using 50 cells per condition in n=3 experimental repeats in
PP242 and BafA1 assays, and using 30 cells per condition in n=4 experimental repeats in
Ivermectin assays. Cells that appeared to undergo apoptosis or morphological changes were
excluded from the analysis.

•

In regards to Protocol B detailed in Section 2.4.2.2, the procedure is similar to the one described
above. However, since the red fluorescent protein mApple is used as a proxy to identify LRRK2overexpressing cells, GFP-LC3 punctae were quantified only in cells that expressed mApple. As
such, these cells appeared red when excited at 541-551 nm and emitted at 565-605 nm. For each
condition, the mean number (± SEM) of GFP-LC3 punctae per cell was calculated, using 50 cells
per condition in n=4 experimental repeats.
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WIPI2 assays

Endogenous WIPI2 assays were performed following the protocol described in Section 2.4.2.3. HEK293
GFP-LC3 and RAW264.7 macrophages (WT and Lrrk2 KO) were subjected to the immune staining
protocol described in Section 2.4.4 with an antibody against WIPI2 molecules and an Alexa 568
conjugated secondary antibody (Table 2.9). As such, WIPI2 molecules appeared red when excited at 541551 nm and emitted at 565-605 nm. Cells appeared red due to the diffuse WIPI2 distribution
representing the WIPI2 molecules that are not associated with autophagic vesicles. By contrast, brighter
red punctae represented autophagic vesicles that contain WIPI2.
Thus, autophagy was measured using the quantification of WIPI2 punctae per cell using the same
method and set-up as described in Section 2.4.6.1. For each condition the mean number (± SEM) of
WIPI2 punctae per cell was calculated, using 30 cells per condition in n= 4 experimental repeats in
HEK293 GFP-LC3 and in n= 3 experimental repeats in RAW264.7 macrophages.
Three categories of punctae were quantified within HEK293 GFP-LC3 cells to allow a direct comparison
to be made: WIPI2 positive punctae, GFP-LC3 positive punctae and WIPI2 and GFP-LC3 double-positive
punctae. To specifically assess the effect of the LRRK2 inhibitors on the number of PP242-induced
punctae (the three categories), the percentage of inhibition attained by each LRRK2 inhibitor was
calculated as follows. First, for each inhibitor, DMSO values were subtracted from the corresponding
PP242 values (for each repeat) so that the obtained numbers represent only the punctae specifically
induced by PP242. Then, these values were expressed as a percentage of the number of punctae induced
by PP242 in the absence of inhibitor treatment (i.e., as a percentage of “PP242+DMSO”). The extent to
which each LRRK2 inhibitor affected the PP242-induced increase in the three categories of punctae, i.e.,
“percentage of inhibition”, was calculated by subtracting the above values from 100.
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Electron microscopy assay

Transmission electron microscopy was used to study the effects of LRRK2 inhibitors on the number of
vacuoles in HEK293 GFP-LC3 cells and the effects of loss of LRRK2 in RAW264.7 macrophages. The
reagents used in transmission electron microscopy assays are listed in Table 2.10 below.
Table 2.10: List of supplementary electron microscopy-related reagents, with their supplier and catalogue
number.
The name of the item and its acronym or abbreviation used in the text are shown.

Reagent

Supplier

Catalogue number

Epon resin (Epoxy embedding medium)
– a mixture of 4 components:
Agar 100
DDSA
MNA
BDMA

Agar Scientific

Glutaraldehyde

Agar Scientific

n/a

Osmium tetroxide

Agar Scientific

AGR1015

Pioloform-coated copper grids

Made in house by experienced lab support team

Pioloform powder

Agar Scientific

AGR1275

Potassium Ferrocyanide, K4Fe(CN)6*3H2O

Fisher Scientific

10216460

Reynolds lead citrate

Delta Microscopies

11300

Uranyl Acetate

Agar Scientific

AGR1260A

2.4.7.1

AGR1043
AGR1051
AGR1081
AGR1062

Cell culture

Step 1 and 2 – common to Protocol A (2.4.2.1).
Step 3 – common to Protocol A, with the exception that in parallel to HEK293 GFP-LC3 cells, RAW264.7
macrophages WT or Lrrk2 KO were treated with PP242 (2 µM) or the vehicle DMSO (at an equivalent
1:1000 dilution) in Complete DMEM for 1 hour at 37°C.
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Step 4 – At the end of the treatment, the cell medium was replaced with 1 ml of fresh GFP DMEM
(HEK293 GFP-LC3 cells) or Complete DMEM (macrophages), and cells were dissociated from the
plasticware using a cell scraper and transferred to sterile tubes.
Step 5 – Cells were then centrifuged for 5 minutes at 10844 rcf (10000 rpm, Rotanta 460 R benchtop
centrifuge, Hettich Instruments) to obtain cell pellets. Once the supernatant was removed, cell pellets
were fixed in 2.5% (v/v) glutaraldehyde fixative in 0.1 M phosphate buffer (prepared with Na2HPO4 at 10
mM and KH2PO4 at 1.8 mM) overnight at 4 °C.

2.4.7.2

Sample processing for transmission electron microscopy

The samples were processed by Dr Igor Kraev and Dr Radka Gromnicova at The Open University Electron
Microscopy Facility. The processing included post-fixation, dehydration, and embedding in resin. The
following steps were performed at room temperature, and the pellets were centrifuged at 370 rcf (2000
rpm, Jencons-PLS Spectrafuge 24D Microcentrifuge) (day 1) or 1130 rcf (3500 rpm, Jencons-PLS
Spectrafuge 24D Microcentrifuge) (day 2) in between each step. On day 1, cells were incubated in a 1:1
(v/v) solution of osmium tetroxide (2%) and potassium ferrocyanide (4%) in 0.1 M phosphate buffer
(prepared with Na2HPO4 at 10 mM and KH2PO4 at 1.8 mM) for 1 hour as a post-fixation to enhance
membrane labelling. Cells were then washed three times in 0.1 M phosphate buffer. Cells were then
dehydrated in a series of ethanol solutions as follows: 30% ethanol for 5 minutes, 50% for 5 minutes,
70% for 10 minutes, 100% for 10 minutes twice, and cells were dehydrated further using molecular sieves
(crystalline metal aluminosilicates, which is a material with pores that helps reduce the amount of water
in the ethanol to its minimum) in 100% ethanol for 10 minutes. Cells were then dehydrated further in
100% acetone twice for 10 minutes. The pellets were then incubated with a mixture of 100% acetone
and Epon resin in a 1:1 ratio overnight. On day 2, cells were infiltrated with Epon resin for 2 hours with
two changes. Cells were then embedded in fresh Epon resin and formed blocks were polymerised at 60°C
for 48 hours. The blocks were micro-sectioned at 80 nm thickness with a diamond knife (Diatome). The
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Sections were mounted onto pioloform-coated copper grids and counter-stained in an aqueous solution
of 3.5% (v/v) uranyl acetate and Reynolds lead citrate.

2.4.7.3

Imaging and analysis

The grids were imaged on a transmission electron microscope JEM 1010 (Jeol, Japan) at an acceleration
voltage of 80 kV. The images were captured using an XR40 camera (Advance microscopy techniques;
AMT, Woburn, MA, USA) and the software AMT Image Capture Engine (AMT, Woburn, MA, USA) with a
low magnification (2500-3000x).
For each condition the mean number (± SEM) of vacuoles per cell was calculated using the cell counter
plug-in within ImageJ, and the values were obtained from a minimum of 5 images using >100 cells in n=
3 experimental repeats. First, the number of cells that were entirely visible within the area of each image
were counted (Figure 4.23, labelled with a blue number 1). Second, vacuoles of any size that were
present in the counted cells were quantified (labelled with a red number 2). The mean total number of
vacuoles per cell in each condition was then calculated from these two values.
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Chapter 5 – Calcium signal recording-related methods

The reagents used in Calcium assays are listed in Table 2.11 below.
Table 2.11: List of supplementary calcium signalling assay-related reagents, with their supplier and catalogue
number.
Reagent

Supplier

Catalogue number

3-Methyladenine

Sigma Aldrich

M9281

ATP, Adenosine 5′-triphosphate disodium salt
hydrate

Sigma Aldrich (Merck)

A7699

BAPTA-AM

AAT Bioquest

21001

AAT Bioquest

20511

Cyclopiazonic acid

HelloBio

HB1117

Dibromo-BAPTA-AM

EFLabs

Difluoro-BAPTA-AM

EFLabs

Fura-2 AM, Molecular Probes™, cell permeant

Fisher Scientific

11524766

Ionomycin free acid

HelloBio

HB1002

Pluronic acid F-127

Thermo Fisher

P-3000MP

Cal-590™ AM,
permeant

2.5.1

Molecular

Probes™,

cell

No longer available
from this supplier

Preparation for calcium imaging

2.5.1.1

Imaging buffer

The solution of imaging buffer was prepared with ultrapure water, 121 mM NaCl, 5.4 mM KCl, 0.8 mM
MgCl2, 6 mM NaHCO3, and 25 mM HEPES (pH 7.4 verified with a pH-meter and a solution of NaOH). Prior
to performing each experiment, this solution was completed with 5.5 mM D-glucose and 1.8 mM CaCl2
and referred to as “imaging buffer”. When required, the addition of CaCl2 was omitted and the solution
was referred to as “calcium-free imaging buffer”.
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Calcium indicator

The fluorescence calcium indicator Fura-2AM, which is excitable with UV light, was chosen to measure
intracellular calcium in this study. Upon calcium binding, Fura-2 presents a shift in excitation from around
380 nm to around 340 nm, and emits at 510 nm. This feature allows for a ratiometric measure of calcium
signals, which accounts for uneven indicator loading in cells, and progressive loss of signal. The AM-form
of Fura-2 is not initially calcium-sensitive, but this modification permits entry into cells. Upon entry in
the cells however, the AM ester group is processed by esterases, and Fura-2 becomes calcium-sensitive.
Stock solutions of Fura-2-AM were made at 2 mM in DMSO containing 20% (w/v) pluronic acid (facilitates
the solubilisation of Fura-2-AM) and aliquots were kept at -20°C. On the day of the experiment, Fura-2
loading solution was prepared with 2 µM Fura-2-AM diluted in 1 ml of imaging buffer per imaging
chamber (i.e., per coverslip) and protected from light. For further details on calcium indicator loading in
cells, see Section 2.5.2. When necessary (see Section 2.6.3), the calcium dye Cal-590-AM was also used
and prepared similarly to Fura-2-AM.

2.5.2

Cell culture and treatments

For general cell culture protocols, see Section 2.2.1. An overview of the different protocols can be seen
in Figure 2.2, where the diagram represents different protocols used in Chapter 5, detailed below.
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Figure 2.2: Overview of the protocols used in calcium signalling assays performed in the Chapter 5.
The general experimental design used in the Chapter 5 can be divided into 5 steps, with variations depending on the experiment.
Protocol D refers to experiments where calcium signals were recorded from RAW264.7 macrophages. Protocol E refers to
experiments where calcium signals were recorded from HEK293 GFP-LC3 cells expressing the LRRK2 mutant constructs. Protocol
F refers to experiments where calcium signals were recorded from HEK293 GFP-LC3 cells or RAW264.7 macrophages treated
with LRRK2 inhibitors. The black text represents the steps in common between the protocols. Each protocol is detailed in Section
2.5.2.
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Protocol D: calcium response patterns in RAW264.7 macrophages

This protocol refers to the experiments where calcium signals were recorded from RAW264.7
macrophages, following stimulation with ATP, a natural agonist of P2Y receptors which leads to the
production of IP3 and IP3-R-mediated calcium release, to characterise the calcium response pattern
(Assays nº1 and nº2, Section 2.5.3.1). This protocol also applies to the control experiment verifying the
effects of CPA (Assay nº3, Section 2.5.3.1).
Step 1 – Cells were cultured in 1 ml of Complete DMEM on 16 mm poly-D-lysine-coated glass coverslips
in 12 well plates and allowed to grow in a cell culture incubator. 24-48 hours after seeding, the cell
medium was replaced with 1 ml of fresh Complete DMEM.
Step 2 – The macrophage cells were not treated.
Step 3 – The coverslips were then transferred into circular imaging chambers, adapted for the stage of
the Leica DMI6000 fluorescence microscope, with 1 ml of imaging buffer.
Step 4 – The buffer was removed and cells were then loaded with Fura-2 (2 µM diluted in 1 ml of imaging
buffer) for 30 minutes at room temperature protected from light. This solution was then aspirated and
replaced with 1 ml of fresh imaging buffer for 30 minutes to allow for the de-esterification of the calcium
indicator.
Step 5 – Imaging chambers were then placed on the stage of the microscope and calcium signals were
recorded; the procedure is detailed in Section 2.5.3.

2.5.2.2

Protocol E: calcium responses in HEK293 GFP-LC3 cells expressing LRRK2 mutants

This protocol refers to the experiments where calcium signals were recorded in HEK293 GFP-LC3 cells
expressing the LRRK2 mutant constructs following stimulation with ATP, CPA (a compound that blocks
the SERCA pumps, prevents ER calcium replenishment, and leads to a gradual elevation of cytosolic
calcium due to natural leakage from the ER), or Ionomycin (a membrane permeant calcium ionophore
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which binds calcium ions and facilitates their transport across the membrane of acidic stores). (Assays
nº4 and nº5, Section 2.5.3.2)
Step 1, 3, 4 and 5 – common with Protocol D.
Step 2 – Cells were then transfected with LRRK2 mutants following the procedure described in
Section 2.4.3. 48 hours after transfection, the cell medium was replaced with fresh GFP DMEM.

2.5.2.3

Protocol F: effect of LRRK2 inhibition on calcium responses

• This protocol refers to experiments where calcium signals were recorded from HEK293 GFP-LC3 cells
or RAW264.7 macrophages treated with LRRK2 inhibitors following stimulation with calcium agonists
(ATP, CPA, Ionomycin). (Assays nº6 and nº7, Section 2.5.3.3)
Step 1, 3, 4 and 5 – common with Protocol D.
Step 2 – HEK293 GFP-LC3 cells or RAW264.7 macrophages were treated with the LRRK2 kinase inhibitors
GSK2578215A, GNE-9605 or PF-06447475 (at 1 µM), or the LRRK2 GTPase inhibitor FX2149 (at 100 nM
or 1 µM) or the vehicle DMSO (at an equivalent 1:1000 dilution), for a duration of 1 hour or 16 hours at
37°C. Following this treatment, the cell medium was replaced with 1 ml of fresh GFP DMEM (HEK293
GFP-LC3 cells) or Complete DMEM (RAW264.7 macrophages).
• This Protocol F was also used in a control experiment to verify that DMSO had no effects on calcium
release (Assay nº8, Section 2.5.3.3).
Step 1, 3, 4 and 5 – common with Protocol D.
Step 2 – WT RAW264.7 macrophages were treated with DMSO (at an equivalent 1:1000 dilution) for 1
hour at 37°C. Following this treatment, the cell medium was replaced with 1 ml of fresh Complete
DMEM.
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Calcium signal recordings

Calcium signals were recorded using a 12-bit DFC360 FX digital camera on the Leica DMI6000 light
microscope with the 63x oil immersion objective or the 20x objective. Fura-2 was excited at 340 nm and
387 nm wavelengths and emitted at 510 nm, and the ratio was measured. For each calcium signal
recording a field of cells on the coverslip was selected based on a healthy appearance and even indicator
loading. 20 regions of interest (ROIs) minimum were selected in each area (see Figure legends), and the
background was automatically subtracted with the microscope software background formula using a
‘background area’ selected on the image. To make the change of solutions easier when necessary, a
vacuum aspirator was set up on the stage of the microscope. The data were then exported as an Excel
file, and used in Microsoft Excel and the GraphPad Prism software to plot the graphs and calculate
different parameters (detailed in Section 2.5.4).

2.5.3.1

Protocol D: calcium responses pattern in RAW264.7 macrophages

This protocol was used in three separate assays:
• Assay nº1: use of ATP at 100 µM (Section 5.2.2.1). Basal calcium signals or spontaneous activity
were recorded for 5 minutes. Then, the imaging buffer was aspirated and cells were stimulated with
100 µM ATP (IP3-generating agonist) diluted in imaging buffer, until termination of the signals. The
recording was paused, cells were washed 4-8 times with imaging buffer and allowed to rest in
imaging buffer for 10 minutes. The recording was resumed for 1 minute to obtain a baseline, then
the imaging buffer was aspirated and cells were stimulated again with 100 µM ATP diluted in
imaging buffer, until termination of the signal. These steps were repeated one more time, and the
recording was ended. The recordings were then processed as described in Section 2.5.4.
• Assay nº2: use of a range of ATP concentrations (0.5 µM to 100 µM) (Section 5.2.2.2). The protocol
is similar to the one described above for Assay nº1, except that cells were stimulated a total of four
times, with an increasing concentration of ATP diluted in imaging buffer: 0.5 µM, 1 µM, 10 µM and
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100 µM, with the same periods of wash and rest in between each stimulation.
• Assay nº3: control experiment to verify the effect of CPA (Section 5.5.4). Calcium signals were
recorded using the same steps as Assay nº1 described above, except that cells were stimulated a
total of three times, with 0.01% (v/v) DMSO, 10 µM CPA (specific and reversible inhibitor of
SERCA/ATPase pumps that empties ER calcium), and 10 µM ATP all diluted in calcium-free buffer,
with the same periods of wash and rest in between each stimulation.

2.5.3.2

Protocol E: calcium responses in HEK293 GFP-LC3 cells expressing LRRK2 mutants

This protocol was used in two separate assays:
• Assay nº4: use of ATP to measure global calcium signals (Section 5.7.1). Calcium signals were
recorded using the same steps as Assay nº1 described above, except that the basal levels were
recorded for 1 minute in HEK293 GFP-LC3 cells, and cells were stimulated twice with ATP at 10 µM
diluted in imaging buffer, with the same periods of wash and rest in between each stimulation.
• Assay nº5: use of CPA and Ionomycin to measure lysosomal calcium signals (Section 5.7.2).
Calcium signals were recorded using the same steps as Assay nº1, except for the following
differences. The basal levels were recorded for 1 minute in HEK293 GFP-LC3. Then, the imaging
buffer was aspirated, and cells were stimulated with 10 µM CPA diluted in calcium-free buffer. Upon
termination of the signal, the calcium-free buffer was aspirated, and the cells were stimulated with
10 µM CPA and 10 µM Ionomycin (mobilises calcium from acidic stores) diluted in calcium-free
buffer, without periods of wash and rest in between each stimulation.

2.5.3.3

Protocol F: effect of LRRK2 inhibition on calcium responses

This protocol was used in two separate assays and one additional control assay:
• Assay nº6: use of ATP to measure global calcium signals in HEK293 GFP-LC3 cells (Section 5.4) and
RAW264.7 macrophages (Section 5.3.2). Calcium signals were recorded using the same steps as

Material and Methods

| 115

Assay nº4.
• Assay nº7: use of CPA and Ionomycin to measure lysosomal calcium signals in HEK293 GFP-LC3
cells (Section 5.6) and RAW264.7 macrophages (Section 5.5). Calcium signals were recorded using
the same steps as Assay nº5.
• Assay nº8: control experiment to verify that DMSO (vehicle of LRRK2 inhibitors) has no effect on
calcium signals in RAW264.7 macrophages (Section 5.3.1). Calcium signals were recorded using the
same steps as Assay nº1 described above, except that cells were stimulated a total of three times,
with an increasing concentration of ATP diluted in imaging buffer: 2 µM, 10 µM and 100 µM, with
the same periods of wash and rest in between each stimulation.

2.5.4
•

Processing of recordings and parameters analysed

Processing of the recordings

Each intracellular calcium release generates a trace. For each recording, at least 20 cells were selected,
and single-cell calcium traces recorded individually. The data was exported as an Excel file, and Microsoft
Excel was used to average the data (except for the spontaneous activity) and obtain one representative
value per time-point (refer to Figure 5.2 for illustration). As such, for each peak, the data are the mean
(± SEM) of n= 3 to 8 experimental repeats (see Figure legends for specific details), the value of each
repeat representing an average of the values obtained from 20 cells. GraphPad Prism software was used
in addition to Microsoft Excel to plot the graphs, and different parameters of these traces were
measured in all the calcium experiments performed to help assess any changes in calcium signals due to
the experimental conditions. The calculations are detailed below.
•

Baseline

The baseline calcium levels for each peak were calculated using an average of the fluorescence values
recorded for 5 minutes (in RAW264.7 macrophages) or 1 minute (in HEK293 GFP-LC3 cells) prior to any
stimulation. This parameter provides the resting levels of calcium.
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Spontaneous activity (refer to Figure 5.1)

To assess the average spontaneous activity within the 5 minutes of recording (in RAW264.7 macrophages
only, as the HEK293 GFP-LC3 cells did not display spontaneous calcium release), individual calcium traces
from each cell were plotted on Prism, as depicted in Figure 2.3 and Figure 5.1. A peak corresponds to a
release of calcium, and the response had to be 10% above the baseline to be considered a peak. The
number of peaks per cell were counted and averaged to obtain the rate of spontaneous peaks per minute
(Figure 5.1). This 10% threshold is the standard number routinely used in Dr Martin Bootman’s lab.
Nonetheless, analysis of the mean, standard deviation and range for a period of baseline recording and
a period of peak recording that were sampled (Figure 2.3) showed that a 10% threshold is a stringent
way of distinguishing a calcium peak from the baseline. As shown in Figure 2.3 in bold red, the 10%
change in baseline (0.326) exceeds the range of baseline deviations (0.276-0.316), which is also the case
for the peak-related range of the data (0.321-0.682).

Figure 2.3: Determination of the threshold allowing the distinction between ‘baseline’ and ‘peak’
Top panel: RAW264.7 WT macrophages were loaded with Fura-2 AM (2 µM) in imaging buffer and the calcium signals were
recorded for 5 minutes to measure the spontaneous release of calcium. The trace represents the individual calcium signals and
peak from 1 region of interest (ROI) corresponding to 1 individual cell. An example of a baseline sample and of a peak sample
are shown in black. Bottom panel: A period of baseline recording and a period of peak recording were sampled, and several
parameters were calculated. The relevant values supporting the use of a 10% threshold are indicated in bold red.
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Amplitude (refer to Figure 5.3)

The amplitude of an agonist-evoked calcium response was obtained by subtracting the lowest
fluorescence value (Ymin, baseline) from the highest fluorescence value (Ymax) for each averaged peak,
and was used as a measure of the rate of the calcium release.
•

Area Under the Curve (AUC) (refer to Figure 5.3)

The area under the curve was obtained for each averaged peak with the tool “Total Peak Area” using
GraphPad Prism and the baselines calculated beforehand. This area was used as a measure of the total
amount of calcium released.
•

Decay τ (refer to Figure 5.3)

The decay data was obtained for each peak using the “full width of the peak at half maximum response”
method. For each averaged calcium trace, the formula Ymin + (Ymax-Ymin)/2 provided a fluorescence
value, and a line corresponding to this value was added to the plot. This allowed the determination of
two X values at the two intersections of the peak with the line (X1 and X2). The decay τ was then obtained
by subtracting the X1 value from the X2 value. This value represents the time necessary for the
termination of the signal and return to baseline.
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Experiments to assess the effects of BAPTA, BAPTA analogues and BAPTAbased calcium indicators

For general cell culture protocols, see Section 2.2.1. An overview of the different protocols can be seen
in Figure 2.4, detailed below.

Figure 2.4: Overview of the supplementary protocols used in Chapter 5.
The general experimental design used in Section 5.8 of Chapter 5 can be divided into 5 steps, with variations depending on the
experiment. Protocol G refers to experiments where GFP-LC3 punctae were quantified from HEK293 GFP-LC3 cells treated with
BAPTA and its analogues. Protocol H refers to experiments where calcium signals were recorded from HEK293 GFP-LC3 cells
treated with BAPTA and its analogues. Protocol I refers to experiments where GFP-LC3 punctae were quantified from HEK293
GFP-LC3 cells treated with calcium indicators. The black text represents the steps in common between the protocols. Each
protocol is detailed in Section 2.6.
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Protocol G: effects of BAPTA and BAPTA analogues on PP242-induced autophagy

This protocol refers to the experiments where GFP-LC3 punctae were quantified from HEK293 GFP-LC3
cells treated with BAPTA and its analogues.
Step 1 – HEK293 GFP-LC3 cells were cultured in 1 ml of GFP DMEM on 16 mm poly-D-lysine-coated glass
coverslips in 12 well plates and allowed to grow in a cell culture incubator. 24-48 hours after seeding,
the cell medium was replaced with 1 ml of fresh GFP DMEM.
Step 2 – Then the coverslips were transferred into circular imaging chambers adapted for the stage of
the Leica DMI6000 fluorescence microscope with 1 ml of imaging buffer.
Step 3 – Cells were then pre-treated with different compounds: 3-MA (5 mM) (used as a control for the
blocking of autophagy) or BAPTA (10 µM) or Dibromo-BAPTA (10 µM) or Difluoro-BAPTA (10 µM) or the
vehicle DMSO (at an equivalent 1:1000 dilution) for 1 hour at room temperature. Following this pretreatment, the buffer was aspirated and replaced with 1 ml of fresh imaging buffer.
Step 4 – Cells were then treated with PP242 (2 µM) or the vehicle DMSO (at an equivalent 1:1000
dilution) for 1 hour at 37°C.
Step 5 – At the end of the treatment, the buffer was aspirated and replaced with 1 ml of fresh imaging
buffer and the imaging chambers were then placed on the stage of the microscope. GFP-LC3 punctae
were quantified as described in Section 2.4.6, using 30 cells per condition.

2.6.2

Protocol H: effects of BAPTA and BAPTA analogues on calcium signals

This protocol refers to experiments where calcium signals were recorded from HEK293 GFP-LC3 cells
treated with BAPTA and BAPTA analogues, following stimulation with ATP (IP3-generating agonist).
Step 1 & 2 – common with Protocol G.
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Step 3 – Cells were then pre-treated with different compounds: BAPTA (10 µM), or Dibromo-BAPTA (10
µM) or Difluoro-BAPTA (10 µM) or DMSO (at an equivalent 1:1000 dilution) or PP242 (2 µM) for 1 hour
at room temperature.
Step 4 – common to Protocol D.
Step 5 – Imaging chambers were then placed on the stage of the microscope and calcium signals were
recorded; basal calcium signals were recorded for 1 minute, then the imaging buffer was aspirated and
cells were stimulated with 100 µM ATP diluted in imaging buffer, until termination of the signals. The
technical details of the procedure are detailed in Section 2.5.3. and the parameters measured (AUC and
amplitude) are detailed in Section 2.5.4.

2.6.3

Protocol I: effects of calcium indicators on autophagy

This protocol refers to the experiments where GFP-LC3 punctae were quantified from HEK293 GFP-LC3
cells treated with calcium indicators using live-imaging microscopy.
Step 1, 2, 4 and 5 – common with Protocol G.
Step 3 – Cells were then pre-treated with different compounds: BAPTA (10 µM), Fura-2 (at 2 µM or 10
µM), Cal-590 (at 2µM or 10 µM) or DMSO (at an equivalent 1:1000 dilution) for 30 minutes or for 1 hour
at room temperature. Cal-590-AM is a red-shifted fluorescent calcium indicator used here alongside
Fura-2, to assess the potential effects of two different calcium indicators on autophagy, since they both
possess a structure similar to that of BAPTA.

3
Creation of isogenic cell lines using CRISPR/Cas9

3.1

Introduction

Parkinson’s disease genetics has the potential to uncover different aspects of PD aetiology by helping
identify altered processes caused by individual mutations. It is proposed that LRRK2 is involved in a
process central to early PD aetiology, and, by extension, the investigation of LRRK2 mutations to uncover
common effects will help to understand the molecular basis of PD pathogenesis. Given that animal
models of LRRK2 and conventional over-expression based in vitro systems have had limited success in
identifying the mechanisms by which LRRK2 mutations trigger PD, alternative experimental models are
required, where multiple LRRK2 mutations can be investigated in parallel.
Thus, the primary aim of this project that is detailed in the current Chapter is to develop new cellular
models to investigate the effects of LRRK2 mutations. To do so, efforts were made to use the
CRISPR/Cas9 gene-editing technique to introduce PD-causing and PD protective LRRK2 mutations into
cells. This technique is described in Section 3.1.3.2.
The cell line of choice is ReN VM, immortalised human neural stem cells with a stable 46 X,Y karyotype
that are derived from the ventral midbrain, the major region of dopaminergic cell loss in PD625. In
principle, genetically modified ReN VM cells will express mutant LRRK2 protein at endogenous levels,
and will be isogenic, a feature that will allow the different cell lines to be compared directly. Ultimately,
the cell lines can be differentiated into physiologically representative dopaminergic neurons and used to
compare the different LRRK2 mutations in cellular assays relevant to PD, such that a commonly
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deregulated pathway that is likely to cause the pathogenic accumulation of α-synuclein and PD can be
identified. Nonetheless, most of the experiments described in this Chapter were first performed in
another cell line, HEK293T cells, a commonly used cell line in PD research, since this human cell line is a
more tractable system for initial proof-of-principle experiments.
The mutations chosen to be made are G2019S and R1441G, which cause a gain of kinase function and a
loss of GTPase function, respectively, and R1398H, which is a PD-protective variant in which GTPase
activity is increased (Figure 1.12). Additionally, a further cell line in which a sequence encoding an Nterminal FLAG-tag will be added in-frame to LRRK2 was planned, with the objective of facilitating the
detection of endogenous LRRK2 in subsequent studies. Note that in much of this Chapter, the
CRISPR/Cas9 reagents involved in engineering PD-related mutations are named according to the
mutation site and abbreviated to GS (G2019S), RG (R1441G) and RH (R1398H). The reagents used to
generate cells carrying the FLAG-tag are referred to as START, since they are designed to target the start
codon of LRRK2.
The following Sections will detail the CRISPR/Cas9 technique, as well as the phenotypes expected in the
engineered cell lines.

3.1.1

Limitations of the ReN VM model to study PD

ReN VM cells were chosen for this study since they are a practical and physiologically relevant choice to
explore the causes of PD. Nonetheless there are constraints with this system and it is essential that they
are established in advance. The most obvious weakness is that a homogenous cell line cannot replicate
the variety of different cell types present in the human brain (i.e., there are no glia or astrocytes). PD is
fundamentally a disease of dopaminergic neurons, but it is possible that disease phenotypes will require
interactions with other cell types, especially microglial cells.
A second drawback is that cell models have a relatively short lifespan compared to those of the human
brain, or even the neurons of the rodent models that often fail to develop PD. As such, there is little time
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for pathological changes associated with PD to occur. However, the focus of this work is on the earliest
stages of PD. Furthermore, data from other studies indicate that this approach is likely to work, since
disease-relevant phenotypes have been found in neurons differentiated from patient-derived iPSCs599.
Therefore, the creation of these cell lines could potentially be a new and reliable human model of PD to
study the molecular interactions relevant to Parkinson’s disease627.

3.1.2

Expected phenotype of LRRK2 mutant cells

Reports have shown that iPSCs from LRRK2 PD patients differentiated into dopaminergic neurons
present morphological changes compared to control cell lines, notably a decrease in the number of
neurites and impaired autophagy599,628. These observations are consistent with data from other
experimental systems105, so it is possible to make cautious predictions about the expected PD-related
phenotypes in the engineered cell lines. Differentiated ReN VM cells carrying pathogenic LRRK2
mutations would be expected to display altered neurite arborisation and axon growth, as well as
impairments in the morphology and function of organelles involved in the autophagy-lysosomal systems.
Finally, with extended time in culture, PD-causing LRRK2 mutations would also be predicted to cause
increased levels of α-synuclein.
Importantly, the R1398H mutation could provide a unique insight into LRRK2 function in PD since it is a
PD-protective variant. Indeed, it is plausible that R1398H will cause opposite effects to the pathogenic
G2019S and R1441G mutations. R1398H therefore has the potential to be a strong control for any
experiment using pathogenic LRRK2 variants. In line with this, the R1398H variant induced enhanced
axon growth when transfected into rat primary cortical neurons, the opposite phenotype to cells
transfected in parallel with the R1441G mutant108.
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Genome editing to create modified cell lines

The following two Sections provide a brief overview of the CRISPR/Cas9 technology used in this project,
and the science underlying it.

3.1.3.1

DNA repair mechanisms

DNA is constantly subjected to insults from the environment, for instance exposure to UV radiation or
tobacco smoke629, but also spontaneous insults from endogenous sources such as metabolism byproducts including ROS, or DNA replication errors629. Such damage challenges genome integrity, and can
cause mismatched bases and base incorporation errors, as well as structural deformations and lesions
in the double-helix, in particular double-strand breaks.
There are a number of DNA repair mechanisms that detect and repair various types of damage to
genomic DNA629. In regards to double-stranded breaks in the DNA backbone, there are two major DNA
damage repair mechanisms630. The most commonly used, or “default”, mechanism is called nonhomologous end joining repair (NHEJ). NHEJ promotes the religation of the two ends, but is an errorprone process. Small insertions or deletions are often produced, which can lead to the disruption (i.e.,
knockout) of genes (Figure 3.1). The second repair mechanism, homology directed repair (HDR), occurs
at a lower frequency, predominantly in dividing cells, but is a high-fidelity process. In HDR, a homologous
DNA sequence that spans the site of DNA damage is used as a template to restore the original DNA
sequence through homologous recombination630 (Figure 3.1).
In the last decades, it has become possible to modify genomic loci with genome editing631. Genome
editing techniques involve the use of programmable synthetic nucleases that act as molecular scissors
to create double-strand breaks at a specific DNA locus, and then take advantage of the DNA repair
mechanisms to introduce targeted mutations. Genome editing has already been used in a variety of cell
types including iPSCs632,633, and will be explained further in the next section.
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Genome editing and CRISPR/Cas9

The creation of isogenic cell lines requires a fine-tuned genome editing technique. Various genome
editing techniques have been developed, including zinc-finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs)631,634,635. The technique of choice in the present study is
CRISPR/Cas9, which stands for clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9
(CRISPR associated gene 9). CRISPR/Cas9 is more accurate, cheaper and quicker than the previous
methods634.
CRISPR/Cas9 was originally described as an immune system in bacteria636. The bacterial genome contains
short DNA repeats separated with “spacers” that are sequences derived from viral DNA integrated after
an infection. Cas genes, coding endonucleases, are positioned close to the repeats. This mechanism of
immunological memory allows bacteria to detect and destroy viruses quickly and provide resistance to
infection. Transcribed RNA from the spacers form complexes with Cas proteins and these complexes
hunt for matching viral DNA sequence to inactivate the virus.
CRISPR/Cas9 is used as a genome editing tool by supplying the Cas9 protein with a synthesised RNA
molecule that is homologous to the genomic region of interest, such that the Cas9 protein makes a
double-stranded break at the desired location626,637,638 (Figure 3.1). This synthesized RNA is referred to
as a guide RNA (gRNA). In the CRISPR/Cas9 system used in this study, gRNAs are cloned into the same
expression plasmid used to express Cas9, such that the gRNA and Cas9 protein can be produced by a
single vector (a plasmid map of pSpCas9(BB)-2A-GFP is included in Appendix 3).
Transfection of such a plasmid into cells can be expected to induce DNA damage that will be repaired by
NHEJ, leading to insertion or deletion mutations, and potentially gene knockout. Alternatively, these
plasmids can be co-transfected with a single-stranded DNA molecule with a sequence that is
complementary to the regions spanning the site of DNA damage, such that repair is carried out by HDR.
By incorporating a limited number of nucleotide differences between this DNA molecule and the
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genomic region being targeted, specific mutations can be introduced. These two approaches are
represented in Figure 3.1.

Figure 3.1: Genome editing with CRISPR/Cas9 and DNA repair mechanisms
The CRISPR/Cas9 technology combines the endonuclease Cas9 with a designed non-coding RNAs. Cas9 is guided by an RNA
scaffold containing a 20nt sequence complementary to the targeted sequence. The target sequence must be immediately
upstream of a protospacer adjacent motif (PAM). Cas9 creates a double-strand break in the genomic DNA at the specified
location. The damaged strands can either be repaired by a default DNA-repair mechanism (NHEJ) or via a high-fidelity
mechanism. NHEJ (non-homologous end joining repair) ligates the two ends together, sometimes correctly but often incorrectly,
introducing insertions or deletions, which are liable to corrupt the gene causing loss-of-function (knockout) or frameshifts. The
alternative, HDR (homology directed repair), is a high-fidelity mechanism and uses a homologous DNA molecule as a repair
template to restore the original DNA sequence through homologous recombination. Standard repair by HDR is depicted in the
middle. However (on the right), providing an artificial template containing a mutation will allow the introduction of this
mutation into the repaired sequence. Here, in the context of LRRK2, LRRK2 mutations can be introduced which will produce
LRRK2 mutant proteins, or a FLAG sequence that will produce FLAG-tagged LRRK2 proteins.

In the following Sections, the efforts made to establish optimal conditions to generate cell lines carrying
LRRK2 mutations will be discussed, as well as the methods to evaluate the efficiency of genome editing
using CRISPR/Cas9 plasmids.
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Overview of the experimental strategy used in this project

Ultimately, the goal of the work in this Chapter is to produce ReN VM cells containing the described
mutations within LRRK2. However, this was not expected to be easy to achieve, so the project was
broken down into several steps, as outlined in Figure 3.2.

Figure 3.2: Overview of the workflow employed in the creation of genome edited ReN VM cells

As depicted in the Figure, the workflow was designed so that following the design and generation of the
CRISPRS/Cas9 plasmids (Figure 3.2, step 1), but before combining them with synthetic oligonucleotides
to introduce specific mutations in Ren VM cells, the CRISPR/Cas9 plasmids would first be tested to ensure
that they are able to efficiently cause DNA damage at the correct DNA loci.
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However, since neural stem cells are typically hard to transfect, it was considered judicious to perform
these experiments in a more easily transfectable cell line. Thus, the initial experiments that are detailed
in the next Sections of this Chapter were designed to be performed in HEK293T cells. Importantly, this
work includes optimisation steps (both to the cell transfection and genotyping PCR protocols), so that
the CRISPR/Cas9 plasmids would have the greatest chance of working and so that any resulting
mutations could be efficiently identified (Figure 3.2 step 2).
Following this optimisation phase, the next step was designed to determine whether the transfected
cells, or at least a significant portion, have been edited. To do so, genomic DNA from transfected
HEK293T cells would be analysed using a genotyping PCR followed by DNA sequencing method (Figure
3.2 step 3). In the case where editing is validated, the mutated HEK293T cells could be isolated and
allowed to undergo clonal expansion (Figure 3.2 step 4). Although the principal objective of this project
is to create genome edited ReN VM cells, HEK293T cells containing germline LRRK2 mutations would still
be useful experimental tools in their own right. Should these test experiments fail, further optimisation
could be performed prior to subsequent attempts to use the CRISPR/Cas9 plasmids, or alternatively, new
plasmids targeting different sequences within LRRK2 could be designed and synthesised.
Should the CRISPR/Cas9 plasmids work in HEK293T cells, the next step would be to transfer work to ReN
VM cells. Since it cannot be assumed that the optimal transfection and PCR conditions in this cell line
will be identical to those in HEK293T cells, analogous optimisation experiments would first be performed
(Figure 3.2, step 5). Once these have been established, the CRISPR/Cas9 reagents would then be
combined with the mutagenesis oligonucleotides in order to introduce LRRK2 mutations into ReN VM
cells (Figure 3.2 step 6), with successful mutagenesis identified by the same PCR and DNA sequencing
approach. At this point, cells containing the desired mutations could be isolated and allowed to undergo
clonal expansion (Figure 3.2 step 7), prior to storage for subsequent experimentation.
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Results
Transfection of CRISPR/Cas9 plasmids into cells

CRISPR/Cas9 technology is more likely to be successful if plasmids are introduced into cells with a high
efficiency transfection, and a transfection efficiency of 60 to 80% can be expected in HEK293T cells. Two
CRISPR/Cas9 plasmids, containing the START (FLAG-tag) or the GS (G2019S) mutations, were thus cotransfected with the empty pUC18 plasmid (as carrier DNA) in initial transfection experiments in
HEK293T cells. These initial experimental conditions were based on parameters used by others in the
laboratory to successfully introduce NGLY1 mutations into HEK293T cells using this same CRISPR/Cas9
system (Sarah Needs, Daniel Berwick and Sarah Allman, personal communication). The cells were
observed under the fluorescence microscope after a period of two days, and the transfection efficiencies
determined (see Chapter 2 Section 2.3.3 for more details on the method).
Surprisingly, transfection efficiencies were not as high as expected (Figure 3.3), and groups of detached
cells were noticed (images not shown). In addition, cells appeared confluent in some conditions, whereas
a lower number of cells was observed in other wells. Interestingly, more cells appeared green in the
latter.

Figure 3.3: Initial transfection efficiencies of START and GS CRISPR/Cas9 plasmids in HEK293T cells.
HEK293T cells were co-transfected with an empty plasmid pUC18 and with CRISPR/Cas9 plasmids containing the START (FLAGtag) or the GS (G2019S) mutation and co-expressing GFP. Cells were observed by fluorescence microscopy two days after
transfection and 2-3 representative images from the same well were captured under the green and the bright field channels.
The percentage is the number of green cells compared to the total number of cells in the field, multiplied by 100, which indicates
the transfection efficiency. The values are the mean percentages (± SEM) obtained in each condition, n=3.
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Since the transfection efficiencies were low, the next step was to investigate whether a smaller number
of cells (i.e., lower cell concentration) provided a better transfection efficiency and fewer detached cells.
To do so, different numbers of cells were seeded in each well to determine the variation of transfection
efficiency according to the cell concentration in comparison to the seeding of 200 000 cells per well that
was recommended by the jetPEI manufacturer protocol. Cells were co-transfected with the empty
plasmid pUC18 and with the CRISPR/Cas9 plasmid containing the START (FLAG-tag) mutation coexpressing GFP, and the transfection efficiencies were then quantified two days after (Figure 3.4).
Under these conditions, although decreasing the number of cells did not improve the transfection
efficiency in this experiment (Figure 3.4), fewer detached cells were observed at the lower cell
concentrations (images not shown). Therefore, it was decided to seed approximately 50 000 cells for
future experiments.

Figure 3.4: Transfection efficiencies in HEK293T cells seeded at different concentration.
Cells were co-transfected with an empty pUC18 plasmid and with the CRISPR/Cas9 plasmid containing the START (FLAG-tag)
mutation co-expressing GFP to determine the variation of transfection efficiency according to the cell concentration. Cells were
observed by fluorescence microscopy two days after transfection. The values are the mean (± SEM) percentages obtained from
2-3 images captured from the same well under the green and the bright field channels. An average of 178 cells were counted
in each image in each condition. The percentage is the number of green cells compared to the total amount of cells in the field
of n=1 experiment, which indicates the transfection efficiency. Fewer floating cells were observed with the lower cell
concentrations (images not shown) compared to the higher concentrations.
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In addition to reducing the number of cells, two important changes were made for the next experiments.
Firstly, the method to count cells was shifted from an experimenter-eye based count to the use of a
TALITM cytometer to evaluate transfection efficiency. This allowed a more precise and unbiased
estimation (see Chapter 2 Section 2.3.3 for more details). Secondly, the transfection conditions
recommended by the manufacturer were further adapted by increasing the transfection period from
two days to three, since this would allow increased time for GFP expression. All CRISPR/Cas9 plasmids
were tested under these conditions, and the transfection efficiencies are shown in Figure 3.5.
Albeit with the caveat that a different method of quantification was performed, the combination of a
lower number of cells and three days of transfection improved the results (Figure 3.5) as transfection
efficiencies were in a range of 60 to 80%, confirming that these conditions worked better. As such, the
adapted transfection parameters allowed the expected transfection efficiencies to be met.

Figure 3.5: Improved transfection with 50 000 cells seeded and a transfection period of three days.
HEK293T cells were co-transfected with an empty plasmid pUC18 and with CRISPR/Cas9 plasmids containing the START (FLAGtag), GS (G2019S), RG (R1441G), or the RH (R1398H) mutations (both the A and B plasmids) and co-expressing GFP. Cells were
observed using the TaliTM cytometer device 3 days after transfection and images were captured with green and bright field
channels. For each condition, 13 images were taken, and the data correspond to the average (± SEM) of n=2 repeats. The
percentage is the number of green cells compared to the total number of cells in the field, which indicates the transfection
efficiency.
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Genotyping PCR assays

Successful transfection of CRISPR/Cas9 plasmids into HEK293T cells is likely to produce a heterogeneous
population containing a variety of different insertion and deletion mutations at the cut site (deletions of
different length and insertions of different lengths and base sequence), whilst even a highly successful
transfection can be expected to leave some unmutated LRRK2. In principle, the PCR and sequencing
method allows for the verification of the presence or absence of mutations in the region of interest,
thereby indicating whether the CRISPR/Cas9 plasmids were efficiently able to cause DNA damage at the
correct DNA loci.
As such, four sets of genotyping primers were designed by Dr Daniel Berwick, each possessing a
complementary sequence to regions either side of each DNA region of interest within LRRK2,
corresponding to the START, G2019S, R1441G and R1398H mutations. However, before this could be
achieved, the PCR conditions for each pair of primers were first optimised using genomic DNA from
untransfected HEK293T cells, to assess whether the primers are able to amplify the correct sequence
surrounding the mutation sites.

3.3.2.1

Initial PCR assays

To determine the PCR conditions and test the sets of genotyping primers, PCRs were performed using
genomic DNA from untransfected cells. If the PCR is successful and the primers work, each primer pair
should produce a band of approximately 400 base pairs that should be observable on an agarose gel.
Preliminary data obtained in the lab indicated that the four sets of primers were efficient in PCRs using
genomic DNA from SHSY5Y cells at an annealing temperature of 60°C using HiFi polymerase (Kapa
Biosystem). Therefore, the initial PCR assays were performed under the same conditions. However, the
results were inconclusive (Figure 3.6), since various non-specific bands were obtained for each set of
primers. This highlighted the need to optimise the PCR parameters for the four sets of primers to
increase their specificity.
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Figure 3.6: Initial experiment to reproduce preliminary data.
Representative agarose gel electrophoresis results of PCR products analysis. The PCR was performed using the HiFi polymerase
with the four sets of primers (START: FLAG-tag, GS: G2019S, RG: R1441G, and RH: R1398H, as indicated on top of each lane)
with SH-SY5Y genomic DNA. The temperature of the annealing step of the PCR program was set at 60°C. Similar to the
preliminary result obtained in the lab, non-specific bands were also obtained.

3.3.2.2

Optimisation of the PCR assay

To optimise the genotyping PCRs, different conditions were tested, in which one or several parameters
were modified; all the different PCR programs tested are summarised in Appendix 4. Notably, many
different annealing temperatures were tested. The efforts to establish optimal PCR conditions are
detailed in the following sections.

3.3.2.2.1

Decreasing the elongation step did not improve PCR results

Since the primary goal was to eliminate the non-specific bands, one of the first parameters modified was
the elongation step. In theory, decreasing the time allowed for the elongation step of the PCR could
improve the results by preventing the amplification of larger non-specific PCR products. As such, the
duration of the elongation step was reduced from 30 seconds to 15 seconds. However, as depicted in
Figure 3.7, this modification was not found to improve the results and non-specific bands were still
obtained.
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Figure 3.7: Decreasing the duration of the elongation step did not reduce non-specific bands.
Representative agarose gel electrophoresis results of PCR products analysis. The PCR was performed using the HiFi polymerase
with the four sets of primers (START: FLAG-tag, GS: G2019S, RG: R1441G, and RH: R1398H, as indicated on top of each lane)
with SH-SY5Y genomic DNA. The elongation step of the PCR program was set at 72°C for 15 seconds. Similar to the previous
result, non-specific bands were also obtained.

For consistency with experiments optimising CRISPR/Cas9 transfections in HEK293T cells, HEK293T
genomic DNA was used to optimise the PCRs parameters from this point forward. Additionally, it was
also decided to focus on the START primers. Furthermore, to address the possibility that the primers may
have degraded, replacement primers were purchased. Aside from testing different PCR parameters,
other ways to improve the PCR outcomes were explored, and are detailed in the sections below.

3.3.2.2.2

Boiling genomic DNA but not adding DMSO improves PCR results

As the PCR results obtained were poorly reproducible, another supposition involved the proteinase K
used in the genomic DNA extraction kit, which might degrade the DNA polymerase during the PCR. To
solve this potential issue, genomic DNA samples extracted from HEK293T were boiled at 95°C for 10
minutes (in a dry bath heating block) to denature any residual proteinase K, prior to being used in PCR
assays.
In addition, the use of DMSO was also considered. Typically, DMSO is a compound that can be added to
the PCR mix when the target sequence is located in a GC-rich region to bind DNA and induce a

Creation of isogenic cell lines using CRISPR/Cas9

| 135

conformation change which helps primer annealing. As such, the presence of this compound in PCR
reactions was also tested.
In this experiment, both the addition of a 95°C denaturation step and the presence of DMSO in the PCR
mixtures were tested. PCRs were performed using the HiFi polymerase with the START primers using
HEK293T genomic DNA that was either boiled beforehand or left untreated, and in presence or absence
of DMSO (5% (v/v) of total volume). Perhaps surprisingly, PCR products were visible when no DMSO was
included, but not when PCRs were performed in the presence of this compound, indicating that DMSO
is inhibitory to these reactions (Figure 3.8). However, boiling the genomic DNA samples was clearly
beneficial, since, in reactions performed without DMSO, there was more PCR product produced from
genomic DNA samples that had been boiled beforehand (Figure 3.8). These results thus indicate that
DMSO did not improve the PCR results, whereas boiling the genomic DNA prior to adding it to the PCR
mix was beneficial. Nevertheless, genotyping PCRs continued to be poorly reproducible, indicating that
additional optimisation of the PCR conditions was required.

Figure 3.8: Boiling the genomic DNA and omitting DMSO improve the PCR reaction
Representative agarose gel electrophoresis results of PCR products analysis. The PCR was performed using the HiFi polymerase
with the START primers (START: FLAG-tag) using HEK293T genomic DNA. As indicated on top of each lane, the genomic DNA
was boiled (at 95°C for 10 minutes) or not prior to being added to the PCR mix, and DMSO (5% (v/v) of total volume) was added
to or omitted from the PCR mix. Bands at 400 base pairs can only be seen when DMSO was omitted from the reaction mixture,
but this PCR product is markedly fainter when using genomic DNA that was not boiled.
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Phusion polymerase appears to improve PCR results

Given that the genotyping PCR reactions needed further optimisation, the next step was to investigate
the polymerase enzyme. Therefore, two other polymerases, Phusion (Thermo Scientific) and Robust
(Kapa Biosystem), were used alongside the HiFi polymerase in experiments using the START primer set
and two genomic DNA samples from HEK293T cells.
Reflecting the previous poor reproducibility, no band was observed when the HiFi polymerase was used
(Figure 3.9 A). However, the electrophoresis gels obtained suggested that the Phusion polymerase
provided better results than the two other polymerases, since a band at the expected size was observed
with both genomic DNA samples. A confirmation experiment just comparing Robust and Phusion
provided a similar result (Figure 3.9 B). Therefore, the Phusion polymerase was used from this point
forward.

Figure 3.9: Phusion polymerase provided better results with the START primers than Kapa HiFi polymerase
Representative agarose gel electrophoresis results. PCR was performed using three different polymerases (HiFi, Phusion, and
Robust, as indicated on top of each lane) with the START primers set (START: FLAG-tag) using two genomic DNA samples from
HEK293T cells. A) Comparison of the three polymerases. B) Comparison between Robust and Phusion. In both panels, a band at
400 base pairs was observed only when the Phusion polymerase was used for the PCR.
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Final optimisation

The previous PCR-related results described in this Chapter indicated that the addition of a DNA-boiling
step and the use of the Phusion polymerase improved the PCR results using the START primers. Thus,
the annealing temperature was then optimised for the other three sets of primers using the same
parameters. In these conditions and using HEK293T genomic DNA, the RH and RG primers worked
effectively at an annealing temperature of 60°C (Figure 3.10). However, exact conditions under which
the GS and START primers worked reliably in every experiment were not found. Nevertheless, the GS
primers appeared to work best at an annealing temperature of 60°C, and the START primers at an
annealing temperature of 66°C (Figure 3.10).

Figure 3.10: Representative gel obtained after a PCR with genomic DNA from HEK293T cells.
Representative agarose gel electrophoresis results of PCR products analysis. The PCR was performed using the Phusion
polymerase with the four sets of primers (START: FLAG-tag, GS: G2019S, RG: R1441G, and RH: R1398H, as indicated on top of
each lane) with HEK293T genomic DNA. The temperature of the annealing step of the PCR program was set at 66°C (for START
primers) or 60°C (for GS, RG and RH primers). “no DNA START” is a negative control where the PCR was performed using the
START set of primers without genomic DNA sample. Bands can be observed for each set of primers; the primers GS, RG and RH
work with a 60°C annealing temperature, and START with a 66°C annealing temperature.

Given that the four sets of primers and the CRISPR/Cas9 reagents appeared to work in HEK293T cells in
these optimised conditions, albeit to varying degrees, the primers were then tested in PCRs with genomic
DNA extracted from ReN VM cells, to determine whether they are able to amplify the correct sequence
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surrounding the mutation sites in the ReN VM cell type or whether they needed to be redesigned. Since
three out of the four sets of primers appeared to work at an annealing temperature of 60°C with
HEK293T DNA, all four primer pairs were tested at this temperature in initial experiments with ReN VM
DNA.
Consistent with the results obtained in Figure 3.10, Figure 3.11 shows that all four sets of primers worked
at an annealing temperature of 60°C, as bands at the expected base pair size could be observed. This
indicated that the primers are also efficient in this specific cell type and do not need to be redesigned,
but also that no further PCR optimisation appeared to be needed.

Figure 3.11: Representative gel obtained after a PCR with genomic DNA from ReN VM cells.
Representative agarose gel electrophoresis results of PCR product analysis. The PCR was performed using the Phusion
polymerase with the four sets of primers (START: FLAG-tag, GS: G2019S, RG: R1441G, and RH: R1398H, as indicated on top of
each lane) with ReN VM genomic DNA. The temperature of the annealing step of the PCR program was set at 60°C. “no DNA
START” is a negative control where the PCR was performed using the START set of primers without genomic DNA sample. Bands
can be observed for each set of primers, and the four sets of primers work with a 60°C annealing temperature.
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Testing of CRISPR/Cas9 plasmids in HEK293T cells

Following this optimisation phase, the next step was to assess the efficiency of genome cutting caused
by each CRISPR/Cas9 plasmid in HEK293T cells. To this end, genomic DNA extracted from transfected
cells was used in PCR assays, and the PCR amplification products were then analysed by sequencing,
which provides chromatograms that allow for the detection of any disruption in the DNA sequence.
Surprisingly, for all eight of the CRISPR/Cas9 plasmids, none of the chromatograms displayed a
discordant signal that would be consistent with DNA damage causing insertions or deletions, as
summarised in Table 3.1 and depicted in representative chromatograms in Figure 3.12 and Figure 3.13.
However, the sequencing reads were not of sufficient quality to be usable in some cases (Table 3.1,
START B and G2019S B). These results indicate that despite reaching transfection efficiencies that
maximise the chance of the CRISPR/Cas9 plasmids working, none of the cells appeared to have been
mutated.
Table 3.1: Summary of the testing of the CRISPR/Cas9 plasmids in HEK293T cells.
Mutation
type

Plasmid

Transfection
efficiency
(on average)

Sequencing
trials

A

61%

9 trials

No cut, readable sequence
across the putative cut site

Figure 3.12

B

68%

8 trials

None of the reads were of
sufficient quality to be usable

-

A

86%

7 trials

No cut, readable sequence
across the putative cut site

Figure 3.12

B

77%

5 trials

None of the reads were of
sufficient quality to be usable

-

A

84%

5 trials

B

70%

5 trials

A

75%

5 trials

B

62%

3 trials

Chromatograms

START
(FLAG-tag)

G2019S

Figure 3.13

R1441G
No cut, readable sequence
across the putative cut site

Figure 3.13

R1398H
-
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Figure 3.12: Representative chromatograms from sequencing of the genomic DNA of HEK293T cells transfected
with CRISPR/Cas9 plasmids showing the absence genomic mutations in LRRK2
Image shows the sequence of genomic DNA from transfected cells at the predicted cut site, which is indicated with a yellow
arrow.
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Figure 3.13: Figure 3.12 continued
Image shows the sequence of genomic DNA from transfected cells at the predicted cut site, which is indicated with a yellow
arrow.

Thus, despite numerous attempts following thorough optimisation, none of the CRISPR/Cas9 plasmids
showed any evidence of being able to elicit double-stranded DNA breaks in LRRK2 in HEK293T cells. Given
the time constraints of a PhD, it was decided to move the project to studying LRRK2 in autophagy and
calcium signalling using conventional transient transfection and pharmacological inhibition, rather than
designing new CRISPR reagents and risking more lost time.
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Discussion

This Chapter describes the strategy and steps towards creating new human cellular models using
CRISPR/Cas9 technology, with the aim of uncovering the role of LRRK2 in PD pathogenesis by comparing
the effects of LRRK2 mutations in isogenic wild-type and mutant cells.
In particular, this Chapter presented the optimisation and testing of CRISPR reagents used to induce
genome editing in cell lines, especially the efficacy of delivery of the CRISPR/Cas9 plasmids into cells and
the measure of their efficiency using PCR and DNA sequencing. A discussion of the results and an outline
of possible future plans related to this work are described below.

3.4.1

Transfection optimisation

In view of the fact that the first transfections performed in HEK293T cells were not meeting the expected
efficiency of 60-80%, the conditions recommended by the manufacturer were adapted by decreasing
the number of cells and increasing the time of transfection to three days which improved transfection
efficiencies to 60-80% (Figure 3.5). Although there was still some variability in transfection efficiency,
this limitation was manageable, as transfection efficiency could be determined within three days, so
experiments with low efficiency could be aborted and repeated quickly.

3.4.2

PCR optimisation

Optimisation of PCR conditions required multiple trials. Modifying the length of the elongation step, the
number of cycles, or adding DMSO to the PCR mix did not ameliorate the results. However, results were
improved by boiling genomic DNA samples after extraction to denature residual proteinase K, and by
switching to Phusion polymerase (Figure 3.8 and Figure 3.9). The best PCR protocols were n°9 and n°11
(Appendix 4). In these conditions, all the sets of primers worked at an annealing temperature of 60°C in
ReN VM cells, and the START primers worked at an annealing temperature of 66°C and the GS, RG and
RH primers at 60°C in HEK293T cells. This discrepancy for the START primers suggests a cell-type
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specificity, for example that the sequence or chromosomal structure targeted by the START genotyping
primers might be slightly different between the cell types.
Importantly also, the primers did not need to be redesigned as the four sets of primers worked in all
three cell types, HEK293T (Figure 3.10), SH-SY5Y (data not shown) and ReN VM (Figure 3.11).
Furthermore, sequencing of PCR products generated from untransfected cells (data not shown)
confirmed that all the products were correct, and that there was no difference between the genomic
sequences in our cell lines compared to the reference sequence to which the CRISPR/Cas9 plasmid guide
RNAs were designed. Thus, the issues with PCR optimisation seemed resolved.

3.4.3

Testing CRISPR/Cas9 plasmids in HEK293T cells

The strategy presented in this Chapter has been successful in the lab before to introduce a mutation in
the NGLY1 gene (Sarah Needs, Sarah Allman and Daniel Berwick, personal communication).
Nevertheless, all the attempts to use the CRISPR plasmids to cause DNA damage to the LRRK2 gene in
HEK293T cells were unsuccessful. The sequencing results showed no evidence of successful genetic
editing in these HEK293T cells (Figure 3.12, Figure 3.13, Table 3.1). A possibility might be that there is
only a very low rate of mutation, as to be hardly detectable, although it is also possible that the Cas9
endonuclease just did not cut the DNA. In either scenario, the data suggest difficulties for the
Cas9/sgRNA complex to access LRRK2 to introduce a mutation. This topic will be discussed further in
Chapter 6. Additional optimisation of the methods is possible, for example, since GFP was used as a proxy
for transfected cells, FACS sorting could be used to select transfected cells and enrich the samples for
cells more likely to have been mutated. Nonetheless, given the number of trials attempted, a more
realistic next step would be to re-design the sgRNAs.
The work in this Chapter was beset by technical issues in regards to transfection and detection of genome
editing. One of the issues encountered was that PCRs with genomic DNA from transfected cells could
not be performed reproducibly. This may have been due to the genomic DNA obtained from transfected
cells, which may not have been of sufficient quality for PCR and sequencing analysis in some cases. In
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addition, the low amount of DNA obtained after gel extraction was also an issue, although various kits
were tested, which might explain the obtention of poor-quality reads for PCR products from PCRs using
genomic DNA from cells transfected with the START B and G2019S B plasmids. To assess DNA damage
and genome editing, an alternative technique to the PCR/sequencing method used in the present study
which could have been used is the Surveyor Assay639. This technique is based on an endonuclease that
recognises a DNA mismatch, and can therefore assess the presence of mutations (insertions/deletions).

3.5

Conclusions

Using the CRISPR/Cas9 technique, the goal was to study the impact of LRRK2 mutations on cellular
pathways. The findings presented in this Chapter show that this technique was unsuccessful in the
present study, and isogenic cell lines carrying LRRK2 mutations to be studied in parallel could not be
created.
Because of this, an alternative approach based on the use of LRRK2 enzymatic inhibition and transient
overexpression of wild-type and mutant forms of LRRK2 was pursued for the assays exploring the role of
LRRK2 in autophagy and calcium signalling that are the focus of Chapter 4 and Chapter 5.

4
Investigations into the role of LRRK2 in autophagy

4.1

Introduction

As mentioned previously (Chapter 1, Section 1.6.2), evidence that LRRK2 plays an important and complex
role in the autophagic pathway is accumulating, but whether LRRK2 acts as a positive or negative
regulator is controversial. This is due to the existence of a wide range of models, protein expression
levels, and protocols used, which together lead to a high variability in the experimental outcomes142.
There is little doubt that LRRK2 and autophagy are intertwined, but with seemingly cell-type specific
effects on the early and late steps of autophagy.
Although the role of LRRK2 in autophagy is not clearly established yet, it is possible to hypothesise that
pathogenic LRRK2 mutations might ultimately lead to neurodegeneration via deregulated autophagy.
LRRK2 mutants might impair this process, resulting in the defective clearance of α-synuclein. Since age
is the major risk factor for PD, it is worth mentioning that aging leads to impairments in the autophagylysosomal pathway142. Thus, aging might participate alongside LRRK2 mutations in preventing αsynuclein clearance through defective autophagy640.
Various techniques have been used to study, modulate and monitor autophagy and autophagic flux since
the middle of the 20th century328. The work in this Chapter is largely based around a widespread
technique to investigate the formation and processing of autophagosomes, namely the use of cells
expressing LC3 proteins tagged with GFP (GFP-LC3). The use of GFP-LC3 allows the visualisation of
autophagic vesicles in both living and fixed cells, but in living cells autophagy can also be followed in realtime. LC3 proteins are cytosolic, but are recruited to nascent autophagic vesicles (phagophores) and
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remain present on autophagic vesicles throughout the autophagic process. Thus, when viewed on a
fluorescent microscope, GFP-tagged LC3 molecules can be seen as both a diffuse staining corresponding
to cytosolic protein, and also as bright punctae of a diameter ≤ 1.5 µm that correspond to autophagic
vesicles. Quantification of the number of GFP-LC3 punctae per cell can then be used to determine the
relative levels of autophagy at any given time, for example basally or following treatment to induce
autophagy. The limitation with this technique is that an increased number of GFP-LC3 punctae can reflect
either an increase in autophagy or a blockage of the final steps of autophagy causing an accumulation of
autophagic vesicles, or a combination of both factors. Thus, well designed GFP-LC3 studies combine the
use of specific autophagy inducers, such as PP242, with agents that block the fusion of autophagic
vesicles with lysosomes, in particular Bafilomycin A1.
The current chapter investigates the impact of LRRK2 enzymatic activities and LRRK2 pathogenic and
protective variants on the autophagic pathway with the aim of gaining insight into the involvement of
LRRK2 in this process and in particular, the steps at which it acts. To do so, the LRRK2 kinase and GTPase
activities were modulated with pharmacological inhibitors, and the effects of LRRK2 mutations were
investigated by transfection of wild-type and mutant LRRK2 constructs.
Three cell lines were used for the experiments described in this Chapter. The majority of experiments
were performed in HEK293 GFP-LC3 cells, since their expression of GFP-LC3 facilitates measurements of
autophagy. In addition, HEK293 GFP-LC3 are easily transfectable which means that LRRK2 mutants can
be tested by transient transfection. The other two cell lines used were wildtype RAW264.7 macrophages
and isogenically matched Lrrk2-knockout RAW264.7 macrophages (referred to as WT macrophages and
Lrrk2 KO macrophages, respectively). These paired cell lines were investigated in parallel to assess the
impact of the loss of Lrrk2 on autophagy.
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Verification of the experimental conditions for quantifying GFP-LC3 punctae

Prior to using HEK293 GFP-LC3 cells for more detailed experimentation, it was first considered necessary
to ensure that changes in the number of GFP-LC3 punctae could be robustly induced and quantified in
our system.
To this end, published work using this cell line was consulted, which indicated that one-hour treatment
with PP242 at a concentration of 2 μM in normal nutrient-rich media (10% (v/v) FBS) would likely be
sufficient for inducing GFP-LC3 punctae. PP242 (also known as Torkinib) is a potent inhibitor of the two
mTOR complexes mTORC1 and mTORC2641. Since mTORC1 is a negative regulator of autophagy,
treatment of cells with PP242 relieves this repression of autophagy, thereby triggering an increase in
autophagic vesicle production.
As can be seen in Figure 4.1, PP242 treatment elicited a marked increase in the number of GFP-LC3
punctae compared to DMSO-treated cells. Consequently, these conditions were used in subsequent
studies. Confirming their suitability for the study of autophagy in this cell line, when averaged across all
experiments presented in this Chapter, HEK293 GFP-LC3 cells had a mean number of 20 GFP-LC3 punctae
per cell following treatment, compared to 5 punctae per cell without treatment (i.e., basally).
The conditions chosen for the assay are therefore appropriate to obtain robust differences between the
number of GFP-LC3 punctae and allow the distinction between basal and induced autophagy (see
Chapter 2 for details on quantification methods).
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Figure 4.1: Representative images of GFP-LC3 punctae in HEK293 GFP-LC3 cells.
The HEK293 GFP-LC3 cells stably express GFP-LC3 and appear green due to the diffuse distribution of this protein. The diffuse
GFP-LC3 distribution represents GPF-LC3 molecules that are not associated with autophagic vesicles. By contrast, the brighter
green punctae represent autophagic vesicles. A higher number of punctae are visible in the autophagy-induced condition (PP242
2 µM, 1 hour) compared to unstimulated cells (DMSO, 1:1000 equivalent dilution) with a basal level of autophagy. Images on
the left are original images acquired at 63x magnification. Images on the right are enlargements of the indicated areas within
the original.
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Effects of LRRK2 inhibitors on autophagy in HEK293 GFP-LC3 cells

Having established conditions to induce autophagy in HEK293 GFP-LC3 cells, the effects of LRRK2 kinase
and GTPase inhibitors on basal and PP242-induced autophagy in HEK293 GFP-LC3 cells were explored.

4.3.1

LRRK2 inhibitors used in this thesis

The three different kinase inhibitors and the GTPase inhibitor used are shown in Figure 4.2. Although the
three kinase inhibitors are mechanistically similar, their structures are different, so it can be assumed
that they will have different off-target activities. Additionally, Hatcher and colleagues174 have categorised
these three kinase inhibitors differently based on their chemistry, i.e. GSK2578215A is an arylbenzamide,
GNE-9605 is an aminopyrimidine, and PF-06447475 is a pyrrolopyrimidine. Thus, when combined with
the use of a GTPase inhibitor that is both structurally and mechanistically distinct, any effects that are
common to all four molecules are almost certainly the consequence of direct targeting of LRRK2.

Figure 4.2: Structure of the LRRK2 inhibitors used in this study.
The three LRRK2 kinase inhibitors are GSK2578215A, GNE-9605 and PF-06447475, and the GTPase inhibitor is FX2149. The
colours of the atoms represent: cyan: carbon, red: oxygen, blue: nitrogen, yellow: sulfur and olive: fluorine. The sources of the
structures are the original papers for each inhibitor (GSK2578215A642, GNE-9605643, PF-06447475644 and FX2149177). The
structures were made using ChemSketch and ACD/3D Viewer freeware (ACD Labs).
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Importantly, this assumption is supported empirically by these drugs’ respective in vitro kinome
analyses. In the case of GSK2578215A642, kinome analysis reported three kinases as likely off-targets;
smooth muscle myosin light chain kinase (smMLCK; also known as MYLK1) was the only kinase in a panel
of 131 kinases found to display decreased enzymatic activity, whereas anaplastic lymphoma kinase (ALK)
and the D835Y oncogenic variant of fms like tyrosine kinase 3 (FLT3; also known as CD35) were the only
hits from a 460 enzyme kinase-binding screen. Showing a similar degree of selectivity, GNE-9605, whose
structure has been described as different from most of the LRRK2 inhibitors that were reported at the
time of discovery (presumably including GSK2578215A), was found to inhibit the enzymatic activity of
just one of 178 other kinases, TAK1-TAB1643. TAK1-TAB1 is an artificial constitutively active variant made
by fusing transforming growth factor-β1-activated kinase-1 (TAK1; also known as MAP3K7) with its
activator, TAK1-binding protein 1 (TAB1)645. PF-06447475 appears to be less specific, with the same
Ambit kinase-binding screen technology646 used for GSK2578215A identifying a number of STE20 family
kinases as potential targets, in particular 3 MST kinases644. There are some important caveats when
comparing these studies, including the different assays and concentrations of inhibitor used, and the
fact that all experiments were in vitro and do not assess kinase inhibition in living cells. In addition, none
of these studies covered every one of the 518 human kinases647, with kinase panels often inflated by
including multiple variants of the same enzyme. Nonetheless, the data indicate that each compound is
relatively selective, and also support the idea that each is likely to have a different profile of off-target
activity, with a common off-target shared by all three relatively unlikely.
With regard to the GTPase inhibitor FX2149, this compound is described as being LRRK2-specific and
synthesised based on the crystal structure of the LRRK2 GTPase domain177. Importantly, the vast majority
of other human kinases do not contain GTPase domains, and the LRRK2 kinase domain is also distinct in
structure from those of small GTPases, which would make an indirect effect on kinase activity via small
GTPase inhibition in cells less likely. Nonetheless, FX2149 has not been subjected to comparable kinase
analyses as those described for the aforementioned LRRK2 kinase inhibitors, so the kinase selectivity of
this compound remains unsupported by evidence. Of note however, FX2149 has been shown to not alter
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LRRK1 GTP-binding nor kinase activity177. This is an important observation in the context of the work in
this thesis, since none of the kinase inhibitors studies mentioned above appeared to have explored the
potential for these compounds to affect the protein most closely related to LRRK2.
Following published literature, the three LRRK2 kinase inhibitors GSK2578215A, GNE-9605 and PF06447475 were used at 1 µM. The GTPase inhibitor FX2149179, which was synthesised at The Open
University by Dr Sarah Allman (University of Reading), has reportedly a greater potency than the kinase
inhibitors. Thus, it was considered judicious in initial experiments to use this compound at the lower
concentration of 100 nM, but also at 1 µM for consistency with the other compounds.

4.3.2

Cell viability assay

Prior to using the inhibitors in assays of autophagy, their potential cytotoxicity was assessed in our
system. For this purpose, the effects of the compounds were measured with an established and widely
used approach, the Alamar Blue cell viability assay. The Alamar Blue Assay is based on the redox
properties of the indicator dye resazurin (henceforth called AB) that changes colour upon metabolic
activity. AB is blue and non-fluorescent in its initial oxidised form but pink and fluorescent when reduced.
Viable, growing cells maintain a reducing environment due to respiration, whereas inhibition of growth
creates an oxidised environment. The fluorescence or absorbance of AB can thus be measured using a
plate reader, to reveal changes in the metabolic activity and viability of cultured cells.
HEK293 GFP-LC3 cells were incubated with LRRK2 inhibitors for 17 hours, which corresponded to the
longest inhibitor treatment used in autophagy assays (a 16 hours overnight pre-treatment, followed by
a further one-hour treatment with PP242 or DMSO). Following the addition of AB, absorbance was
measured after 4 hours of incubation at 37°C. The presence of the inhibitors did not alter the reduction
of AB compared to DMSO, indicating that the inhibitors displayed no significant toxicity when applied at
1 µM for 17 hours (Figure 4.3). As such, these treatment conditions can be used to study autophagy in
HEK293 GFP-LC3 cells without confounding cytotoxic effects.
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Figure 4.3: The LRRK2 inhibitors did not show cytotoxicity in HEK293 GFP-LC3 cells using Alamar Blue assay.
HEK293 GFP-LC3 cells were incubated overnight (17 hours) with the four LRRK2 inhibitors (GSK2578215A: GSK; GNE-9605: GNE;
PF-06447475: PF; FX2149: FX; all at 1 µM) or DMSO (at an equivalent 1:1000 dilution). The absorbance was measured at 570
nm after 4 hours of incubation in a cell culture incubator. The background (negative control) was subtracted from the values,
and the data was normalised to the DMSO values to obtain the percentage of reduction of AB, which corresponds to the viability
of the cells. For each condition, 3 replicates were used per experiment. n=3 repeats (triplicates/repeat), One-way ANOVA (with
grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant. Treatment effect: F(1.103, 2.207)=0.6591;
p=0.5107.

4.3.3

LRRK2 inhibition does not affect basal GFP-LC3 punctae levels in HEK293 GFP-LC3
cells

The effect of overnight LRRK2 inhibition on basal levels of autophagy was tested (Figure 4.4).
Importantly, neither the LRRK2 kinase inhibitors (1 µM) nor the GTPase inhibitor (100 nM or 1 µM)
induced significant changes in the number of GFP-LC3 punctae compared to the control. Although the
overall mean for GNE-9605 treated cells is noticeably higher, this was caused by a single outlier
experiment and the difference did not approach statistical significance in post-hoc analysis
(p= 0.69).
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Figure 4.4: No effect of 16 hours LRRK2 inhibition on basal GFP-LC3 punctae levels in HEK293 GFP-LC3 cells.
HEK293 GFP-LC3 cells were treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all at
1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM and 1 µM) for 16 hours. For each condition, the mean number (± SEM) of GFPLC3 punctae per cell was calculated, using 50 cells per condition. n=6 repeats (1 coverslip/repeat). One-way ANOVA (with
grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant. Treatment effect: F(1.058, 5.291)=1.434;
p=0.28.

4.3.4

LRRK2 inhibition prevents the PP242-induced increase of GFP-LC3 punctae in
HEK293 GFP-LC3 cells

Since no effects of LRRK2 inhibitors were found on basal autophagy, the next step was to investigate
whether these compounds might affect autophagy under conditions where the numbers of autophagic
vesicles are elevated. As mentioned in the introduction to this Chapter, an increase in the number of
autophagic vesicles can originate from two distinct mechanisms: an induction of autophagy, i.e.
increasing the amount of autophagy beyond its basal levels; or from a blockage in basal autophagy at its
later stages, which causes an accumulation of autophagosomes without affecting the rate at which they
are produced329. Nonetheless, these mechanisms can be distinguished experimentally with the use of
PP242 and Bafilomycin A1 (BafA1)334,648. As mentioned, PP242 relieves mTORC1-mediated repression of
autophagy, and thus causes an increase in autophagic vesicle number by inducing autophagy. By
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contrast, BafA1 is an inhibitor of lysosomal v-H+-ATPases that has the effect of preventing lysosomal
acidification, which in turn prevents both the formation of autolysosomes and the fusion between
autophagosomes and lysosomes, leading to an impairment in the clearance of autophagic vesicles.
Consistent with the pilot experiment shown in Figure 4.1, one-hour treatment with PP242 at 2 µM
induced a marked increase in the number of GFP-LC3 punctae (Figure 4.5). Surprisingly however, 16
hours pre-treatment with the LRRK2 kinase (1 µM) and GTPase (100 nM or 1 µM) inhibitors completely
abolished this increase. Thus, whilst LRRK2 kinase and GTPase activities do not appear to be involved in
basal autophagy in HEK293 GFP-LC3 cells, these enzymatic activities may be a requirement for autophagy
induced by mTORC1 inhibition in this cell line.

Figure 4.5: 16 hours LRRK2 inhibition prevented the PP242-induced increase in GFP-LC3 punctae number in
HEK293 GFP-LC3 cells.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM and 1 µM) or DMSO (1:1000 equivalent dilution) for 16 hours, and treated
with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. For each condition, the mean number (± SEM) of GFP-LC3
punctae per cell was calculated, using 50 cells per condition. n=3 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping
by experimental repeat), Tukey post-hoc test. PP242 treatment effect: F(1, 2)=1295; p=0.0008, inhibitors effect: F(5, 10)=5.457;
p=0.01, interaction: F(5, 10)=12.43P=0.0005. On graph: p<0.001 (***), p<0.01 (**).
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LRRK2 inhibition does not prevent BafA1-induced accumulation of GFP-LC3 punctae
in HEK293 GFP-LC3 cells

The previous results indicate that LRRK2 inhibitors have no effect on basal autophagy but suppress the
PP242-induced increase in GFP-LC3 punctae number, which is consistent with the involvement of LRRK2
in the induction of autophagy in HEK293 GFP-LC3 cells. To support this, the effect of these compounds
was tested on the increase in GFP-LC3 punctae number resulting from treatment with BafA1 (0.1 µM, 1
hour) (Figure 4.6).
Consistent with published data, BafA1 induced an increase of GFP-LC3 punctae in control cells (Figure
4.6 and Figure 4.7). However, in contrast to PP242 treatment, a similar increase can be observed in
HEK293 GFP-LC3 cells that were pre-treated overnight with each of the four LRRK2 inhibitors (Figure 4.7).
These data thus indicate that LRRK2 kinase and GTPase activities are unlikely to be involved in the later
stages of autophagy in these cells.
The results presented in Figure 4.7 also indicate that overnight treatment with LRRK2 kinase or GTPase
inhibitors does not appear to place an upper limit on total GFP-LC3 punctae production within the range
observed in this experiment (i.e., up to approximately 40 punctae per cell). Importantly, the numbers of
GFP-LC3 punctae per cell elicited by PP242 treatment were within this range (up to approximately 20
puncta per cell; Figure 4.5). These results give confidence that the reduction in PP242-induced autophagy
elicited by these compounds is likely caused by a specific impairment in autophagy induction, and is not
the consequence of a general restriction in the number of GFP-LC3 punctae that the cells are able to
form.
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Figure 4.6: Representative images of GFP-LC3 punctae in BafA1-treated HEK293 GFP-LC3 cells
Representative images of cells treated with DMSO or 0.1 µM BafA1 for 1 hour. Images on the left are original images acquired
at 63x magnification. Images on the right are enlargements of the indicated areas within the original images.

Figure 4.7: No effect of 16 hours LRRK2 inhibition on BafA1-induced GFP-LC3 punctae levels in HEK293 GFP-LC3
cells.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM and 1 µM) or DMSO (1:1000 equivalent dilution) for 16 hours followed by
treatment with BafA1 (0.1 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. For each condition, the mean number (± SEM)
of GFP-LC3 punctae per cell was calculated, using 50 cells per condition. n=3 repeats (1 coverslip/repeat). Two-way ANOVA
(with grouping by experimental repeat), Tukey post-hoc test. BafA1 treatment effect: F(1, 2)=64.76; p=0.015, inhibitors effect:
F(5, 10)=1.593; p=0.25, interaction: F(5, 10)=0.5837; p=0.71. On graph: p<0.001 (***), p<0.01 (**).
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Acute LRRK2 inhibition is sufficient to prevent the PP242-induced increase of GFPLC3 punctae in HEK293 GFP-LC3 cells

The previous results showed that overnight treatment with LRRK2 inhibitors blocks the PP242-induced
increase in GFP-LC3 punctae in HEK293 GFP-LC3 cells. However, the length of this treatment is a potential
limitation as longer pharmacological treatments increase the risk that observed results are not directly
due to the inhibition of the target, but are caused by effects downstream of target inhibition, potentially
including adaptive responses to prolonged target inhibition. Therefore, shorter treatments provide more
informative data. The effects of the LRRK2 inhibitors on the PP242-induced increase in GFP-LC3 punctae
number were thus measured using a one-hour pre-treatment (Figure 4.8).

Figure 4.8: One-hour LRRK2 inhibition prevented the PP242-induced increase in GFP-LC3 punctae number in
HEK293 GFP-LC3 cells.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM and 1 µM) or DMSO (1:1000 equivalent dilution) for 1 hour, followed by
treatment with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. For each condition, the mean number (± SEM)
of GFP-LC3 punctae per cell was calculated, using 50 cells per condition. n=3 repeats (1 coverslip/repeat). Two-way ANOVA
(with grouping by experimental repeat), Tukey post-hoc test. PP242 treatment effect: F(1, 2)=86.98; p=0.01, inhibitors effect:
F(5, 10)=8.962; p=0.0019, interaction: F(5, 10)=14.35; p=0.0003. On graph: p<0.0001 (****), p<0.001 (***).
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Similar to 16 hours pre-treatment (Figure 4.5), all four LRRK2 inhibitors blocked the PP242-induced
accumulation of GFP-LC3 punctae (Figure 4.8). These results suggest that the observed effect of these
compounds on PP242-induced GFP-LC3 punctae formation is likely due to LRRK2 acting immediately
upon processes involved in autophagy induction, rather than being the consequence of less specific
events further downstream of LRRK2 kinase and GTPase inhibition.
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Effects of LRRK2 inhibitors on autophagy at an early stage in HEK293 GFPLC3 cells

WIPI2 is a protein involved in the early steps of the generation of autophagosomal structures 649, where
it not only acts upstream of LC3 but is required for the recruitment of LC3 to autophagic vesicles650.
Similar to LC3, the induction of autophagy causes WIPI2 to be recruited to membrane structures,
allowing its activation to be monitored by fluorescent microscopy as the formation of punctae. Since the
previous results in this chapter suggested a role for LRRK2 in PP242-induced autophagy, either at the
level of or upstream of the formation of GFP-LC3 punctae, the next step was to investigate the effects of
LRRK2 kinase and GTPase inhibition on PP242-induced WIPI2 punctae.

4.4.1

Establishing an assay to quantify endogenous WIPI2 punctae in HEK293 GFP-LC3
cells

Assays to quantify endogenous WIPI2 punctae as a measure of early-stage autophagy had not previously
been performed in our laboratory. Thus, before the effect of LRRK2 inhibition on autophagy could be
studied by quantification of WIPI2 punctae, the necessary experiment conditions needed to be verified.
For consistency with the GFP-LC3 data, the same HEK293 GFP-LC3 cell line was used with an identical
PP242 treatment of 2 µM for one hour to induce autophagy via mTORC1 inhibition. The
immunocytochemistry conditions chosen were an adaptation of a standard staining protocol used in the
Berwick laboratory, with a WIPI2 antibody recommended by Nick Ktistakis (Babraham Institute,
Cambridge).
Figure 4.9 shows representative images of endogenous WIPI2 staining from HEK293 GFP-LC3 cells
treated with PP242 or DMSO. Although some punctae can be seen in the DMSO-treated cells, the
antibody staining is generally diffuse in appearance. However, upon autophagy induction with PP242, a
greater number of punctae can be seen within the cells. Indeed, across all experiments performed in
HEK293 GFP-LC3 cells in this study, the cells had a mean number of 21 WIPI2 punctae per cell following
treatment, compared to 9 punctae per cell without treatment (i.e., basally). As such, when using this
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WIPI2 antibody staining protocol, the same PP242 treatment conditions used for GFP-LC3 assays can be
utilised to reliably distinguish basal autophagy and autophagy induced by mTORC1 inhibition.

Figure 4.9: Representative images of endogenous WIPI2 punctae in HEK293 GFP LC3 cells.
HEK293 GFP-LC3 cells were stained with an antibody against endogenous WIPI2. The diffuse WIPI2 distribution represents the
WIPI2 molecules that are not associated with autophagic vesicles. By contrast, the brighter red punctae represent autophagic
vesicles that contain WIPI2. A higher number of punctae are visible in the autophagy-induced condition (PP242 at 2 µM, 1 hour)
compared to unstimulated cells with a basal level of autophagy. Images on the left are original images acquired at 63x
magnification. Images on the right are enlargements of the indicated areas within the original.

4.4.2

LRRK2 inhibition reduces PP242-induced endogenous WIPI2 punctae formation in
HEK293 GFP-LC3 cells

The effect of LRRK2 inhibition on the formation of endogenous WIPI2 punctae was investigated using
identical treatment conditions to those used to study GFP-LC3 punctae in Figure 4.8 (one-hour pretreatment with the kinase inhibitors at 1 µM or GTPase inhibitor at 100 nM, followed by one-hour
induction of autophagy with PP242 at 2 µM).
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Consistent with all previous GFP-LC3 assays, LRRK2 inhibition had no effect on basal autophagy, but
appeared to impair PP242-induced autophagy (Figure 4.10). In particular, when compared to the DMSOtreated cells, three of the four LRRK2 inhibitors (GNE-9605, PF-06447475 and FX2149) elicited
statistically significant reductions in the number of PP242-induced WIPI2 punctae, while GSK2578215A
appeared to cause a consistent, although non-significant, effect. These results suggest that LRRK2
inhibitors either blocked PP242-induced autophagy upstream of both LC3 and WIPI2, or upstream of LC3
and at the level of WIPI2. Note that since experiments confirmed the efficacy of FX2149 at the lower
concentration of 100 nM, this compound was only used at 100 nM in this and subsequent autophagy
experiments.

Figure 4.10: One-hour LRRK2 inhibition prevented the PP242-induced increase in endogenous WIPI2 punctae
number in HEK293 GFP-LC3 cells.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, followed by treatment
with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. The cells were then fixed and stained with an antibody
against the early autophagic marker WIPI2. For each condition, the mean number (± SEM) of WIPI2 punctae per cell was
calculated, using 30 cells per condition. n=4 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping by experimental
repeat), Tukey post-hoc test. PP242 treatment effect: F(1, 3)=28.05; p=0.013, inhibitors effect: F(4, 12)=6.07; p=0.0066,
interaction: F(4, 12)=5.274; p=0.01. On graph: p<0.0001 (****), p<0.01 (**), p<0.05 (*).

It is worth observing that the extent to which LRRK2 kinase and GTPase inhibitors blocked PP242-induced
WIPI2 punctae formation was not as strong as was observed for PP242-induced GFP-LC3 punctae
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formation (cf. Figure 4.8 and Figure 4.10). In principle, a quantitative comparison between the effect sizes
in these two experiments might provide information about the likely sites of action for LRRK2 kinase and
GTPase activities within the autophagic pathway, but in this case the comparison is limited by the
experiments being performed separately. Nevertheless, since the WIPI2 assays were performed in
HEK293 GFP-LC3 cells, the number of GFP-LC3 punctae could also be quantified in the same cells, thereby
allowing a direct comparison to be made (Figure 4.11).

Figure 4.11: One-hour LRRK2 inhibition prevented the PP242-induced increase in GFP-LC3 punctae number in the
same HEK293 GFP-LC3 cells used for endogenous WIPI2 assays.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, followed by treatment
with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. The cells were then fixed and stained with an antibody
against the early autophagic marker WIPI2. For each condition, the mean number (± SEM) of GFP-LC3 punctae per cell was
calculated, using 30 cells per condition. n=4 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping by experimental
repeat), Tukey post-hoc test. PP242 treatment effect: F(1, 3)=68.88; p=0.0037, inhibitor effect: F(4, 12)=14.08; p=0.0002,
interaction: F(4, 12)=17.73; p<0.0001. On graph: p<0.0001 (****), p<0.001 (***), p<0.01 (**).

Within the same cells used for the WIPI2 assay presented in Figure 4.10, a significant reduction in PP242induced GFP-LC3 punctae can be observed with all four inhibitors (Figure 4.11). Importantly however,
the effects were not as marked as seen previously (cf. Figure 4.8 and Figure 4.11). This indicates that the
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different extents to which the inhibitors prevented PP242-induced punctae formation is most likely due
to inter-experimental variability, rather than differences between the effect of LRRK2 inhibition on GFPLC3 and WIPI2 punctae.
For completeness, the number of punctae that appear to be positive for both GFP-LC3 and WIPI2 were
quantified (Figure 4.12), although the colocalisation of the two markers cannot be guaranteed as the
images were not acquired with confocal microscopy. In theory, GFP-LC3 and WIPI2 double positive
punctae represent an intermediary stage in the autophagic pathway, between vesicles containing only
WIPI2, and vesicles containing only GFP-LC3. As expected, PP242 treatment induced an increase in these
double-positive vesicles, which was partially blocked by all four LRRK2 inhibitors (Figure 4.12).

Figure 4.12: One-hour LRRK2 inhibition prevented the PP242-induced increase in GFP-LC3 and WIPI2 double
positive punctae number in HEK293 GFP-LC3 cells.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, followed by treatment
with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. The cells were then fixed and stained with an antibody
against the early autophagic marker WIPI2. For each condition, the mean number (± SEM) of GFP-LC3/WIPI2 double positive
punctae per cell was calculated, using 30 cells per condition. n=4 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping
by experimental repeat), Tukey post-hoc test. PP242 treatment effect: F(1, 3)=18.8; p=0.0226, inhibitors effect: F(4, 12)=6.191;
p=0.0061, interaction: F(4, 12)=8.064; p=0.0021. On graph: p<0.0001 (****), p<0.001 (***), p<0.01 (**).
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To confirm that the LRRK2 kinase and GTPase inhibitors were blocking the PP242-induced increase of
the three categories of punctae to the same extent, the percentage of inhibition achieved by each LRRK2
inhibitor was determined. The calculations were performed by first subtracting from each PP242-treated
value its corresponding DMSO value, so that the resulting values were measures of the mean number of
punctae per cell produced specifically by the PP242 treatment. These numbers were normalised to the
DMSO control and expressed as percentages, such that the extent to which each LRRK2 inhibitor affected
the PP242-induced increase in the three types of punctae could be calculated.
As depicted in Figure 4.13, this analysis indicated that each LRRK2 inhibitor impaired the PP242-induced
increase in endogenous WIPI2 positive punctae, GFP-LC3 positive punctae and GFP-LC3/WIPI2 double
positive punctae to similar extents, with no significant differences observed. These data strongly suggest
that LRRK2 inhibition is impairing PP242-induced autophagy either at the level of WIPI2 or at a site
upstream of this protein in HEK293 GFP-LC3 cells.

Figure 4.13: LRRK2 inhibition prevented the PP242-induced increase in the three types of punctae number to
similar extents in HEK293 GFP-LC3 cells.
The bars represent the percentage of inhibition of the PP242-induced punctae formation associated with each compound
(GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; FX2149: FX). The percentage of inhibition was obtained from the data
showed in the Figures 4.9, 4.10 and 4.11. n=4 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping by experimental
repeat), non-significant. Punctae type effect: F(2, 6)=1.86; p=0.235, inhibitors effect: F(3, 9)=2.303; p=0.1456, interaction: F(6,
18)=0.267; p=0.9452.
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Effects of LRRK2 inhibitors on autophagy in macrophages

As argued in Section 1.6.2 (Chapter 1), the published literature describing effects of modulating LRRK2
enzymatic activities on autophagy are frequently contradictory, which might suggest cell type specific
roles for LRRK2. However, few publications study more than one cell line, so differences in the literature
can also be attributable to the experimental set-ups used in different laboratories, meaning the
explanation of cell type specificity cannot be made with confidence. To address this, RAW264.7
macrophages cells were used to evaluate the effect of LRRK2 inhibitors on endogenous WIPI2 assays,
performed under identical conditions to those used in HEK293 GFP-LC3 cells. This immune cell type might
seem an unusual choice of cell to study a Parkinson’s disease protein, but as stated earlier (Chapter 1,
Section 1.6.1.5), neuroinflammation is an important mechanism in the pathology of PD 651. Moreover,
there is an increased activation of the immune response with aging, and immune cells express high levels
of LRRK2, with expression increasing when the cells are activated165,166, which suggests a role for LRRK2
in immune cell response and neuroinflammation. Importantly also, parallel experiments can be
performed in isogenically matched RAW264.7 macrophages that are knockout for Lrrk2, thereby
allowing a comparison between two forms of Lrrk2 loss of function: acute enzymatic inhibition and loss
of protein expression.

4.5.1

Establishing conditions to study PP242-induced autophagy in macrophages

Prior to using LRRK2 inhibitors in autophagy assays in the RAW264.7 macrophages cell lines, their
potential cytotoxicity was assessed in experiments identical to that described in Section 4.3.2. In both
WT and Lrrk2 KO macrophage cell lines, the presence of the inhibitors did not alter the reduction of AB
compared to DMSO, indicating that the inhibitors displayed no significant cytotoxicity when applied at 1
µM for 17 hours (Figure 4.14). As such, the treatment conditions used in HEK293 GFP-LC3 cells can be
utilised to study autophagy in macrophages as well.
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Figure 4.14: The LRRK2 inhibitors did not show cytotoxicity in RAW264.7 macrophages using Alamar Blue assay
RAW264.7 WT or Lrrk2 KO macrophages were incubated overnight (17 hours) with the four LRRK2 inhibitors (GSK2578215A:
GSK; GNE-9605: GNE; PF-06447475: PX; FX2149: FX all at 1µM) or DMSO (at an equivalent 1:1000 dilution). The absorbance was
measured at 570 nm after 4 hours of incubation in a cell culture incubator. The background (negative control) was subtracted
from the values, and the data was normalised to the DMSO values to obtain the percentage of reduction of AB, which
corresponds to the viability of the cells. For each condition, 3 replicates were used per experiment. n=3 repeats
(triplicates/repeat), One-way ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant.
WT treatment effect: F(1.067, 2.133)=1.943; p=0.29, KO treatment effect: F(1.593, 3.186)=1.058; p=0.42.

Investigations into the role of LRRK2 in autophagy

| 167

Since the RAW264.7 macrophages do not express GFP-LC3, the effect of LRRK2 inhibition on autophagy
was studied by quantification of endogenous WIPI2 punctae. Thus, the WT and Lrrk2 KO macrophages
were subjected to the same treatment and immune staining protocol used in HEK293 GFP-LC3 cells, in a
pilot experiment to verify that these conditions would be suitable.
Figure 4.15 shows representative images of WIPI2 staining from WT or Lrrk2 KO macrophages cells
treated with PP242 or DMSO. Although some punctae can be seen in the DMSO-treated controls, the
antibody staining is generally diffuse in appearance. Upon autophagy induction with PP242 (2 µM, 1
hour), a greater number of punctae can be seen within the cells. Indeed, across all experiments
performed in WT or Lrrk2 KO macrophage cells in this study, the cells had a mean of 10 WIPI2 punctae
per cell following PP242 treatment, compared to 2 punctae per cell basally.
Thus, this protocol can be used in macrophages to reliably distinguish basal autophagy and induced
autophagy via quantification of endogenous WIPI2 punctae.
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Figure 4.15: Representative images of endogenous WIPI2 punctae in RAW264.7 WT or Lrrk2 KO macrophages.
RAW264.7 WT or Lrrk2 KO macrophages were stained with an antibody against endogenous WIPI2. The diffuse WIPI2
distribution represents the WIPI2 molecules that are not associated with autophagic vesicles. By contrast, the brighter red
punctae represent autophagic vesicles that contain WIPI2. A higher number of punctae are visible in the autophagy-induced
condition (PP242 2 µM, 1 hour) compared to unstimulated cells with a basal level of autophagy. Images on the top rows are
original images acquired at 63x magnification. Images on the bottom rows are enlargements of the indicated areas within the
original images.

Investigations into the role of LRRK2 in autophagy

4.5.2

| 169

Loss of LRRK2 does not affect basal or PP242-induced endogenous WIPI2 punctae
levels in macrophages

The effect of the loss of Lrrk2 on autophagy in macrophages was analysed using WIPI2 punctae
quantification. As expected, PP242 treatment increased the number of WIPI2 punctae compared to
control cells treated with the vehicle DMSO (Figure 4.16). Interestingly, there was no difference between
the two genotypes, in either basal or PP242-induced WIPI2 punctae numbers.

Figure 4.16: The loss of Lrrk2 in macrophages did not affect basal or PP242-induced WIPI2-punctae levels.
WT or Lrrk2 KO macrophages were treated with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour, then fixed and
stained with an antibody against endogenous WIPI2. For each condition, the mean number (± SEM) of WIPI2 punctae per cell
was calculated, using 30 cells per condition. n=3 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping by experimental
repeat), Tukey post-hoc test. Treatment effect: F(1, 2)=8614; p=0.0001, genotype effect: F(1, 2)=0.05176; p=0.84, interaction:
F(1, 2)=0.3085; p=0.63. On graph: p<0.05 (*).

4.5.3

LRRK2 inhibition does not affect basal or PP242-induced endogenous WIPI2 punctae
levels in macrophages

The observation that loss of Lrrk2 does not affect basal or PP242-induced WIPI2 punctae numbers in WT
macrophages (Figure 4.16) suggests that Lrrk2 is unlikely to be involved in autophagy in this cell type.
However, this result does not exclude the possibility of a requirement for Lrrk2 that is masked by
adaptive changes in the Lrrk2 KO cell line. To test this possibility, and also to allow a comparison between
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macrophages and HEK293 GFP-LC3 cells, the effect of acute (1 hour) Lrrk2 kinase and GTPase inhibition
on basal or PP242-induced WIPI2 punctae levels was examined in WT macrophages.
Consistent with the equivalent experiments performed in HEK293 GFP-LC3 cells (Figure 4.10), inhibition
of Lrrk2 kinase or GTPase activities had no effect on basal WIPI2 punctae number (Figure 4.17). In marked
contrast however, the four compounds had no effect on the number of PP242-induced WIPI2 punctae
(Figure 4.17). The data in this experiment thus support the previous results comparing autophagy in WT
and Lrrk2 KO macrophages, and indicate that Lrrk2 is unlikely to be involved in autophagy in this cell
type.

Figure 4.17: One-hour Lrrk2 inhibition had no effect on basal or PP242-induced WIPI2 punctae levels in
macrophages.
RAW264.7 WT macrophages were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475:
PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, then treated with
PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. Cells were then fixed and stained with an antibody against
endogenous WIPI2. For each condition, the mean number (± SEM) of WIPI2 punctae per cell was calculated, using 30 cells per
condition. n=3 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping by experimental repeat), Tukey post-hoc test.
PP242 treatment effect: F(1, 2)=145.3; p=0.0068, inhibitors effect: F(4, 8)=1.173; p=0.39, interaction: F(4, 8)=1.063; p=0.43. On
graph: p<0.0001 (****), p<0.001 (***).
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Effect of LRRK2 inhibition on Ivermectin-induced mitophagy in HEK293 GFPLC3 cells

Mitochondrial dysfunction has been shown to play an important role in PD pathology. LRRK2 has been
implicated in mitochondrial defects652–655, and a growing number of studies implicate pathogenic LRRK2
mutants

in

mitochondrial

dysfunction,

notably

affecting

mitochondrial

morphology

and

clearance650,656,657. Importantly, damaged mitochondria are targeted for degradation via a selective type
of autophagy called mitophagy, and numerous studies suggest that autophagy impairment disrupts
mitochondrial homeostasis, which can eventually lead to cell death and neurodegeneration.
To support the data obtained in this study, the effects of the LRRK2 inhibitors were tested on mitophagy
induced by Ivermectin (IVM). IVM is a compound that is widely used as an anti-parasitic drug658,659, but
can be used as a selective inducer of mitophagy, triggering robust responses within 2 hours of treatment
as determined by quantification of LC3 and WIPI2 punctae, among other methods659. Importantly,
whereas PP242 induces autophagy by acting as an mTORC1 and mTORC2 inhibitor, in HEK293 cells at
least, IVM does not appear to rely on mTORC1659. Thus, as well as acting as an inducer of a specific type
of autophagy that is pertinent to Parkinson’s disease, the use of IVM can complement experiments
performed using PP242 by allowing the study of a form of autophagy that, in our HEK293 GFP-LC3 cells,
is likely independent of mTORC1 inhibition.
Using conditions shown by others to robustly induce mitophagy in HEK293 cells659, HEK293 GFP-LC3 cells
were treated with IVM for two hours at a concentration of 15 µM, before GFP-LC3 punctae were
quantified by live-cell imaging. As can be seen in the representative images (Figure 4.18), this treatment
induced the formation of GFP-LC3 punctae comparable to the induction observed following one-hour
PP242 treatment in previous experiments.
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Figure 4.18: Representative images of GFP-LC3 punctae in IVM-treated HEK293 GFP-LC3 cells
Representative images of cells treated with DMSO or IVM at 15 µM for 2 hours. A greater number of GFP-LC3 punctae are visible
following IVM treatment. Images on the left are original images acquired at 63x magnification. Images on the right are
enlargements of the indicated areas within the original images

To investigate the requirement of LRRK2 kinase and GTPase activities in this process, cells were pretreated for one hour with the LRRK2 kinase inhibitors (at 1 µM) or GTPase inhibitor (at 100 nM) or with
DMSO prior to the IVM treatment (Figure 4.19). As expected, IVM triggered a significant increase in the
number of GFP-LC3 punctae in DMSO-treated cells, and consistent with previous experiments, none of
the LRRK2 inhibitors affected the basal number of GFP-LC3 punctae (Figure 4.19). Consistent with effects
on PP242-induced autophagy in this cell line, LRRK2 inhibition significantly reduced the IVM-induced
increase in GFP-LC3 punctae number.
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Figure 4.19: One-hour LRRK2 inhibition reduced the IVM-induced increase in GFP-LC3 punctae number in HEK293
GFP-LC3 cells.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, then treated with IVM
(15 µM) or DMSO (1:1000 equivalent dilution) for 2 hours. For each condition, the mean number (± SEM) of GFP-LC3 punctae
per cell was calculated, using 30 cells per condition. n=4 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping by
experimental repeat), Tukey post-hoc test. IVM treatment effect: F(1, 3)=90.64; p=0.0025, inhibitors effect: F(4, 12)=8.926;
p=0.0014, interaction: F(4, 12)=14.98; p=0.0001. On graph: p<0.0001 (****), p<0.001 (***).

These data are consistent with a role for LRRK2 kinase and GTPase activities in mitophagy. Nonetheless,
it should be observed that the effect of LRRK2 inhibition was relatively small, as illustrated by the posthoc pairwise comparisons which revealed significant effects of IVM treatment in each condition,
irrespective of the pre-treatment. In particular, the extent with which the LRRK2 inhibitors impaired IVMinduced GFP-LC3 punctae formation compares poorly to equivalent experiments using PP242. Thus,
whilst these data support roles for LRRK2 in forms of autophagy that are both dependent and
independent of mTORC1 inhibition, the requirement may be greater in the former case.
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Effect of the LRRK2 mutants on autophagy in HEK293 GFP-LC3 cells

Previous experiments in this Chapter indicated a kinase and GTPase activity dependent role for LRRK2 at
an early stage of autophagy induced by mTORC1 inhibition in HEK293 GFP-LC3 cells, but not in RAW264.7
macrophages. Given the importance of LRRK2 to Parkinson’s disease, the next step was to determine
whether pathogenic and protective LRRK2 mutations might also influence PP242-induced autophagy in
HEK293 GFP-LC3 cells.

4.7.1

mApple can be used as a live-cell marker for LRRK2 expression in HEK293 GFP-LC3
cells

Since the use of the CRISPR technique to generate LRRK2 mutant cell lines was unsuccessful, the effects
of LRRK2 mutations on autophagy were investigated using transient overexpression of wild-type and
mutant forms of LRRK2 in HEK293 GFP-LC3 cells. To take full advantage of this experimental model, these
assays were performed on live cells, but this created a technical challenge of being able to identify which
cells have been transfected with myc-tagged LRRK2 constructs. To solve this issue, the LRRK2 plasmids
were co-transfected with a plasmid expressing the red fluorescent protein “mApple”660. In theory, the
presence of a red label would identify the cells likely to overexpress LRRK2, such that only these cells are
included in the experiment, while the excitation/emission spectra of mApple would not affect the ability
to image and quantify green GFP-LC3 punctae.
To have confidence that mApple can be used as reliable proxy for co-transfected LRRK2, the frequency
with which these constructs co-express within individual cells when transfected together was
determined. HEK293 GFP-LC3 cells were co-transfected with an mApple plasmid and one of five myctagged LRRK2 constructs (wild-type, R1398H, R1441G, G2019S and the R1398H/R1441G double mutant)
at a 70:30 by weight ratio of LRRK2 plasmid to mApple plasmid. Cells were subsequently fixed and cotransfection determined by fluorescence microscopy, with exogenous LRRK2 labelled by
immunocytochemistry, using the combination of an anti-myc primary antibody and a secondary antibody
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conjugated with the far-red fluorophore Alexa-633. An example of a field of HEK293 GFP-LC3 cells cotransfected with mApple (red) and myc-tagged wild-type LRRK2 (cyan) is shown in Figure 4.20.

Figure 4.20: HEK293 GFP-LC3 cells expressing mApple and/or myc-LRRK2
HEK293 GFP-LC3 cells were co-transfected with the mApple plasmid and LRRK2 plasmids carrying various mutations of interest.
The cells were then fixed and stained with an antibody against the myc-tag of the LRRK2 plasmid. The images represent
transfected cells appearing red (expressing mApple) or cyan (expressing LRRK2 WT) via fluorescence microscopy. Cells
expressing mApple only are shown with a red arrow, cells co-expressing mApple and LRRK2 WT are shown with a yellow arrow.
The other cells that appear cyan are part of the background staining. Images were acquired at 63x magnification.

The proportion of transfected cells expressing one or both types of plasmids was quantified and is shown
in Figure 4.21 A. In all cases, 68-82% of transfected cells expressed both constructs, with 12-20%
expressing only mApple, and 3-13% expressing LRRK2 alone. Importantly, the different mycLRRK2
constructs used have no significant effects on these ratios, indicating that there are unlikely to be any
cytotoxic effects associated with any of the constructs under the conditions used.
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Figure 4.21: Efficiency of mApple and LRRK2 co-transfection in HEK293 GFP-LC3 cells
HEK293 GFP-LC3 cells were co-transfected with mApple and plasmids expressing wild-type LRRK2 (WT) or different LRRK2
mutants (GS (G2019S), RG (R1441G), RH (R1398H protective variant) or RGRH (contains both R1441G and R1398H variants)).
Cells were fixed and stained with an antibody against the myc-tag of the LRRK2 proteins. For each condition the number of cells
that appeared red (mApple) and/or cyan (myc-LRRK2, Alexa-633) were quantified, using 15 images per condition. (A)
Quantitative analysis of the transfection efficiency for each plasmid. The percentage corresponds to the proportion of cells
expressing LRRK2 and/or mApple compared to the total number of transfected cells. For example, in the WT condition, out of
all the transfected cells: ≈ 70% expressed mApple and LRRK2, ≈ 20% expressed mApple alone, and ≈ 10% expressed LRRK2 only.
n=3 repeats (1 coverslip/repeat). Two-way ANOVA (with grouping by experimental repeat), Tukey post-hoc test. Transfection
type effect: F(2, 4)=218.9; p<0.0001, LRRK2 variant effect: F(4, 8)=0.7429; p=0.59, interaction: F(8, 16)=2.577; p=0.051. On
graph: p<0.0001 (****). (B) Quantitative analysis of cells expressing mApple. The percentage corresponds to the proportion of
cells expressing mApple that also co-express LRRK2. n=3 repeats (1 coverslip/repeat). One-way ANOVA (with grouping by
experimental repeat), Geisser-Greenhouse’s correction, non-significant. LRRK2 variant effect: F(1.648, 3.297)=1.986; p=0.266.
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Importantly, in live-cell GFP-LC3 assays that count GFP-LC3 punctae only in mApple positive cells, cells
expressing myc-tagged LRRK2 alone would not be selected for quantification. Thus, to obtain an estimate
of the proportion of transfected cells that co-express LRRK2 that is more relevant to the intended use,
the fraction of cells expressing LRRK2 alone were removed from the data presented in Figure 4.21 A, and
the proportion of LRRK2 and mApple double-positive cells was re-calculated as a percentage of all
mApple-positive cells (Figure 4.21 B). This secondary analysis revealed that for all LRRK2 plasmids, cotransfection with mApple at the same 70:30 ratio will allow mApple to be used as a proxy for myc-LRRK2
co-transfection with a confidence of approximately 80%. In other words, in experiment where GFP-LC3
punctae are quantified in all mApple-positive cells, this can be done with the assumption that four out
of every five cells will overexpress the relevant LRRK2 construct. Although this ratio could have been
higher it was considered sufficient for any robust effects of mutation to be detected.

4.7.2

LRRK2 mutants do not affect basal or PP242-induced GFP-LC3 punctae levels in
HEK293 GFP-LC3 cells

To investigate the effects of the LRRK2 mutants on basal or PP242-induced autophagy, HEK293 GFP-LC3
cells were co-transfected with the combination of mApple and myc-LRRK2 plasmids or empty vector
using the conditions established previously, with GFP-LC3 punctae only quantified in cells expressing
mApple.
Surprisingly, PP242 treatment (2 µM, 1 hour) induced a smaller increase in GFP-LC3 punctae number
than was observed in comparable experiments (Figure 4.22; cf. Figure 4.5, Figure 4.8 and Figure 4.11),
only rising to 12 punctae per cell in control cells that overexpress mApple but not LRRK2. However,
similar results were observed in all six conditions, such that the overall effect of PP242 treatment was
statistically significant (ANOVA, p<0.05), but only two of the post-hoc pairwise comparisons (those for
cells transfected with WT LRRK2 and LRRK2 RGRH) reached significance (Tukey’s test, p<0.05). Despite
this lower induction of autophagy, which is discussed later in this Chapter, statistical analysis indicated
that none of the mutant forms of LRRK2 affected basal or induced GFP-LC3 punctae numbers relative to
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wild-type LRRK2, whilst over-expression of wild-type LRRK2 also caused no significant effects relative to
the empty vector control.
Taken together, these data indicate that pathogenic or protective LRRK2 mutations either have no effect
on PP242-induced autophagy, or have too small an influence to be detectable under these experimental
conditions.

Figure 4.22: LRRK2 mutants do not affect basal or PP242-induced GFP-LC3 punctae levels in HEK293 GFP-LC3
cells.
HEK293 GFP-LC3 cells were co-transfected with the mApple plasmid and plasmids carrying wild-type LRRK2 (WT) or different
forms of mutated LRRK2 (GS (G2019S pathogenic variant), RG (R1441G pathogenic variant), RH (R1398H protective variant) or
RGRH (contains both R1441G and R1398H variants)), then treated with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for
1 hour. For each condition, the mean number (± SEM) of GFP-LC3 punctae per cell was calculated, using 50 cells per condition.
Relevant cells were selected on the basis of expressing mApple. n=4 repeats (1 coverslip/repeat). Two-way ANOVA (with
grouping by experimental repeat), Tukey post-hoc test. PP242 treatment effect: F(1, 3)=10.74; p=0.0465, LRRK2 variant effect:
F(5, 15)=0.5082; p=0.766, interaction: F(5, 15)=0.4968; p=0.774. On graph: p<0.05 (*).
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Exploring the role of LRRK2 using transmission electron microscopy

The results obtained in this Chapter using fluorescence microscopy assays strongly implicated the
enzymatic activities of LRRK2 in the induction of autophagy in HEK293 GFP-LC3 cells but not in
macrophages. We thus sought to use a complementary technique to support our data.
As discussed in Section 1.3.6 (Chapter 1), different tools can be used to measure autophagy.
Fluorescence microscopy has the advantage that it enables the investigation of autophagy in live cells,
but has its own limitations, as discussed later in this Chapter. Commonly, fluorescence microscopy assays
can be complemented with transmission electron microscopy, which was the first method largely
involved in autophagy research329. Electron microscopy is notably adapted to study ultrastructures
within cells with subcellular resolution, and has been used in numerous studies to establish the presence,
luminal content, number, and morphology of autophagic vesicles329,337.
New experiments were therefore undertaken to explore whether electron microscopy could reveal
changes in the appearance of autophagic vesicles in HEK293 GFP-LC3 cells treated or not with PP242
following LRRK2 inhibition, or in comparison between wildtype and Lrrk2 KO macrophages (data not
shown). Unfortunately, it quickly became apparent that this approach was not feasible within the
available time. Structures likely to be autophagic in nature varied tremendously within individual cells
and their appearance was also influenced by where they were positioned relative to the plane in which
the sections were cut. In brief, although a more exhaustive study may yet reveal important insights,
there were no obvious gross morphological differences between conditions.
This approach was therefore abandoned. Nonetheless, it was hypothesised that the large increase in
autophagic vesicle number elicited by PP242 treatment might be reflected by a corresponding increase
in the number of vacuoles visible in electron microscopy samples. By extension, the effects of LRRK2
inhibition or of Lrrk2 knockout might also be reflected in vacuole numbers. Such quantifications would
be unlikely to provide any additional mechanistic insight into the role of LRRK2 in autophagy, but would
at least provide data in support of the GFP-LC3 and WIPI2 assays. Thus, an assay to quantify the number
of vacuoles per cell in transmission electron microscope sections was developed.

Investigations into the role of LRRK2 in autophagy

4.8.1

| 180

Establishing an electron microscopy assay to quantify vacuoles in HEK293 GFP-LC3
cells

As depicted in Figure 4.23, which shows an example field of DMSO-treated HEK293 GFP-LC3 cells,
vacuoles can be identified within cells using low magnification (2500-3000x) electron microscopy images.
In both HEK293 GFP-LC3 cells and RAW264.7 macrophages vacuoles are easily identifiable as round,
electron lucent structures, although they are heterogeneous in terms of their size and content.
The number of vacuoles per cell was calculated using the cell counter plug-in within ImageJ. First, the
number of cells that were entirely visible within the area of each image were counted (Figure 4.23,
labelled with a blue number 1). Second, vacuoles of any size that were present in the counted cells were
counted (labelled with a red number 2). The mean total number of vacuoles per cell in each condition
was then calculated from these two values. It should be noted that on a cell-by-cell basis, the total
number of vacuoles varied markedly; it was thus decided that calculations of the means for each
condition should use values from a minimum of 100 cells.

Figure 4.23: Detection of autophagic vesicles in HEK293 GFP-LC3 cells using electron microscopy.
Electron micrographs showing HEK293 GFP-LC3 cells treated 1 hour with a 1:1000 dilution of DMSO before being fixed and
processed for electron microscopy. The image on the left is the original image acquired at 2500x magnification. The image on
the right is an enlargement of the indicated cropped area within the original to show the quantification method. The number
of cells that are entirely visible within the area (labelled with a blue number) and the number of vacuoles of any size that are
present in the counted cells (labelled with a red number) were quantified in each image using the cell counter plugin for ImageJ,
before calculating the mean number of vacuoles per cell.
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Effect of LRRK2 inhibition on PP242-induced vacuole number in HEK293 GFP-LC3
cells

For consistency with the fluorescence microscopy data, the effect of LRRK2 inhibition on the number of
vacuoles was investigated using HEK293 GFP-LC3 cells under identical treatment conditions to those
used to study GFP-LC3 and WIPI2 punctae throughout this Chapter. Since no effects of LRRK2 inhibitors
were found on basal GFP-LC3 or WIPI2 punctae levels, this experiment only explored whether LRRK2
inhibition might affect PP242-induced autophagy. Following treatment, the cells were fixed and
processed for observation by electron microscopy (Chapter 2, Section 2.4.7.2), and the vacuoles were
quantified using the method described in the previous Section.
As expected, one-hour treatment with PP242 induced a significant increase in the number of vacuoles
compared to control cells (Figure 4.24), with vacuole number increasing from a mean of 7 to 12 vacuoles
per cell.

Figure 4.24: One-hour LRRK2 inhibition reduced the PP242-induced increase in vacuole number in HEK293 GFPLC3 cells.
HEK293 GFP-LC3 cells were pre-treated with LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF-06447475: PF; all
at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, then treated with PP242
(2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. Cells were then processed for electron microscopy. For each condition,
the mean number (± SEM) of vacuoles per cell was quantified using the cell counter plugin for ImageJ, from a minimum of 5
images using >100 cells per condition. n=3 repeats, One-way ANOVA (with grouping by experimental repeat), GeisserGreenhouse ‘s correction, Dunnett’s post-hoc test with comparison to DMSO+PP242. F(1.231, 2.462)=15.23; p=0.042. On graph:
p<0.05 (*).
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Pre-treatment with LRRK2 inhibitors appeared to globally, but moderately, reduce the PP242-induced
increase in vacuoles, with similar results observed with all four inhibitors. The only post-hoc pairwise
comparison to reach significance was for cells treated with GSK2578215A, (Dunnett’s test, p<0.05), but
it is worth noting that the pairwise comparisons for PF-06447475 and FX2149 would have reached
significance if the experimental design had featured one-tailed post-hoc analysis. One-tailed analysis
could legitimately have been performed in this case, since the objective of the experiment was to
replicate GFP-LC3 and WIPI2 data, and it was therefore assumed that the effect of LRRK2 inhibition would
be to decrease, rather than to increase or decrease, PP242-induced vacuole numbers.
In any case, despite the weak statistics, these electron microscopy data are in general agreement with
the fluorescence data obtained using GFP-LC3 and WIPI2 punctae quantification in HEK293 GFP-LC3 cells,
which showed an increased autophagy using PP242 that was largely blocked by any of the four LRRK2
inhibitors.

4.8.3

Effect of loss of Lrrk2 on basal and PP242-induced autophagy in RAW264.7
macrophages

To confirm the WIPI2 assay data obtained in wildtype and Lrrk2 KO macrophages suggesting that Lrrk2
was not involved in autophagy in RAW264.7 macrophages (Section 4.5), transmission electron
microscopy was used to quantify the number of vacuoles in these cell lines following treatment with
PP242 or DMSO.
Similar to HEK293 GFP-LC3 cells, vacuoles could be identified within cells (images not shown), and
generally appeared electron light. WT macrophages were found to have a mean of 9 vacuoles per cell
basally and a mean of 12 vacuoles per cell when autophagy was induced, whereas Lrrk2 KO macrophages
had a mean of 10 vacuoles per cell basally and a mean of 13 vacuoles per cell following PP242 treatment.
Unsurprisingly, statistical analysis found no effect of loss of Lrrk2, which is consistent with WIPI2 assays
(Figure 4.25). However, in contrast to the WIPI2 experiments, the effect of PP242 treatment on total
vacuole number was not significant. Taken together, these observations support the idea that Lrrk2 is
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not involved in PP242-induced autophagy in RAW264.7 macrophages, while also illustrating the
limitations of this assay, which are discussed further in Section 4.10.4.3.

Figure 4.25: The loss of Lrrk2 in RAW264.7 macrophages did not affect basal or PP242-induced vacuole numbers
WT or Lrrk2 KO macrophages were treated with PP242 (2 µM) or DMSO (1:1000 equivalent dilution) for 1 hour. Cells were then
processed for electron microscopy. For each condition, the mean number (± SEM) of vacuoles per cell was quantified using the
cell counter plugin for ImageJ, from a minimum of 5 images using >100 cells per condition. n=3 repeats, Two-way ANOVA (with
grouping by experimental repeat), non-significant. PP242 treatment effect: F(1, 2)=2.537; p=0.252, genotype effect: F(1,
2)=1.397; p=0.359, interaction: F(1, 2)=0.05267; p=0.84.
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Summary of results

The work described in this chapter investigated the function of LRRK2 in autophagy using LRRK2 kinase
and GTPase inhibitors in HEK293 GFP-LC3 cells and macrophages, the overexpression of LRRK2 mutants
in HEK293 GFP-LC3 cells, and comparisons between wild-type and Lrrk2 KO macrophages. The chosen
readouts for the induction of autophagy were measurements of GFP-LC3 and WIPI2 punctae numbers in
live and fixed cells, and quantification of endogenous WIPI2 punctae and total vacuole number in fixed
cells. Measurements were taken basally and following exposure to autophagy modulators.
The key findings are:
-

Exposure to the LRRK2 inhibitors is not cytotoxic for the cell lines used in this study (Figure 4.3
and Figure 4.14).

-

Basal autophagy in HEK293 GFP-LC3 cells was not affected by the inhibition of LRRK2 kinase or
GTPase activities (Figure 4.4).

-

LRRK2 inhibition prevented the PP242-induced increase in GFP-LC3 punctae number in HEK293
GFP-LC3 cells (Figure 4.5, Figure 4.8 and Figure 4.11), but did not block the degradation of
autophagosomes (Figure 4.7).

-

All four LRRK2 inhibitors prevented the PP242-induced increase in GFP-LC3 punctae number and
endogenous WIPI2 punctae number to similar extents in HEK293 GFP-LC3 cells (Figure 4.13).

-

Comparison of the number of basal and PP242-induced WIPI2 punctae in RAW264.7
macrophages revealed no effect of loss of Lrrk2 in this cell line (Figure 4.16).

-

LRRK2 inhibition had no effect on basal or PP242-induced WIPI2 punctae in wild-type
macrophages (Figure 4.17).

-

LRRK2 inhibition leads to a partial reduction in the number of IVM-induced GFP-LC3 punctae in
HEK293 GFP-LC3 cells (Figure 4.19).
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Overexpression of wild-type LRRK2, pathogenic LRRK2 mutants, or the protective R1398H
variant had no effect on basal or PP242-induced GFP-LC3 punctae levels in HEK293 GFP-LC3 cells.
(Figure 4.22)

-

Quantification of vacuoles from images acquired using transmission electron microscopy
supported evidence of an inhibitory effect of LRRK2 inhibitors on PP242-induced autophagy in
HEK293 GFP-LC3 cells (Figure 4.24), and similarly supported conclusions that Lrrk2 is not involved
in autophagy in macrophages (Figure 4.25).
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4.10 Discussion
4.10.1 LRRK2 in autophagy in HEK293 GFP-LC3 cells

4.10.1.1

LRRK2 Inhibitors

In this study, no effects of the inhibitors were observed on basal autophagy in HEK293 GFP-LC3 cells in
no fewer than 7 experiments (Figure 4.4, Figure 4.5, Figure 4.7, Figure 4.8, Figure 4.10, Figure 4.11, and
Figure 4.19). LRRK2 enzymatic activities are also unlikely to be involved in the later stages of autophagy
in this cell line (Figure 4.7) but by contrast, all four inhibitors suppressed PP242-induced autophagy
(Figure 4.5, Figure 4.8, Figure 4.10, Figure 4.11 and Figure 4.24), and reduced the formation of WIPI2 and
GFP-LC3 punctae to a similar extent (Figure 4.13). Given the different structures of these compounds
and the different mechanism of action of FX2149 compared to the kinase inhibitors, these are convincing
observations, although it would be interesting to investigate the effect of treatment with vitamin B12,
which has been reported to inhibit LRRK2 kinase activity via an alternative, allosteric mechanism62. These
data strongly indicate that LRRK2 is required for PP242-induced autophagy at an early stage, upstream
of LC3 punctae formation, and between inhibition of mTORC1 complex and the recruitment of WIPI2 to
autophagic vesicles.
The observation that LRRK2 inhibitors suppressed the induction of autophagy is in disagreement with
previous studies175,176,233,598,617, which described increased autophagy following LRRK2 kinase inhibition.
In theory, many differences between the experimental set ups could account for this discrepancy, not
least the cell type used. Nonetheless, it should be noted that some of these publications used 1st
generation kinase inhibitors which suggests a greater chance of off-target effects.
Intriguingly, similar effects of the kinase inhibitors and the GTPase inhibitor were observed throughout
the experiments. This suggests that the GTPase activity of LRRK2 is as important as its kinase activity in
this aspect of LRRK2 function, and is perhaps consistent with previous studies suggesting a complex
functional relationship between LRRK2 kinase and its GTPase activities112,164.
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LRRK2 Mutants

In this study, all of the overexpressed mutant forms of LRRK2 tested (WT LRRK2, R1398H, R1441G,
G2019S and the R1398H/R1441G double mutant) had no significant effect on basal or PP242-induced
autophagy (Figure 4.22). This is mostly inconsistent with the literature, which would predict an increase
in GFP-LC3 punctae in presence of the pathogenic mutants G2019S and R1441G, both in the basal state
and following treatment with PP242108,479. By extension, since the protective R1398H mutation has been
shown to reverse the effects of R1441G in neurite outgrowth assays108, one might expect a similar
opposite effect on autophagy with this variant.
There are a number of explanations that might account for this disagreement. For example, the result
obtained may be correct for the HEK293 GFP-LC3 cell type used, while it is also possible that the LRRK2
mutants had too small an influence on autophagy to be detectable under the experimental conditions
used. Nonetheless, it is interesting to note that GFP-LC3 punctae were notably fewer in number in this
experiment (Figure 4.22) than in other experiments that used this cell line. Thus, it may be the case that
transfection of HEK293 GFP-LC3 cells with mApple and/or LRRK2 plasmids prevents the expression of
GFP-LC3, causing GFP-LC3 punctae to be harder to observe. This is a plausible hypothesis, since GFP-LC3
expression is driven by a CMV promoter similar to those present in the transfected plasmids, making
competition for transcriptional machinery a distinct possibility. A solution to this issue could be to assess
the effect of wildtype and mutant LRRK2 constructs on endogenous WIPI2 punctae. Such assays would
be performed on a read-out that is less likely to be affected by the exogenous promoters, and the
experiment would be further simplified by the omission of mApple, since transfected cells could be
identified with an anti-myc antibody targeting myc-LRRK2

4.10.1.3

Comparison between the effects of LRRK2 inhibition and LRRK2 mutations on autophagy

It is now well established that the pathogenic LRRK2 G2019S mutation causes hyperactivation of LRRK2
kinase activity, whilst the R1441G mutation also appears to exert a similar effect, if not at the level of
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kinase activity, then at least at the level of substrate phosphorylation. As such, these mutations can be
assumed to affect LRRK2 kinase activity in an opposing manner to LRRK2 kinase inhibitors. The
relationship between the LRRK2 GTPase inhibitor FX2149 and the corresponding LRRK2 RocCOR domain
mutants R1441G and R1398H is less clear however, since FX2149 prevents guanine nucleotide binding,
whereas R1441G and R1398H, by impairing and enhancing GTPase activity respectively, have the effect
of shifting LRRK2 towards GTP- and GDP-bound states, respectively. Nonetheless, by analogy with other
GTPases, the assumption is that preventing all guanine nucleotide binding and increasing binding
specifically to GDP both constitute losses of function, so at a functional level FX2149 is most likely to
behave similarly to the protective R1398H mutation, and oppositely to R1441G. Taking all this together,
these observations predict a model where both types of inhibitor exert effects in the same direction as
R1398H, but in the opposite direction to R1441G and G2019S.
Here, acute inhibition of LRRK2 kinase and GTPase activities caused a marked inhibition of PP242induced autophagy, yet the overexpression of LRRK2 mutants did not elicit the anticipated effects. A
number of factors might account for this. For instance, at the concentrations used the LRRK2 inhibitors
can be assumed to abolish the enzymatic activities of LRRK2177,642–644, whilst the mutant forms of LRRK2
merely modulate these activities. Furthermore, there is a potential problem with endogenous LRRK2.
Whilst the inhibitors inactivate the endogenous protein, the overexpressed LRRK2 mutants may not be
able to outcompete and replace endogenous LRRK2 sufficiently well to exert a measurable effect on
autophagy. As such, it is unfortunate that the CRISPR project was unsuccessful, since the use of cell lines
with genomic modifications in LRRK2 would have circumvented potential interference from endogenous
wild-type LRRK2. In addition, it is worth repeating the possibility mentioned in the last section, that
overexpression of LRRK2 plasmids and/or mApple might supress GFP-LC3 expression, thereby preventing
effects of LRRK2 mutations from being seen. The proposed experiment examining the effect of
overexpressed LRRK2 mutants in HEK293 GFP-LC3 cells using endogenous WIPI2 assays might alone be
sufficient to allow the expected effects of mutations to be seen, thereby reconciling the differences
between LRRK2 inhibitors and LRRK2 mutants data.
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IVM-induced autophagy

LRRK2 inhibition in HEK293 GFP-LC3 cells reduced IVM-induced mitophagy (Figure 4.19), albeit seemingly
to a lesser extent than the same compounds impair PP242-induced autophagy. Whilst there are some
reports that IVM can inhibit mTORC1 in certain cancer lines661–663 , these compounds appear to induce
autophagy via different mechanisms in HEK293 cells, with the induction of autophagy by IVM apparently
not relying on the inactivation of mTORC1659. These observations suggest that, at least in HEK293 cells
and HEK293-derived cell lines like HEK293 GFP-LC3, LRRK2 might be acting at a step shared by both
canonical and non-canonical forms of autophagy.
Thus, the next step in studying the role of LRRK2 in IVM-induced autophagy would be to determine at
what point LRRK2 might be acting. A key step in canonical autophagy induction is dephosphorylation of
the kinase ULK1. In the basal state, the mTORC1-dependent phosphorylation of ULK1 at serine-758
inhibits ULK1 kinase activity, preventing the formation of autophagosomes and blocking autophagy.
Inhibition of mTORC1 relieves this repression, thereby inducing the production of autophagic vesicles.
However, mTORC1-independent phosphorylation of ULK1 at serine-758 has been reported by Manzoni
and colleagues using astrocytic cell lines616, so in principle, ULK1 is a candidate site of action for LRRK2
in our system. Furthermore, the Manzoni study reported that prolonged (18 hours) treatment with
relatively high doses of the LRRK2 inhibitors LRRK2-IN-1, GSK2578215A or MLi-2 increased
phosphorylation of ULK1 at the same inhibitory serine-758 phosphorylation site targeted by mTORC1616.
It should be noted that the authors also reported that, in contrast to our data, the net effect of LRRK2
inhibition was increased autophagy as evidenced by LC3-II levels, but increased phosphorylation of ULK1
at serine-758 per se is more consistent with our observation of a repression of autophagy. Importantly,
Manzoni and colleagues attributed this apparent disagreement in their data to the plausible possibility
that LRRK2 may have both positive and negative effects on autophagy616, and thus it may be the case
that the differing net effect of LRRK2 inhibition on autophagy in different cell types is a function of the
strength with which these pro- and anti-autophagic mechanisms operate.
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Arguing against ULK1 phosphorylation as the site of action of LRRK2 inhibition in our system is the
observation made by Zachari and colleagues that activation of mitophagy by IVM is unaffected in
ULK1/ULK2 knockout MEFs, even though PP242-induced autophagy was entirely abrogated in this cell
line659. However, this same paper reported that the ULK complex components FIP200 and ATG13 were
required for IVM-induced mitophagy, and the experimental design used by Zachari and colleagues did
not exclude the possibility of a partial requirement for ULK1/2, only an absolute requirement659.
Importantly, the LRRK2 inhibitors only elicited a small reduction in mitophagy (Figure 4.19) when
compared to their effects on PP242-induced autophagy. Therefore, the effect of LRRK2 inhibition on
ULK1 phosphorylation, or perhaps more generally at the level of the ULK complex, needs further
investigation (see Section 4.10.5 for additional experiments).
Alternatively, further work investigating whether LRRK2 inhibition is able to rectify mitophagy defects,
as recently reported in the literature176, for example using the pH-dependent probe mito-rosella, might
help understand the involvement of LRRK2 in this selective type of autophagy.

4.10.2

LRRK2 in autophagy in macrophages

In this study, neither the loss of Lrrk2 (Figure 4.16) or Lrrk2 inhibition (Figure 4.17) affected basal or
PP242-induced autophagy in RAW264.7 macrophages. This result is surprising, since the experimental
design was identical to that used for HEK293 GFP-LC3 cells, whilst the published literature predict that
both LRRK2 inhibition and knockout should disrupt autophagy233. Indeed, in various monocytes including
the RAW264.7 cell line, the silencing of endogenous Lrrk2 or inhibition of Lrrk2 kinase activity using the
GSK2578215A inhibitor led to impaired autophagy, with decreased LC3-II levels233, suggesting an
important role for Lrrk2 kinase function in autophagy in these cell lines. In principle, the absence of effect
of Lrrk2 knockout on autophagy in this study can be explained by the existence of compensatory
mechanisms in this cell line. Indeed, cell survival relies on autophagy, so it would not be surprising if
there is some redundancy in its regulation664. However, the observation that acute loss of function via
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enzymatic inhibition has similar effects suggests that a more likely explanation is simply that Lrrk2 is not
involved in the early stages of mTORC1-dependent induction of autophagy in macrophages.
Irrespective of whether a role for Lrrk2 in autophagy in macrophages can be entirely excluded or not,
the comparison between results obtained in macrophages and HEK293 GFP-LC3 cells provides solid
evidence that the function of LRRK2 in autophagy is cell-type specific. There are many differences
between the two cell types, but it is interesting to note that immune cells express high levels of LRRK2,
and expression levels increase further when the cells are activated142,17,18. Whether the effect of LRRK2
on autophagy varies between cell lines depending on expression levels remains to be established, but
this unambiguous evidence of cell-type specificity does at least explain the apparent discrepancies in the
literature.

4.10.3 Transmission Electron Microscopy assays

Additional transmission electron microscopy (TEM) assays were used in this study to monitor autophagy
using vacuole quantification, and provided supporting data. In the case of experiments performed in
HEK93 GFP-LC3 cells (Figure 4.24), the results corroborated data from GFP-LC3 and endogenous WIPI2
assays indicating that LRRK2 inhibition prevents the induction of autophagy by PP242, although the
effects of LRRK2 inhibition were not as marked and within a smaller range (cf. Figure 4.24 and Figure 4.8,
Figure 4.10 and Figure 4.11).
In the case of experiments performed in RAW 264.7 macrophages, although the average number of
vacuoles increased following PP242 treatment in both genotypes, the effect of PP242 treatment was
surprisingly non-significant (Figure 4.25), which is inconsistent with its effect on autophagic vesicles
reported in these cell lines (see Figure 4.16 and Figure 4.17), and throughout this Chapter. However, loss
of Lrrk2 had no effect on basal or PP242-induced number of vacuoles (Figure 4.25), which replicates the
results obtained with endogenous WIPI2 assays (Figure 4.16) and further support a cell specific role for
Lrrk2 in autophagy.

Investigations into the role of LRRK2 in autophagy

| 192

Taken together, the electron microscopy data concur with the fluorescence microscopy data obtained
in both HEK293 GFP-LC3 and RAW264.7 macrophage cells in this Chapter, and are thus supportive of a
role for LRRK2 in PP242-induced autophagy in HEK293 GFP-LC3 cells, but not in RAW264.7 macrophages.

4.10.4 Limitations of the assays used in this study

4.10.4.1

GFP-LC3 assays

GFP-LC3 assays are widely used but are not without limitations. One important concern is the expression
of a relatively large GFP tag, which may to some extent alter the behaviour of the LC3 moiety. It has been
shown that GFP-LC3 can be found in aggregates different from autophagic vesicles268,665, as well as on
autophagosomes generated from late endosomes and trans-Golgi666. In principle, these structures could
be interpreted as punctae and mistakenly counted in GFP-LC3 assays. Moreover, LC3 can be coupled to
endosomal membranes, so some of the quantified vesicles could be endocytic vesicles328. Data
generated by GFP-LC3 assays therefore require supporting evidence obtained using other techniques.
The reliability of GFP-LC3 assays can nonetheless be improved by staining samples for other proteins
involved in the generation of autophagic vesicles or associated with the membrane of autophagosomes,
which can also provide more information about the type of autophagic vesicle being examined. One
example is the GABARAP family of proteins that localise on phagophores and are involved in cargo
sequestration667. Assessing GABARAP lipidation levels668 can be used as a complementary technique to
account for fluctuations in the autophagic flux.

4.10.4.2

WIPI2 assays

Assays of endogenous WIPI2 were used in this study to quantify autophagy upstream of LC3. In the case
of experiments performed in HEK293 GFP-LC3 cells, these assays corroborated data from GFP-LC3
quantification, so the WIPI2 data provided important supporting data. Nonetheless, WIPI2 punctae
assays have their own limitations. In particular, WIPI2 punctae were quantified on antibody-stained fixed
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cells, which can be challenging, as the quality of the images and the intensity of fluorescence can vary.
It is worth mentioning that at basal levels, WIPI2 punctae seemed more numerous than GFP-LC3
punctae. This could be a true observation, but it is also possible that non-specific punctae caused by
background staining create an overestimation of the number of WIPI2 punctae. In addition, similarly to
LC3, WIPI2 could potentially associate with structures that are not autophagic vesicles but could be
interpreted as such in WIPI2 assays. Arguing against this, WIPI2 is an endogenous protein, so it cannot
be mistargeted as a result of overexpression and/or the addition of a GFP tag. However, endogenous
WIPI2 may have as yet undescribed physiological roles on structures that appear similar to, but are not,
autophagic vesicles.

4.10.4.3

Quantification of vacuoles observed in TEM images as a proxy measure of autophagy

As outlined, the approach of indirectly measuring changes in autophagic vesicle number by quantifying
the total number of vacuoles visible per cell when imaged by low magnification electron microscopy is
not an established technique to study autophagy, and is undoubtedly crude in its design. The approach
was nonetheless successful, replicating observations made using other techniques, albeit with a
relatively small dynamic range and correspondingly weaker statistics (fewer significant differences).
The major limitation with this assay is both obvious and inherent to the experimental design, namely
that autophagic vesicles are only likely to represent a fraction of the total number of vacuoles visible.
Nevertheless, since the number of vacuoles increased following PP242 treatment in HEK293 GFP-LC3
cells, and PP242 specifically induces an increase in autophagic vesicle number, it is evident that some of
the vacuoles quantified must have been autophagic vesicles. But in any case, this method cannot be used
with complete confidence that variations in vacuole numbers correspond to variations in
autophagosome numbers.
Consistent with many of the observed vacuoles not being related to autophagy, in both HEK293 GFP-LC3
and macrophage cell lines, the number of vacuoles per cell varied considerably, with differences
between mean vacuole number apparent only after quantification. For example, an individual cell might
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have over fifty vacuoles visible basally, whereas another cell might have no discernible vacuoles even
after PP242 treatment. This combination of relatively small differences in mean vacuole numbers
between treatment groups and wide variation between cells within treatment groups meant that images
of fields of cells that visually reflect the quantification of each treatment group were not possible. Lack
of usable images is undoubtedly a limitation for any microscopy-based technique.
Besides this, an additional limitation when compared to other approaches to study autophagy is the
length of time taken to generate data, with cells from each treatment group needing to be fixed and
stained, and then images laboriously acquired with electron microscopy. The requirement for fixation
and staining is itself a limitation, since, similar to WIPI2 assays, this led to some variation in staining
intensity between experiments.
Finally, it should be emphasised that statistically significant results were principally obtained for the
effect of PP242, which is a potent autophagy inducer. More subtle modulators of autophagy would be
unlikely to provide enough stimulus for changes in autophagic vesicle number to be manifest at the level
of total number of vacuoles per cell. Thus, whilst this technique undoubtedly works, its use is very
limited. In the vast majority of cases, other more established techniques are undoubtedly superior.

4.10.4.4

Verification of LRRK2 inhibitors efficacy

To ensure effective target engagement of the LRRK2 inhibitors at the doses (100 nM or 1µM) and
treatment durations (1 hour or 16 hours) employed in this thesis, several experiments could have been
performed, in particular assays designed for the quantitative detection of phosphorylation levels on
specific phosphosites. Indeed, there are several measures of endogenous LRRK2 activity that could be
used as markers of target engagement.
The most obvious marker is the direct estimation of LRRK2 Ser1292 phosphorylation levels, which is a
bona fide autophosphorylation site, in the presence of LRRK2 inhibitors. In principle, inhibition of LRRK2
kinase activity would likely reduce the levels of phospho-Ser1292-LRRK2, which can be measured using
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Western immunoblotting or ELISA-based methods669, with levels normalised to total LRRK2. Of note,
ELISA-based methods are generally more sensitive than Western Blot-based assays to assess LRRK2
kinase activity or the efficiency of LRRK2 inhibitors669. Another possibility could be to assess the loss of
phosphorylation of other LRRK2 residues that are phosphorylated by other kinases in a LRRK2dependent manner, such as Ser910, 935, 955 or 973. Typically, LRRK2 inhibition would either prevent
upstream phosphorylation of these sites, or might sensitise LRRK2 to dephosphorylation. Indeed, studies
have shown dephosphorylation at Ser935 following treatment with LRRK2 inhibitors, mediated by the
Protein Phosphatase 1170,670,671. As such, LRRK2 phosphorylation of these residues has been used as
reliable markers of LRRK2 activity, and research on their use as clinical biomarkers is ongoing669.
Additionally, phosphorylation of downstream substrates of LRRK2, in particular Rab proteins, represents
another interesting readout to measure endogenous LRRK2 kinase activation in our system. A number
of phospho-specific antibodies to Rab proteins are available (e.g., phospho-Thr73-Rab10, phosphoSer106-Rab12 and phospho-Thr72-Rab8a) and can be used as markers of target engagement by Western
immunoblotting assays672. Indeed, reduced levels of phosphorylated targets (normalised to the total
levels of Rab proteins) would reflect LRRK2 inhibition, indicating that pharmacological inhibition of LRRK2
kinase is efficient. Alternatively, a mass spectrometry-based approach could be used to monitor
phosphorylation on each target protein.
With regard to LRRK2 GTPase inhibition using FX2149, GTP-binding assays could be used to measure the
reduction of LRRK2-GTP binding in presence of FX2149177. In principle, this method is based on GTPagarose pull downs of LRRK2 from the lysates of cells incubated with or without FX2149, followed by
Western immunoblotting using antibodies targeting LRRK2177. Furthermore, LRRK2 GTPase activity can
regulate LRRK2 activation, as mentioned in Section 1.2.2.2. Thus, the same assays of kinase function
mentioned above177 could be another readout for LRRK2 GTPase activity inhibition. As such, Li and
colleagues177 reported that FX2149 reduced LRRK2 GTP-binding activity by approximately 90% when
used at a concentration of 10 nM, and reduced phosphorylation at Ser935 by approximately 90% in cells
expressing G2019S-LRRK2 when used at 100 nM for 1 hour.
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4.10.5 Additional techniques that could be used to support these data

Since LRRK2 inhibition was found to suppress the induction of autophagy in HEK293 GFP-LC3 cells
throughout this Chapter, these data strongly suggest that LRRK2 acts as a positive regulator in the
activation of autophagy. Thus, the goal of future experimentation will be to determine the site(s) of
action of LRRK2 in the mechanisms leading to the induction of autophagy.
To do so, it is possible to investigate and delineate the signalling events through which LRRK2 might act
using a set of tailored experiments, which are described below. The experiments would predominantly
use Western blotting, although further fluorescent microscopy experiments to monitor the subcellular
localisation of autophagic proteins other than LC3 and WIPI2 could be performed. Western blotting
allows an extra level of mechanistic detail to be uncovered, by permitting the quantification of protein
expression levels and their phosphorylation states in various experimental conditions. Having
established the conditions to study the effects of LRRK2 kinase and GTPase inhibitors and LRRK2 mutants
on basal and PP242-induced autophagy in HEK293 GFP-LC3 cells in this Chapter, Western blot assays
would likely be performed using identical treatment conditions.
An overview of the autophagic pathway is depicted in Figure 1.6, Figure 1.7 and Figure 1.8 (Chapter 1),
and the potential experiments detailed below will focus on three protein complexes involved in the
initiation of autophagy: ULK1, PI3K class III and ATG9. In brief, the ULK1 complex is central in the
induction of autophagy, and acts with the PI3K class III complex and ATG9-containing vesicles to initiate
the formation of autophagosomes. Since all these events occur prior to the recruitment of WIPI2 by the
PI3K class III complex, LRRK2 may act at one or multiple levels somewhere along this pathway.

4.10.5.1.1 Confirmation of the effect of LRRK2 loss-of-function in HEK293 GFP-LC3 cells using knockout or
knockdown
The results obtained with LRRK2 inhibitors in HEK293 GFP-LC3 cells support studying of the effects of
LRRK2 knockout/knockdown on autophagy in identical experiments in this cell line. This strategy would
thus complement the existing pharmacological approach (i.e., LRRK2 inhibitors) with a molecular
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approach (CRISPR-mediated knockout or siRNA-mediated knockdown), and allow a comparison between
these approaches in the same cell line. In theory, one would predict that the knockout of LRRK2 would
also disrupt the induction of autophagy, and thereby reproduce the effects of LRRK2 inhibition.
However, it is worth mentioning that the molecular approach may not replicate or equate to the
pharmacological method, since the former removes the whole LRRK2 protein, which could have cellular
consequences that differ from those resulting from the inhibition of LRRK2 enzymatic activities.
Furthermore, in the case of LRRK2 knockout rather than knockdown, the treatment is chronic, which
would allow cells time to adapt to loss of LRRK2.

4.10.5.1.2 Confirmation that IVM-induced autophagy is mTORC1-independent in our system
As described in Section 4.10.1.4, Zachari and colleagues reported that IVM appears to induce autophagy
in HEK293 cells independently of the inactivation of mTORC1 and dephosphorylation of ULK1 at
Ser758659. It is necessary to assess whether this is also the case using identical experimental conditions
to those used in this Chapter. A simple approach to do so would be by monitoring the phosphorylation
status of downstream substrates of mTORC1 following IVM treatment. Such substrates could be ULK1
phosphorylation at Ser758, but also the phosphorylation of the P70S6 kinase at Thr389, commonly used
as a marker of mTORC1 activity and for monitoring mTORC1 inhibition673.
Inhibition of mTORC1 using PP242 is associated with loss of phosphorylation of ULK1 at Ser758, which
would subsequently induce autophagy, and decreased phosphorylation of P70S6 kinase. Comparison of
the phosphorylation status of these proteins in cells treated with IVM or PP242, or left untreated, would
provide strong evidence about the effect of IVM on mTORC1 activity. Hypothetically, in the case where
the levels of phosphorylated ULK1 or P70S6 kinase are similar between untreated cells and IVM-treated
cells, but different to those treated with PP242, these data would suggest that the induction of
autophagy using IVM might not involve the inhibition of mTORC1 and dephosphorylation of ULK1 at
Ser758. This observation would be consistent with data from the Zachari paper659. On the other hand,
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should there be a decrease in the levels of phosphorylation of ULK1 at Ser758 and P70S6 kinase at Thr389
following IVM treatment, this result would suggest that IVM action might involve mTORC1 inactivation.

4.10.5.1.3 Assessment of the effects of LRRK2 inhibition on components of the mTORC1/ULK1 pathway
Assessing the effects of LRRK2 inhibition on the activity of mTORC1 and the levels of phosphorylated
ULK1 at Ser758 in our system would help reveal whether ULK1 inactivation by mTORC1 is involved in the
blockage of autophagy following LRRK2 inhibition, and by extension, whether these proteins are involved
in LRRK2-mediated autophagy. In principle, LRRK2 might act in a pathway that is parallel to the
mTORC1/ULK1 pathway and independent of these proteins.
As such, a similar experiment to the one described in the previous section could be performed, but
monitoring the phosphorylation status of ULK1 at Ser758 and P70S6 kinase at Thr389 following pretreatment with the LRRK2 inhibitors. For consistency with the previous experiments described in this
Chapter, the inhibitors would be used at the same concentration and incubation times used in autophagy
assays. The longer 16-hour inhibitor treatment may help see differences, and might replicate the work
of Manzoni et al., who reported an increased phosphorylation of ULK at Ser758 as a result of an 18-hour
LRRK2 inhibition in H4 cells (neuroglioma)616.
In theory, LRRK2 inhibition might be sufficient to induce an increase in phosphorylated ULK1 at Ser758
independently of mTORC1 activation, which would explain the subsequent inhibition of autophagy, and
would indicate that the effects of LRRK2 inhibition are at least in part ULK1-dependent. In contrast, an
absence of alterations in ULK1 phosphorylation at Ser758 following LRRK2 inhibition would suggest that
the effects of LRRK2 inhibition on autophagy are likely ULK1-independent. In addition, if LRRK2 inhibition
does not induce changes in P70S6 kinase phosphorylation at Thr389, this observation would mean that
LRRK2 inhibition does not induce alterations in mTORC1 activity and the effects of LRRK2 inhibition is
likely mTORC1-independent.
Nevertheless, further experiments would be needed to confirm a role for mTORC1 and ULK1 in LRRK2mediated autophagy, for instance performing autophagy assays in HEK293 GFP-LC3 cells in which
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components of the mTORC1/ULK1 pathway have been knocked-down using siRNAs. The assays would
be those established in this Chapter, such as the translocation of GFP-LC3 and WIPI2 to punctae,
following treatment with IVM or PP242. Should ULK1 knockdown prevent the suppression of autophagy
resulting from LRRK2 inhibition, ULK1 would therefore likely be involved in the effects of LRRK2 on
autophagy.
However, whilst the siRNA approach is informative, it would require caution in the interpretation of the
results; in essence, a knockdown of a protein to study a particular process might have an impact on other
cellular mechanisms, and mTORC1 is involved in numerous other cellular pathways. Furthermore, since
PP242 induces autophagy via the inhibition of mTORC1 and requires the activation of ULK1, knockdown
of mTORC1 or ULK1 may have an impact on the activation of autophagy by PP242 and the PP242-induced
increase in WIPI2 and GFP-LC3 punctae, which could complicate the analysis of the results.
Another interesting approach to test the involvement of ULK1 in the effects of LRRK2 inhibition on
autophagy would be the use of the pharmacological tool BL-918, which is a potent activator of ULK1674.
Similar to a knockdown of ULK1, if the addition of BL-918 is able to prevent the effects of LRRK2 inhibition
and rescue the phenotype in HEK293 GFP-LC3 cells, it would suggest that ULK1 is involved in the effects
of LRRK2 inhibition and therefore, ULK1 might be one of the sites where LRRK2 acts to influence
macroautophagy.

4.10.5.1.4 Effect of LRRK2 inhibition on the phosphorylation of additional components of the ULK1
complex
Aside from the inhibitory phosphorylation of ULK1 relieved by inactivation of mTORC1, the complexes
involved in the induction of autophagy are regulated through phosphorylation and dephosphorylation
events that are coordinated by numerous signals inducing or repressing autophagy, such as stress or
amino acid depletion (see Chapter 1, Section 1.3.4). Some of the phosphorylation events involved in the
induction of autophagy are depicted in Figure 1.7. Putatively, the phosphorylation of ULK1 substrates
may vary according to the nature of the signals. Many components of the ULK1 complex, including
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ATG101, ATG13, FIP200 and ULK1 itself, are phosphorylated by ULK1 once assembled in complex251, and
their activating phosphorylation is a requirement for the induction of autophagy328. ULK1 and ATG13 are
also phosphorylated by mTORC1 in nutrient-rich conditions to prevent autophagy induction.
Furthermore, since it has been reported that mitophagy requires ATG13 and FIP200 but not ULK1/2, it
is likely that additional regulatory mechanisms can be involved in the initiation of autophagy659.
LRRK2 is a kinase, so it is plausible that LRRK2 might directly phosphorylate proteins acting at early steps
in the autophagic pathway. In support of this is evidence that EndoA, which regulates the membrane
curvature and autophagosome nucleation at pre-synaptic terminals, can be phosphorylated by LRRK2610.
Thus, experiments could be performed in HEK293 GFP-LC3 cells to further assess whether LRRK2 is
involved in the phosphorylation of ULK1 complex subunits, and if so whether these phosphorylation
events mediate the effects of LRRK2 on autophagy.
Importantly, a literature review would be needed to choose the phosphorylation sites of interest on
FIP200, ATG13 and ATG101, since studies have suggested multiple potential activation sites over the
years675–678 (Table 4.1). The availability of existing phosphospecific antibodies would also determine the
phosphorylation sites that will be studied on these proteins. Alternatively, a mass spectrometry-based
approach could be used to monitor phosphorylation on each protein more globally.
Whether by a targeted phosphospecific antibody approach or mass spectrometry, if pharmacological
inhibition of LRRK2 enzymatic activities is sufficient to decrease or prevent the phosphorylation of one
or more of these subunits following treatment to induce autophagy, this result would be consistent with
LRRK2 phosphorylating these proteins as a necessary early step in autophagy induction. Such
experiments could be supported with analogous studies using LRRK2 knockdown. Finally, if the
experiments performed in cells pointed towards LRRK2 phosphorylating one of more of these proteins,
it would be necessary to confirm if LRRK2 can phosphorylate the substrate directly. This would be
determined using in vitro phosphorylation assays, using recombinant LRRK2 and recombinant substrate
protein.
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Table 4.1: Reported serine/threonine phosphorylation sites within autophagy initiation complexes.
Numbers of phosphorylation sites relates to human protein and does not include phosphorylation sites identified in other
species that may be conserved. Information obtained from PhosphoSitePlus® by Cell Signalling Technology 678.

Complex

ULK1

PI3K class III

ATG9

Subunit

Number of phosphorylation sites
(serine/threonine)

ULK1

62

ULK2

17

FIP200

46

ATG13

10

ATG101

2

Beclin1

16

VPS34

20

AMBRA1

23

ATG14

7

ATG9A

18

ATG9B

1

4.10.5.1.5 The effect of LRRK2 inhibition on the phosphorylation events of PI3K class III complex
components
Another key complex involved in the initiation of autophagy is the PI3K class III nucleation complex,
which contains Beclin1, VPS34 and AMBRA1, and produces phosphatidylinositol 3-phosphate (PI3P) via
the activity of the lipid kinase VPS34. Synthesis of PIP3 is crucial for the recruitment of WIPI2 to nascent
autophagosomes, and various signalling pathways converge on the modulation of this complex to induce
or supress autophagy, as described in Chapter 1 Section 1.3.3. ULK1 has been reported to phosphorylate
all three of these PI3K class III nucleation complex subunits, and phosphorylation of Beclin1 at Ser14 is
required for the activation of the complex and autophagy induction. In principle, LRRK2 inhibition might
prevent the phosphorylation of one or more of these subunits and lead to inhibition of autophagy in an
analogous manner to that proposed for phosphorylation of ULK1 complex components.
Supporting this idea, it has been shown that LRRK2 can influence the phosphorylation of Beclin1. In
particular, membrane-associated LRRK2 is reported to inhibit autophagy by inducing the
phosphorylation of Beclin1 at Ser295, a residue also known to be targeted by Akt679. However, this
observation is not in agreement with our data, which suggest a positive role for LRRK2 in the induction
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of autophagy. Nevertheless, the role of LRRK2 in the phosphorylation status of the PI3K class III subunits
can be explored using similar experimental designs as described in the previous sections.
Interestingly, instances of Beclin1-independent autophagy have been reported680,681. Therefore, it may
be informative to delineate if LRRK2-mediated autophagy is Beclin-1 dependent. To do so, the effects of
LRRK2 inhibition on autophagy in HEK293 GFP-LC3 cells could be investigated using 3-methyladenine (3MA). 3-MA is a compound that is commonly used to inhibit autophagy, and is especially relevant here
because it only blocks Beclin1-dependent autophagy328. However, there is a caveat associated with the
use of this compound; some studies also report that 3-MA was ineffective in preventing LRRK2-activated
autophagy141,479.

4.10.5.1.6 The effect of LRRK2 inhibition on ATG9 protein phosphorylation
ATG9 proteins are transmembrane proteins essential for the nucleation and formation of the
phagophore. ULK1 can phosphorylate ATG9 at Ser14, which promotes its relocation to sites of
phagophore assembly, where ATG9-containing vesicles are a likely source of membrane material682. As
such, LRRK2 might be involved at the level of ATG9 proteins, with LRRK2 inhibition preventing both the
phosphorylation of ATG9 at Ser14 and ATG9 trafficking, thus blocking autophagy. Similar experiments to
the ones detailed in the previous sections could be performed to investigate this idea.

4.10.5.1.7 The effect of LRRK2 inhibition on the interaction between LRRK2 and autophagic proteins
Finally, it is reasonable to suppose that LRRK2 might affect autophagy independently of substrate
phosphorylation, but in a manner that is nonetheless sensitive to both kinase and GTPase inhibitors. This
would likely be via protein-protein interactions, where LRRK2 might have a necessary scaffolding
function in one or more of the initiation complexes. As such, LRRK2 inhibitors may affect the stability or
structural integrity of LRRK2, which in turn might destabilise or prevent the assembly of the initiation
complexes. Since LRRK2 is a dynamic protein, studies suggest that LRRK2 might be involved in numerous
cellular pathways depending on the formation of complexes following specific cues or stimuli683. Indeed,
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LRRK2 has been shown to play important roles in the recruitment of substrates and regulatory partners,
notably in the Wnt signalling pathway112,116, where LRRK2 acts as a central scaffolding subunit180,684.
Thus, reciprocal co-immunoprecipitation experiments could be performed to test for physical
interactions between LRRK2 and candidate interacting proteins that are involved in the early steps of
autophagy. Beclin1 within the PI3K class III complex is a likely candidate to explore. An argument
supporting this hypothesis is linked to Bcl-2, an anti-apoptotic protein. It has been reported that
mitochondria degradation via macroautophagy is mediated by LRRK2, following its binding to Bcl-2597.
Bcl-2 has also been reported to bind and inhibit Beclin1, and the release of Beclin1 from Bcl-2 appears
to be essential for the initiation of the autophagic response685. Interestingly, Beclin1 has the capacity to
form different functional complexes686, allowing it to regulate autophagy depending on the stimulus.

4.10.6 Conclusions

The findings presented in this Chapter suggest a cell-type specific action of LRRK2 in autophagy. In
HEK293 GFP-LC3 cells, results strongly support the involvement of LRRK2 in the early stages of canonical
mTORC1-dependent and perhaps also mTOR-independent autophagy. By contrast, data from RAW264.7
macrophages do not support a role for Lrrk2 in this cell line. Evidence that in HEK293 GFP-LC3 cells LRRK2
kinase or GTPase inhibition blocks autophagy is supported by three distinct techniques. As such, the role
of LRRK2 in the early stages of autophagy in this cell line merits more exploration.

5
Investigations into the role of LRRK2 in calcium signalling

5.1

Introduction

Alterations in intracellular calcium homeostasis have been described and linked to neurodegeneration
in PD, including impairments in ER, lysosomal and mitochondrial calcium homeostasis112,479,507,587–590,687.
Importantly, there is evidence for a broad regulatory role for LRRK2 in calcium signalling, with data
suggesting that LRRK2 pathogenic mutants may, at least in part, induce cellular defects through impaired
calcium homeostasis. In particular, LRRK2 is intimately associated with lysosomal calcium
homeostasis391,479, which, when deregulated in presence of pathogenic LRRK2 mutants, impairs
lysosomal function and autophagy142,479. Nevertheless, the precise role of LRRK2 in the regulation of
calcium signalling remains to be established.
Importantly, the reported effects on global calcium regulation associated with LRRK2 were generally
described or extrapolated in the context of other mechanisms or not direct results of LRRK2 modulation,
for example in the context of neurite outgrowth587 or autophagy479. It is for instance possible that the
described increased ER or lysosomal releases were due to excessive calcium signalling or were secondary
to increased pH and not necessarily direct consequences of LRRK2 mutations216,479, which has not been
examined. Furthermore, the effects of LRRK2 on total ER and lysosomal calcium levels have not been
extensively examined either. Therefore, there is a need to undertake a systematic and thorough
investigation of the role of LRRK2 in calcium signalling.
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The work described in this Chapter investigates the impact of LRRK2 enzymatic activities and LRRK2
pathogenic and protective variants on calcium signalling, with the aim of gaining insight into the
involvement of LRRK2 in global and lysosomal calcium signals. To this end, the LRRK2 kinase and GTPase
activities were modulated with pharmacological inhibitors, and the effects of LRRK2 mutations were
investigated by transient overexpression of wild-type and mutant LRRK2 constructs. For consistency with
the experimental designs used in Chapter 4, the same three cell lines were used, namely HEK293 GFPLC3 cells, wildtype RAW264.7 macrophages and isogenically matched Lrrk2-knockout RAW264.7
macrophages.
The main experimental approached used in this Chapter was to monitor cytosolic calcium signals with
fluorescence microscopy, using cells loaded with the fluorescent calcium dye Fura-2 (see Chapter 1
Section 1.4.3 and Chapter 2 Section 2.5.1 for further details). In principle, Fura-2 signals directly relate
to the amount of cytosolic calcium, allowing calcium quantification; as the concentration of cytosolic
calcium increases, the 340/380 fluorescence ratio of Fura-2 increases. Changes in calcium signals were
assessed by measuring several parameters, described in the next sections.

5.1.1

Calcium signalling parameters measured in this study: spontaneous activity

Certain cell types can display calcium activity in absence of an exogenous stimulation or trigger, i.e.,
when cells are at rest and maintained in imaging buffer without any stimulation by a calcium mobilising
agent. This is called “spontaneous activity”. Calcium release events that occur in spontaneous activity
can be sporadic in nature, or follow an oscillatory and periodic pattern.
Spontaneous calcium release events can be recorded from cells loaded with Fura-2. Figure 5.1 depicts
an example of a spontaneous activity trace obtained from a single cell, where the calcium signals were
recorded over a period of 5 minutes. Each calcium release event corresponds to a “peak”, representing
an increase in cytosolic calcium concentration.
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For each recording of spontaneous activity, 20 cells were selected, and the calcium signals of each
individual cell was measured as single-cell traces. Once the number of peaks was quantified for each cell
to obtain the number of peaks per minute, the values were averaged to obtain a single value for the
repeat.

Figure 5.1: Representative spontaneous activity trace from an individual WT RAW264.7 macrophage.
RAW264.7 WT macrophages were loaded with Fura-2 AM (2 µM) in imaging buffer and the calcium signals were recorded for 5
minutes to measure the spontaneous release of calcium. The trace represents the individual calcium signals and peaks from 1
region of interest (ROI) corresponding to 1 individual cell.

5.1.2

Calcium signalling parameters measured in this study: evoked calcium signals

Calcium signals occurring in response to the stimulation of the cells with an agonist are called evoked
calcium signals. For example, extracellular application of ATP, a natural agonist of P2Y receptors, to cells
leads to the production of IP3 and increased cytosolic calcium levels resulting from the release of the ER
calcium store. Typically, stimulation of cells with ATP will trigger a global calcium response that is larger
than the calcium signal observed following a spontaneous calcium release.
Figure 5.2 shows a representative profile of cytosolic calcium signals obtained from WT RAW264.7
macrophages that were superfused with imaging buffer supplemented with ATP. At the start of the
recording, 20 cells were selected, and the calcium signals were measured individually, which generated
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20 single-cell traces (Figure 5.2 A). These traces were then averaged over time to obtain a single curve
with averaged data suitable for analysis (Figure 5.2 B). As such, except for the measure of spontaneous
activity, all the calcium traces obtained in this Chapter were averaged over time. In this example (Figure
5.2), cells were stimulated three times with ATP (100 µM) which generated three peaks, each peak
corresponding to an increase in cytosolic calcium resulting from a triggered ER calcium release event.
The general protocol followed for the calcium signalling assays described in Section 5.2 is detailed in the
legend of Figure 5.2. First, as mentioned in Section 5.2.1, calcium signals were recorded for 5 minutes
prior to any stimulation in order to use this data for spontaneous activity analysis. Then, cells were
stimulated with ATP (100 µM) and a peak was generated. Upon termination of the signal, cells were
washed and allowed to rest for 10 minutes to allow for the intracellular reuptake of calcium, and for the
calcium signals to return to baseline. ATP stimulations were repeated two more times, with recordings
started 1 minute before the addition of ATP, in order to obtain a baseline for later calculations.
To assess changes in evoked calcium signalling, three parameters were measured in all the experiments
performed in this Chapter: the amplitude, the area under the curve (AUC), and the decay. These
parameters were measured for each peak using averaged data, and are described in Figure 5.3 using a
representative curve as an example:
-

amplitude (height of the peak) was used as a measure of the rate of calcium release (e.g., faster
or sharper if the amplitude is higher in an experimental condition compared to control),

-

AUC is a measure of the total increase in cytosolic calcium, and reflects the total amount of
calcium released

-

decay represents how quickly the cells return to baseline, which is the termination of the signal
(e.g., a smaller decay in an experimental condition compared to control reflects a faster return
to baseline, which means that cytosolic calcium has been cleared and re-stored).
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Figure 5.2: Traces representing calcium signals recordings.
RAW264.7 WT macrophages were loaded with Fura-2 (2 µM) and the calcium signals were recorded over time. The arrows show
the peaks following an ATP-evoked release of calcium. Panel A shows the calcium signals recorded from 20 regions of interest
(ROI) corresponding to 20 individual cells. Panel B shows the averaged calcium signal of the 20 cells. The general protocol
followed is depicted in Panel B. The calcium signals were recorded for 5 minutes to obtain the spontaneous cell activity and
basal calcium signals (A), then stimulated with the agonist ATP (B). Once the response ended, the recordings were paused for
10 minutes, the cells were washed 4 to 8 times and allowed to rest (C). The recordings were resumed for 1 minute prior to the
addition of ATP to obtain the basal levels (D).
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Figure 5.3: Parameters measured for each peak in this Chapter.
Following the protocol described in Figure 5.2: calcium signals were recorded in cells and were evoked by addition of 100 µM
ATP. The graphs show the different parameters (depicted in orange) measured for all the calcium experiments performed in
this Chapter. A: amplitude, rate of calcium release, B: area under the curve, total calcium release, C: decay, termination of the
signal. See Chapter 2, section 2.5.4 for more details.
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Effect of loss of Lrrk2 on cytosolic calcium signals in RAW264.7 macrophages

Prior to investigating the effects of LRRK2 inhibition in calcium assays, the first step was to explore the
impact of the loss of Lrrk2 on calcium signals using WT RAW264.7 macrophages and Lrrk2 KO RAW264.7
macrophages. For this purpose, the calcium release patterns, including the spontaneous activity and
triggered calcium responses, were studied in both cell lines. The results are described in the next
Sections.

5.2.1

Loss of LRRK2 does not affect spontaneous activity in macrophages

To examine how loss of Lrrk2 affects the spontaneous calcium activity in RAW264.7 macrophages, wildtype RAW264.7 or Lrrk2 KO macrophages were loaded with Fura-2, and spontaneous calcium release
events were recorded for 5 minutes. The spontaneous activity data presented in Figure 5.4 combines
the data obtained from the experiments described in Figure 5.5, Figure 5.7 and Figure 5.9, which all
started with a recording of the spontaneous calcium release events prior to any stimulation. This analysis
revealed no significant difference in the number of peaks per minute between the two genotypes,
suggesting that loss of Lrrk2 did not affect spontaneous activity in WT macrophages.

Figure 5.4: Measure of the spontaneous calcium release in RAW264.7 WT or Lrrk2 KO macrophages.
RAW264.7 WT or Lrrk2 KO macrophages were loaded with Fura-2 AM (2 µM) in imaging buffer and the calcium signals were
recorded for 5 minutes to measure the spontaneous release of calcium. The number of peaks were quantified for each cell (20
cells/repeat) and averaged to peaks/minute. The bars represent the mean ± SEM peaks/minutes of 20 repeats. This data
combines the data obtained from the experiments described in Figure 5.5, Figure 5.7 and Figure 5.9, which all started with a
recording of the spontaneous calcium release events prior to any stimulation. n=20, Unpaired T-test, non-significant; t=0.6377,
df=38, p=0.52.
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Exploring the effect of loss of Lrrk2 on the calcium release pattern in macrophages
using ATP

Since the loss of Lrrk2 did not appear to affect the spontaneous activity in RAW264.7 macrophages, the
next step was to explore the effect of loss of Lrrk2 on calcium signals occurring in response to the
stimulation of the cells with an agonist, i.e., evoked calcium signals.

5.2.2.1

Effect of loss of Lrrk2 on evoked calcium signals in RAW264.7 macrophages

Having established the conditions to monitor calcium signals in Section 5.1.2, the effect of loss of Lrrk2
in WT RAW264.7 macrophages was studied. To do so, Fura-2 loaded WT RAW264.7 macrophages or
Lrrk2 KO macrophages were stimulated three times with ATP at a concentration of 100 µM, following a
one-minute baseline recording. (This experiment corresponds to Assay n°1 in Chapter 2 Section 2.5.3.1).
The main reason why cells were stimulated several times was to ensure that any potential effect can be
seen, since it is possible that the effects of Lrrk2 knockout would not be visible after a single stimulation,
but only after a reset period and the second stimulation. Using averaged data, the amplitude, AUC and
decay were analysed for each peak, and the results are shown in Figure 5.5.
As expected, the amplitude (Figure 5.5 A) and the AUC (Figure 5.5 B) data showed a significant decrease
between the first ATP stimulation and the third ATP stimulation in both the WT macrophages and the
Lrrk2 KO macrophages. This is indicative of a desensitisation to ATP, with less calcium released and at a
slower rate. In addition, the amplitude results showed a significant difference between the genotypes in
the second and third ATP stimulations (Figure 5.5 A), with the Lrrk2 KO macrophages displaying a higher
amplitude than WT macrophages. This indicates that ATP induced a faster calcium release in Lrrk2 KO
macrophages.
Furthermore, the decay data showed a significant difference between the two genotypes (Figure 5.5 C),
with significantly smaller decay values in Lrrk2 KO macrophages after the second and third ATP
stimulations. This suggests that the calcium signals in Lrrk2 KO macrophages needed less time to return
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to baseline, i.e., the cytosolic calcium was cleared and re-stored in organelles faster in Lrrk2 KO
macrophages than WT macrophages. Altogether, these results suggest that both ATP-stimulated calcium
release and calcium reuptake following ATP-stimulated calcium release occur more rapidly in Lrrk2 KO
macrophages.
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Figure 5.5: Measure of calcium signals in response to ATP in RAW264.7 macrophages.
RAW264.7 WT or Lrrk2 KO macrophages were loaded with Fura-2 AM (2 µM) in imaging buffer and the calcium signals were
recorded. After 5 minutes of recording (for the spontaneous activity, used in Figure 5.4), cells were stimulated with ATP (100
µM) to evoke a calcium signal, followed by 8 washes with imaging buffer and 10 minutes of rest. These steps were repeated
two more times, and the baseline calcium signals were recorded for 1 minute before each stimulation (Assay 1 in Chapter 2
Section 2.5.3.1). For each peak, each repeat is an average of 20 cells, and the data are the mean ± SEM. n=8 (2 coverslips/4
repeats). Two-way mixed ANOVA (with grouping by experimental repeat), Tukey post-hoc. (A) peak effect: F(2, 14)= 45.81,
p<0.0001; genotype effect: F(1,7)= 1.305, p=0.291, interaction: F(2, 14)= 4.222, p=0.0367. (B) peak effect: F(2, 14)= 33.78,
p<0.0001, genotype effect: F(1, 7)= 0.135, p=0.7241, interaction: F(2, 14)= 0.03043, p=0.9701. (C) peak effect: F(2, 14)= 1.625,
p=0.232, genotype effect: F(1, 7)= 5.692, p=0.0485, interaction: F(2, 14)= 0.7919, p=0.4723. On graphs: p<0.0001 (****), p<0.01
(**), p<0.05 (*).
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Effect of loss of Lrrk2 on evoked calcium signals in RAW264.7 macrophages using a range
of ATP concentrations

The differences between genotypes shown in Figure 5.5 were only observed after the second and third
stimulations. This indicates that these differences were only detectable after desensitisation when using
ATP at 100 µM, which implies that this ATP concentration is saturating for the first stimulation in this
experiment. This observation suggests that lower doses of ATP might allow differences between
genotypes to be detected more easily, thereby increasing the sensitivity of the assay. Consequently, a
submaximal range of ATP concentrations was also tested (0.5 µM, 1 µM, 10 µM or 100 µM).
The effect of loss of Lrrk2 on calcium signals in WT RAW264.7 macrophages was therefore assessed
under conditions where WT and Lrrk2 KO macrophages were stimulated with a gradual increase in the
concentration of ATP (Figure 5.6), following a similar timeline as detailed in Section 5.2.2.1. (This
experiment corresponds to the Assay n°2 in Chapter 2 Section 2.5.3.1)

Figure 5.6: Representative trace following the stimulation of WT RAW264.7 macrophages with a range of ATP
concentrations.
RAW264.7 WT macrophages were loaded with Fura-2 (2 µM) and the calcium signals were recorded over time, and were evoked
by addition of ATP at 0.5 µM, 1 µM, 10 µM or 100 µM (arrows). The trace represents the averaged calcium signal of 20 cells.

The results are shown in Figure 5.7, with the analysis of the same parameters as described in the previous
sections.
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Predictably, increasing ATP concentrations causes corresponding increases in the size of the ATP
response in both genotypes, with significant differences seen between the two lower and two higher
doses for both the amplitude and AUC measurements (Figure 5.7 A and B). In addition, the AUC data
showed that the calcium release using ATP at 100 µM was significantly larger than using ATP at 10 µM
in both genotypes. Importantly also, these results indicate that stimulation with 10 µM ATP was
sufficient to elicit a response similar to the response observed with 100 µM. For this reason, ATP was
used at a 10 µM concentration in experiments from this point.
Interestingly, both the AUC and the amplitude of the responses recorded in Lrrk2 KO macrophages were
significantly larger than the same parameters in WT macrophages (Figure 5.7 A and B), and this was the
case following stimulation with ATP at either 10 µM or 100 µM. This result suggests that the calcium
release was both faster and greater in the Lrrk2 KO macrophages, which is consistent with the data
shown in Figure 5.5. However, there was no significant difference in the decay data between the
genotypes in this experiment.

To summarise the findings on the effect of loss of Lrrk2 on the calcium release pattern in WT RAW264.7
macrophages, although no significant difference was detected regarding the spontaneous activity, the
significant changes in AUC (Figure 5.7), amplitude (Figure 5.5 and Figure 5.7) and decay (Figure 5.5) data
point towards a faster and greater calcium release in the Lrrk2 KO macrophages, perhaps with a faster
return to the baseline in this cell line. As such, these data support a potential role for Lrrk2 in the
regulation of calcium release in RAW264.7 macrophages.
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Figure 5.7: Calcium signals evoked using different ATP concentrations.
RAW264.7 WT or Lrrk2 KO macrophages were loaded with Fura-2 AM (2 µM) in imaging buffer and the calcium signals were
recorded. Basal signals were recorded for 5 minutes (for the spontaneous activity, used in Figure 5.4), then cells were stimulated
with ATP at 0.5 µM, 1 µM, 10 µM or 100 µM to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest
in between each stimulation. For each peak, each repeat is an average of 20 cells, and the data are the mean ± SEM. Each panel
represents a parameter measured. n=8 (2 coverslips/4 repeats). Two-way mixed ANOVA (with grouping by experimental
repeat), Tukey post-hoc test. (A) ATP concentration effect: F(3,21)= 40.4; p<0.0001, genotype effect: F(1,7)= 23.74; p=0.0018,
interaction: F(3,21)= 2.88; p=0.059. (B) ATP concentration effect: F(3,21)= 58.56; p<0.0001, genotype effect: F(1,7)= 8.28;
p=0.023, interaction: F(3,21)= 8.13; p=0.0009 (C) ATP concentration effect: F(3,21)= 0.57; p=0.63, genotype effect: F(1,7)= 0.28;
p=0.61, interaction: F(3,21)= 3.75; p=0.0265. On graphs: p<0.0001 (****), p<0.001 (***), p<0.01 (**), p<0.05 (*). Black stars
represent the difference between genotypes, red stars represent the differences within KO, and green stars within WT.
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Effect of Lrrk2 inhibition on global calcium release in RAW264.7 macrophages

The observation that loss of Lrrk2 affects the ATP-induced calcium responses in WT macrophages (Figure
5.5 and Figure 5.7) indicates that Lrrk2 is likely involved in calcium signalling in this cell type. To test this
possibility further and assess the requirement of the Lrrk2 enzymatic activities in the effects of Lrrk2, the
following experiments investigated the role of Lrrk2 kinase and GTPase activities on ATP-evoked calcium
responses in RAW264.7 macrophages using the same Lrrk2 inhibitors used in Chapter 4. This approach
also allows a comparison between two forms of Lrrk2 loss of function: enzymatic inhibition and loss of
protein expression.

5.3.1

DMSO has no effect on calcium release in macrophages

Prior to using the inhibitors in calcium signalling assays, it was considered necessary to verify whether
DMSO, the solvent for the inhibitors, had an effect on calcium release, to ensure that any effect observed
following Lrrk2 inhibition is directly due to the inhibitors. Thus, an additional control experiment was
carried out where WT RAW264.7 macrophages were pre-treated 1 hour with DMSO (1:1000 equivalent
dilution) or untreated, and then stimulated three times with ATP (at 2 µM, 10 µM or 100 µM).
(This experiment corresponds to the Assay n°8 detailed in Chapter 2 Section 2.5.3.2)
The results are shown in Figure 5.8, and revealed no effect of DMSO on calcium release under the
experimental conditions of our system.
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Figure 5.8: DMSO does not affect calcium release in WT RAW264.7 macrophages.
RAW264.7 WT macrophages were pre-treated with DMSO (1:1000 equivalent dilution) for 1 hour, then loaded with Fura-2 AM
(2 µM) in imaging buffer, and the calcium signals were recorded. Basal calcium signals were recorded for 1 minute before
addition of ATP at 2 µM, 10 µM or 100 µM to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest
in between each stimulation. For each peak, each repeat is an average of 20 cells, and the data are the mean ± SEM. Each panel
represents a parameter measured. n=5 repeats (1 coverslip/repeat). Two-way mixed ANOVA (with grouping by experimental
repeat), non-significant. (A) ATP concentration effect: F(2, 8)= 18.48; p=0.0010, genotype effect: F(1, 4)= 0.16; p=0.71,
interaction: F(2, 8)= 0.025; p=0.97. (B) ATP concentration effect: F(2, 8)= 15.9; p=0.0016, genotype effect: : F(1, 4)= 0.237;
p=0.65, interaction: F(2, 8)= 0.432; p=0.66 (C) ATP concentration effect: F(2, 8)= 6.42; p=0.0217, genotype effect: F(1, 4)= 0.0084;
p=0.793, interaction: F(2, 8)= 1.1; p=0.377.
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Effect of Lrrk2 inhibition on calcium release in macrophages

Having confirmed that DMSO does not affect calcium signals in WT RAW264.7 macrophages, the effects
of Lrrk2 inhibition on ATP-evoked calcium responses were examined in WT RAW264.7 macrophages and
Lrrk2 KO macrophages. Although Lrrk2 is not expressed in the Lrrk2 KO macrophages, this cell line was
used in parallel to monitor for potential off-target effects of the inhibitors.
For consistency with the autophagy assays (Chapter 4), the effects of Lrrk2 inhibitors were investigated
using identical treatment conditions to those used to study the role of Lrrk2 in autophagy, which
correspond to a 1- or 16-hours treatment with the LRRK2 kinase inhibitors at 1 µM or with the GTPase
inhibitor at 100 nM. Furthermore, in some experiments, an additional condition combining the use of a
LRRK2 kinase inhibitor (GSK2578215A) and the LRRK2 GTPase inhibitor (FX2149) was explored.

5.3.2.1

Lrrk2 inhibition has no effect on spontaneous activity in RAW264.7 macrophages

The effect of acute (1 hour) Lrrk2 inhibition on the spontaneous activity is shown in Figure 5.9.
Interestingly, neither the Lrrk2 kinase inhibitors (1 µM) nor the GTPase inhibitor (100 nM) induced
significant changes compared to the DMSO-treated control cells. This observation suggests that Lrrk2
enzymatic activities are unlikely to be involved in the spontaneous activity of WT RAW264.7
macrophages, which is consistent with the absence of effect of Lrrk2 KO on the spontaneous activity in
this cell line (Figure 5.4).

Investigations into the role of LRRK2 in calcium signalling

| 220

Figure 5.9: No effect of Lrrk2 inhibition on spontaneous activity in macrophage cells.
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with various Lrrk2 kinase inhibitors (GSK2578215A: GSK; GNE-9605:
GNE; PF-06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour,
and loaded with Fura-2 AM (2 µM) in imaging buffer. The calcium signals were recorded for 5 minutes to measure the
spontaneous release of calcium. Each repeat is an average of 20 cells, peaks were quantified for each cell and averaged to
peaks/minute, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat), One-way ANOVA (with grouping by experimental
repeat), Geisser-Greenhouse’s correction, non-significant. (WT) Treatment effect: F(1.917, 5.752)= 2.042; p= 0.213 (KO)
Treatment effect: F(1.707, 5.12)= 0.7075; p= 0.514.

5.3.2.2

Lrrk2 inhibition has no effect on ATP-evoked calcium responses in RAW264.7
macrophages

In this assay, cells were pre-treated with Lrrk2 inhibitors and calcium release was triggered twice with
10 µM ATP. Two peaks were therefore obtained, and each was analysed separately as “Peak 1” and
“Peak 2”, as indicated in the relevant graph titles (traces not shown). The effects of acute (1 hour) Lrrk2
inhibition on the ATP-evoked calcium responses are shown below in Figure 5.10 and Figure 5.11, and the
effects of 16 hours Lrrk2 inhibition are shown in the Figure 5.12 and Figure 5.13. (This assay corresponds
to Assay n°6 in Chapter 2 Section 2.5.3.3)
In these experiments, neither 1 hour (Figure 5.10 and Figure 5.11) nor 16 hours (Figure 5.12 and Figure
5.13) pre-treatment with the Lrrk2 kinase and GTPase inhibitors elicited a significant effect on the ATPinduced calcium responses in either genotypes compared to the relevant DMSO-treated control.
However, it is important to note a variability in some of the data which might explain, at least to some
extent, the lack of effects observed here.
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Figure 5.10: No effect of one-hour Lrrk2 inhibition on ATP-evoked calcium release (first stimulation)
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with various Lrrk2 kinase inhibitors (GSK2578215A: GSK; GNE-9605:
GNE; PF-06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour,
and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of 10
µM ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations. Each
repeat is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat), One-way ANOVA (with grouping
by experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) WT treatment effect: F(1.621, 4.863)= 1.31;
p=0.337, KO treatment effect: F(1.223, 3.669)= 0.5427; p=0.54, (B) WT treatment effect: F(1.356, 4.068)= 1.403; p=0.32, KO
treatment effect: F(1.284, 3.851)= 0.355; p=0.64 (C) WT treatment effect: F(1.131, 3.393)= 1.83; p=0.26, KO treatment effect:
F(1.294, 3.881)= 1.269; p=0.34.

Investigations into the role of LRRK2 in calcium signalling

| 222

Figure 5.11: No effect of one-hour Lrrk2 inhibition on ATP-evoked calcium release (second stimulation).
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with various Lrrk2 kinase inhibitors (GSK2578215A: GSK; GNE-9605:
GNE; PF-06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour,
and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of 10
µM ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations. Each
repeat is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat), One-way ANOVA (with grouping
by experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) WT treatment effect: F(1.606, 4.819)= 1.774;
p=0.26, KO treatment effect: F(1.616, 4.848)= 0.8667; p=0.45 (B) WT treatment effect: F(1.235, 3.704)= 0.9669; p=0.41, KO
treatment effect: F(1.138, 3.413)= 0.3767; p=0.6 (C) WT treatment effect: F(2.33, 6.989)= 1.657; p=0.26, KO treatment effect:
F(1.918, 5.754)= 0.266; p=0.77.
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Figure 5.12: No effect of 16 hours Lrrk2 inhibition on ATP-evoked calcium release (first stimulation)
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with various Lrrk2 kinase inhibitors (GSK2578215A: GSK; GNE-9605:
GNE; PF-06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 16
hours, and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition
of 10 µM ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations.
Each repeat is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat), One-way ANOVA (with
grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) WT treatment effect: F(2.342, 7.027)=
1.149; p=0.38, KO treatment effect: F(1.584, 4.753)= 0.4648; p=0.61 (B) WT treatment effect: F(2.121, 6.364)= 0.627; p=0.57,
KO treatment effect: F(1.32, 3.959)= 0.7144; p=0.48 (C) WT treatment effect: F(1.271, 3.812)= 1.492; p=0.31, KO treatment
effect: F(1.47, 4.41)= 0.6297; p=0.53.
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Figure 5.13: No effect of 16 hours Lrrk2 inhibition on ATP-evoked calcium release (second stimulation)
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with various LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605:
GNE; PF-06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 16
hours, and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition
of 10 µM ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations.
Each repeat is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat), One-way ANOVA (with
grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) WT treatment effect: F(1.843, 5.53)=
1.665; p=0.27, KO treatment effect: F(1.58, 4.739)= 0.4879; p=0.60 (B) WT treatment effect: F(1.232, 3.695)= 1.463; p=0.31, KO
treatment effect: F(1.398, 4.194)= 0.9836; p=0.41 (C) WT treatment effect: F(2.477, 7.432)= 2.612; p=0.13, KO treatment effect:
F(1.484, 4.452)= 2.614; p=0.18.
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Taken together, the data described so far in this Chapter so far suggest that whilst loss of Lrrk2 in
RAW264.7 macrophages leads to a significantly faster and larger ATP-evoked calcium release, Lrrk2
kinase and GTPase inhibition has no effect on ATP-evoked calcium signals. These observations are
discussed later in this Chapter.
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Effect of LRRK2 inhibition on global calcium release in HEK293 GFP-LC3 cells

To test the role of LRRK2 enzymatic activities in calcium signalling further, the effects of LRRK2 inhibition
on ATP-evoked calcium signals were also evaluated in HEK293 GFP-LC3 cells under identical treatment
conditions to those used in RAW264.7 macrophages, i.e., pre-treatment with LRRK2 inhibitors for 1 hour
or 16 hours, and calcium release triggered twice with ATP at 10 µM. This would allow for a comparison
between macrophages and HEK293 GFP-LC3 cells, and would help assess whether the role of LRRK2 is
cell-specific, as the data obtained from autophagy assays in Chapter 4 suggested that it was the case.
(This assay corresponds to the Assay n°6 in Chapter 2 Section 2.5.3.3). Of note, HEK293 GFP-LC3 cells do
not display spontaneous calcium activity, so recordings were only made following stimulation.
Similar to the WT RAW264.7 macrophages, neither 1 hour (Figure 5.14 and Figure 5.15) nor 16 hours
(Figure 5.16 and Figure 5.17) pre-treatment with the Lrrk2 kinase and GTPase inhibitors elicited any
consistent effects on the ATP-induced calcium responses in HEK293 GFP-LC3 cells compared to DMSOtreated cells. Indeed, the only statistically significant pairwise comparison was that one-hour pretreatment with GSK2578215A elicited an increase in AUC following the second ATP stimulation (Figure
5.15 B). This effect was not observed after the first ATP stimulation (Figure 5.14 B), after 16 hours pretreatment with the same compound (Figure 5.16 B and Figure 5.17 B), or with any of the other LRRK2
inhibitors when applied in parallel (Figure 5.15 B).
As such, it is most likely that this result is an outlier. Nonetheless, it is also possible that the experiment
is underpowered and in need of additional repeats. With this in mind, it is interesting to note that all
mean AUC values obtained following one-hour LRRK2 inhibition, for both the first and second
stimulations, are greater than their corresponding DMSO controls (Figure 5.14 B and Figure 5.15 B), and
this may be underpinned by corresponding increases in decay (Figure 5.14 C and Figure 5.15 C).
Interestingly, similar non-significant patterns may be present in the WT RAW264.7 macrophage data, in
particular for the second ATP-evoked calcium peak, where all mean values for AUC and decay are greater
than DMSO control (Figure 5.11 B and C).
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In any case, based on the statistically significant GSK2578215A result alone, these results indicate that
one-hour LRRK2 inhibition may have a greater effect on calcium signals in HEK293 GFP-LC3 cells than
overnight inhibition. Since calcium signals are tightly regulated in space and in time, it is plausible that
long-term inhibition of LRRK2 did not cause any effects due to compensatory mechanisms.

Figure 5.14: No effect of one-hour LRRK2 inhibition on ATP-evoked calcium release in HEK293 GFP-LC3 cells (first
stimulation)
HEK293 GFP-LC3 cells were pre-treated with various LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, and
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loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of 10 µM
ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations. Each repeat
is an average of 20 cells, and the data are mean ± SEM. n=6 repeats (1 coverslip/repeat), One-way ANOVA (with grouping by
experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) treatment effect: F(2.728, 13.64)= 0.3589; p=0.76
(B) treatment effect: F(2.07, 10.35)= 1.696; p=0.23 (C) treatment effect: F(2.367, 11.83)= 2.081; p=0.16.

Figure 5.15: Effect of one-hour LRRK2 inhibition on ATP-evoked calcium release in HEK293 GFP-LC3 cells (second
stimulation)
HEK293 GFP-LC3 cells were pre-treated with various LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, and
loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of 10 µM
ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations. Each repeat
is an average of 20 cells, and the data are mean ± SEM. n=6 repeats (1 coverslip/repeat), One-way ANOVA (with grouping by
experimental repeat), Geisser-Greenhouse’s correction, Dunnett post-hoc (comparison to DMSO). (A) treatment effect: F(1.786,
8.931)= 1.492; p=0.27 (B) treatment effect: F(2.309, 11.55)= 4.276; p=0.04 (C) treatment effect: F(1.969, 9.843)= 1.724; p=0.23.
On graphs: p<0.05 (*).
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Figure 5.16: No effect of 16 hours LRRK2 inhibition on ATP-evoked calcium release in HEK293 GFP-LC3 cells (first
stimulation)
HEK293 GFP-LC3 cells were pre-treated with various LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 16 hours, and
loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of 10 µM
ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations. Each repeat
is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat), One-way ANOVA (with grouping by
experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) treatment effect: F(1.886, 5.657)= 0.4554; p=0.65
(B) treatment effect: F(2.155, 6.466)= 0.6371; p=0.57 (C) treatment effect: F(1.13, 3.391)= 0.7248; p=0.47.
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Figure 5.17: No effect of 16 hours LRRK2 inhibition on ATP-evoked calcium release in HEK293 GFP-LC3 cells
(second stimulation)
HEK293 GFP-LC3 cells were pre-treated with various LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 16 hours, and
loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of 10 µM
ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes of rest between two stimulations. Each repeat
is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat), One-way ANOVA (with grouping by
experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) treatment effect: F(1.743, 5.23)= 0.8569; p=0.46 (B)
treatment effect: F(1.939, 5.816)= 0.8288; p=0.48 (C) treatment effect: F(1.163, 3.49)= 2.747; p=0.18.
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Effect of LRRK2 inhibition on lysosomal calcium in RAW264.7 macrophages

Overall, the previous assays described in this Chapter do not support any robust effects of LRRK2
enzymatic inhibition on ATP-evoked calcium responses, although, when applied acutely, the data
possibly hint at subtle effects that may be beyond the sensitivity of the assays used. Regardless, these
assays investigated the global increase in the concentration of cytosolic calcium, since stimulation of
cells with extracellular ATP leads to release of ER calcium stores. Importantly however, certain studies
support a specific role for LRRK2 in lysosomal calcium homeostasis. Given this and the known relevance
of lysosomal calcium homeostasis to the autophagic pathway, another experimental approach was
designed specifically to explore the role of LRRK2 in lysosomal calcium storage.

5.5.1

Establishing the parameters to study lysosomal calcium responses

To determine whether LRRK2 is involved in lysosomal calcium storage in RAW264.7 macrophages and
HEK293 GFP-LC3 cells, a two-step experiment to measure calcium signal profiles was designed. These
steps refer to two distinct stimulations that will each trigger an increase in cytosolic calcium levels and a
corresponding “peak”, but through different mechanisms. An example trace is shown in Figure 5.18.
The strategy is to first stimulate cells with cyclopiazonic acid (CPA), a compound that blocks the SERCA
pumps, thereby preventing ER calcium replenishment, but also leading to a gradual elevation of cytosolic
calcium due to natural leakage from stores688. Once the CPA response ends and ER stores are presumed
to be exhausted, cells are stimulated a second time using Ionomycin. Ionomycin is a membrane
permeant calcium ionophore which binds calcium ions and facilitates their transport directly across the
membrane of acidic stores, in particular lysosomes414,688. Importantly, pre-treatment with CPA will
prevent any calcium released from lysosomes from triggering a much larger “calcium-induced calcium
release” from the ER, meaning the initial release of lysosomal calcium can be measured without being
swamped by a bigger signal. In other words, Fura-2 signals recorded in response to ionomycin in cells
pre-treated with CPA will reflect only lysosomal calcium release. Importantly, during all these recordings,
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all measurements were carried out in calcium-free imaging buffer, to prevent any calcium influx from
the extracellular environment into the cytosol.
In theory, since the mechanism through which Ionomycin acts is passive and diffusion-based, unlike ATP,
it is only limited by the amount and concentration of calcium stored in the target organelles and in the
cytosol, which eventually reaches equilibrium. As such, the AUC data that would be obtained from the
analysis of the Ionomycin-evoked peak would be reflective of the total amount of calcium stored in
lysosomes. Similarly, AUC data from the CPA-evoked peak would reflect the total amount of calcium
stored in the ER.

Figure 5.18: Representative trace of calcium signals following CPA and Ionomycin stimulations in RAW264.7
macrophages.
Calcium signals were recorded in cells, and evoked by addition of CPA and Ionomycin (both at 10 µM) in calcium-free buffer.
This trace is an average overtime of 20 traces obtained from 20 cells.
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Loss of Lrrk2 has no effect on CPA- and Ionomycin-evoked calcium signals in
RAW264.7 macrophages

The first aim was to examine whether loss of Lrrk2 in macrophages had an effect on the total amount of
calcium stored in the ER or in lysosomes. To do so, the effect of loss of Lrrk2 on the CPA- and Ionomycinevoked calcium responses was determined in WT RAW264.7 or Lrrk2 KO macrophages. Cells were
superfused with calcium-free imaging buffer supplemented with CPA followed by a combination of CPA
and Ionomycin (to maintain the SERCA blockade).
The results presented in Figure 5.19 correspond to the DMSO control data obtained from both genotypes
in the experiments described in Figure 5.20 A (where cells were pre-treated with DMSO at 1:1000
equivalent dilution for 1 hour prior to recordings). This analysis revealed that there was no significant
difference in both the CPA and Ionomycin responses between the two genotypes, suggesting that loss
of Lrrk2 did not affect the amount of calcium stored in the ER or in lysosomes in WT macrophages.

Figure 5.19: Measure of calcium signals in response to CPA and Ionomycin in RAW264.7 macrophages.
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with DMSO (1:1000 equivalent dilution) for 1 hour, and loaded with
Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of CPA (10 µM) followed
by CPA (10 µM) + Ionomycin (10 µM) to evoke calcium signals, with 1 wash with imaging buffer between the stimulations. The
stimulations and washes were performed in calcium-free buffer. Each repeat is an average of 20 cells, and the data are mean ±
SEM. The data presented here are extracted from the DMSO data obtained in the experiments described in Figure 5.20. n=4
repeats (1 coverslip/repeat), Unpaired T-test, non-significant. (A) t=0.651, df=6, p=0.54 (B) t=0.2314, df=6, p=0.82.
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LRRK2 inhibition has no effect on CPA- and Ionomycin-evoked calcium signals in
RAW264.7 macrophages

Since the loss of Lrrk2 did not appear to affect the CPA- or Ionomycin-induced calcium responses in WT
RAW264.7 macrophages, the next step was to explore the effect of LRRK2 inhibition on the CPA- or
Ionomycin-evoked calcium signals in WT RAW264.7 and Lrrk2 KO macrophages in parallel, under
identical treatment conditions to those used in the previous assays in this Chapter (i.e., pre-treatment
with LRRK2 inhibitors for 1 hour or 16 hours). Cells were then superfused with calcium-free imaging
buffer supplemented with CPA followed by a combination of CPA and Ionomycin to trigger an elevation
in cytosolic calcium levels. (This assay corresponds to Assay n°7 in Chapter 2 Section 2.5.3.3).
Neither 1-hour (Figure 5.20) nor 16 hours (Figure 5.21) pre-treatment with the Lrrk2 kinase and GTPase
inhibitors elicited any effects on the CPA- or Ionomycin evoked calcium responses in RAW264.7
macrophages, compared to DMSO-treated cells. This observation suggests that inhibition of Lrrk2
enzymatic activities has no effect on the amount of calcium stored in lysosomes.
Taken together, the data presented in this Section indicate that neither loss of Lrrk2 nor inhibition of
Lrrk2 kinase and GTPase activities has an effect on the CPA- or Ionomycin-evoked calcium signals. These
observations are discussed later in this Chapter.
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Figure 5.20: No effect of one-hour Lrrk2 inhibition on CPA- or Ionomycin-evoked calcium signals.
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with various Lrrk2 kinase inhibitors (GSK2578215A: GSK; GNE-9605:
GNE; PF-06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 16
hours, and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition
of CPA (10 µM) followed by CPA (10 µM) + Ionomycin (10 µM) to evoke calcium signals, with 1 wash between the stimulations.
The stimulations and wash were performed in calcium-free buffer. Each repeat is an average of 20 cells, and the data are mean
± SEM. n=4 repeats (1 coverslip/repeat). One-way ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s
correction, non-significant. (A) WT treatment effect: F(1.22, 3.659)= 1.461; p=0.31, KO treatment effect: F(1.645, 4.936)=
0.2412; p=0.75 (B) WT treatment effect: F(1.676, 5.028)= 1.106; p=0.39, KO treatment effect: F(1.557, 4.672)= 1.159; p=0.37.
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Figure 5.21: No effect of 16 hours Lrrk2 inhibition on CPA- or Ionomycin-evoked calcium signals.
RAW264.7 WT or Lrrk2 KO macrophages were pre-treated with various Lrrk2 kinase inhibitors (GSK2578215A: GSK; GNE-9605:
GNE; PF-06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 16
hours, and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition
of CPA (10 µM) followed by CPA (10 µM) + Ionomycin (10 µM) to evoke calcium signals, with 1 wash between the stimulations.
The stimulations and washes were performed in calcium-free buffer. Each repeat is an average of 20 cells, and the data are
mean ± SEM. n=4 repeats (1 coverslip/repeat). One-way ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s
correction, non-significant. (A) WT treatment effect: F(1.471, 4.414)= 1.139; p=0.37, KO treatment effect: F(1.905, 5.715)=
0.2138; p=0.80 (B) WT treatment effect: F(1.396, 4.187)= 1.012; p=0.40, KO treatment effect: F(1.114, 3.342)= 1.335 p=0.33.
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Verification of the effect of CPA in RAW264.7 macrophages

To make sure that the responses that were observed in response to the combination of CPA and
Ionomycin were indeed lysosomal calcium responses, an additional control experiment was carried out
to determine the efficiency of prior CPA treatment. (This experiment corresponds to Assay n°3 in Chapter
2 Section 2.5.3.1). The example trace is shown in Figure 5.22 and the results are shown in Figure 5.23. In
theory, if the CPA stimulation emptied the ER calcium store and blocked the reuptake of calcium via the
SERCA pumps, a stimulation with ATP should not trigger a calcium response.
Consistent with this, whilst 10 µM CPA elicited a calcium response (Figure 5.22 and Figure 5.23), the
subsequent stimulation with 10 µM ATP had no effect on cytosolic calcium levels. This indicates that the
ATP-evoked calcium release was abrogated, which confirms that the calcium responses following
Ionomycin stimulation were indeed corresponding to lysosomal calcium.

Figure 5.22: Representative trace showing that CPA prevents the ATP-mediated calcium release from the ER.
Representative trace obtained using WT RAW264.7 macrophages stimulated with DMSO (1:1000 equivalent dilution), CPA (10
µM) or ATP (10 µM) (arrows).
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Figure 5.23: CPA empties the ER calcium store and prevents the ATP-mediated calcium release from the ER.
RAW264.7 WT or Lrrk2 KO macrophages were loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were
recorded for 1 minute before addition of DMSO (1:1000 equivalent dilution), followed by the agonists CPA (10 µM) and ATP (10
µM) to evoke calcium signals, with 8 washes and 10 minutes of rest between the stimulations. The stimulations and washes
were performed in calcium-free buffer. Each repeat is an average of 20 cells, and the data are mean ± SEM. n=5 repeats (1
coverslip/repeat). Two-way ANOVA (with grouping by experimental repeat), Tukey post-hoc test. (A) peak effect: F(2, 8)= 52.08;
p<0.0001, genotype effect: F(1, 4)= 0.4809; p=0.53, interaction: F(2, 8)= 0.7707; p=0.49 (B) peak effect: F(2, 8)= 32.07; p=0.0002,
genotype effect: F(1, 4)= 0.1839; p=0.69, interaction: F(2, 8)= 0.04719; p=0.95 (C) peak effect: F(2, 8)= 26.98; p=0.0003,
genotype effect: F(1, 4)= 0.12; p=0.75, interaction: F(2, 8)= 0.2019; p=0.82. On graphs: p<0.001 (***), p<0.01 (**), p<0.05 (*).
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Effect of LRRK2 inhibition on lysosomal calcium in HEK293 GFP-LC3 cells

The effects of LRRK2 inhibition on CPA- and Ionomycin-evoked calcium signals were also assessed in
HEK293 GFP-LC3 cells under identical treatment conditions to those used in RAW264.7 macrophages,
i.e., pre-treatment with LRRK2 inhibitors for 1 hour or 16 hours and calcium release triggered twice with
calcium-free imaging buffer supplemented with CPA followed by the combination of CPA and Ionomycin.
(This assay corresponds to Assay n°7 in Chapter 2 Section 2.5.3.3).
Similar to the results obtained in macrophages, none of the four LRRK2 inhibitors elicited any significant
difference in the CPA- or Ionomycin-evoked calcium signals compared to the DMSO-treated control, both
after 1 hour (Figure 5.24) or 16 hours of inhibition (Figure 5.25).
It is worth mentioning that a potential pattern can be seen in the CPA data following 16 hours inhibition
(Figure 5.25 A), where the AUC data obtained with the LRRK2 kinase inhibitors (GSK2578215A, GNE9605, PF-06447475) appear to be higher than the DMSO control. If true, this would suggest that
prolonged LRRK2 kinase inhibition leads to increased ER calcium storage. However, given the variability
within these data, this interpretation is only speculative.
Taken together, the results presented so far suggest that LRRK2 enzymatic activities are unlikely to be
involved in calcium storage in the ER or lysosomes in HEK293 GFP-LC3 cells.
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Figure 5.24: No effect of one-hour LRRK2 inhibition on CPA- or Ionomycin-evoked calcium signals.
HEK293 GFP-LC3 cells were pre-treated with various LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) or DMSO (1:1000 equivalent dilution) for 1 hour, and
loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition of 10 µM
CPA followed by 10 µM CPA + 10 µM Ionomycin to evoke calcium signals, with 1 wash between the stimulations. The
stimulations and wash were performed in calcium-free buffer. Each repeat is an average of 20 cells, and the data are mean ±
SEM. n=4 repeats (1 coverslip/repeat). One-way ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s
correction, non-significant. (A) treatment effect: F(2.035, 6.105)= 1.153; p=0.38 (B) treatment effect: F(1.687, 5.061)= 0.6989;
p=0.52.
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Figure 5.25: No effect of 16 hours LRRK2 inhibition on CPA- or Ionomycin-evoked calcium signals.
HEK293 GFP-LC3 cells were pre-treated with various LRRK2 kinase inhibitors (GSK2578215A: GSK; GNE-9605: GNE; PF06447475: PF; all at 1 µM) or a GTPase inhibitor (FX2149: FX, 100 nM) for 16 hours, and loaded with Fura-2 AM (2 µM) in imaging
buffer. Basal calcium signals were recorded for 1 minute before addition of 10 µM CPA followed by 10 µM CPA + 10 µM
Ionomycin to evoke calcium signals, with 1 wash between the stimulations. The stimulations and wash were performed in
calcium-free buffer. Each repeat is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat). Oneway ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) treatment effect:
F(1.939, 5.816)= 1.211; p=0.36 (B) treatment effect: F(1.346, 4.037)= 1.428; p=0.32.
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Effect of LRRK2 mutants on calcium release in HEK293 GFP-LC3 cells

The next step was to determine whether pathogenic and protective LRRK2 mutations might influence
ATP-evoked calcium release and calcium storage in the ER and lysosomes in HEK293 GFP-LC3 cells. To do
so, the effects of LRRK2 mutations on calcium signalling were investigated using transient overexpression
of wild-type and mutant forms of LRRK2 in HEK293 GP-LC3. Cells were thus co-transfected with the
combination of mApple and myc-LRRK2 plasmids (or empty vector) using the transfection conditions
established in the previous Chapter (Chapter 4 Section 4.7.1).

5.7.1

LRRK2 mutants have no effect on global calcium release

Firstly, the effects of LRRK2 mutants on ATP-evoked calcium signals were explored under similar
conditions to those used throughout this Chapter, monitoring calcium signals triggered twice with 10
µM ATP. (This assay corresponds to Assay n°4 in Chapter 2 Section 2.5.3.2)
The results are depicted in Figure 5.26 and Figure 5.27. Statistical analysis indicated that neither of the
pathogenic mutant forms of LRRK2 affected the ATP-evoked calcium responses relative to wild-type
LRRK2, whilst overexpression of wild-type LRRK2 also caused no significant effects relative to the empty
vector control. It is worth mentioning that the protective R1398H mutant appears to display higher
amplitude and AUC values than wild-type LRRK2 for both peaks (Figure 5.26 and Figure 5.27, A and B),
although these also fail to reach statistical significance. Whether an effect of this mutant can be shown
will require further repeats of the experiment.
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Figure 5.26: No effect of LRRK2 mutants on ATP-evoked calcium release (first stimulation).
HEK293 GFP-LC3 cells were co-transfected with the mApple plasmid and plasmids carrying wild-type LRRK2 (WT) or different
forms of mutated LRRK2 (RG (pathogenic variant), RH (protective variant) or RGRH (contains both variants), GS (pathogenic
variant)), and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition
of 10 µM ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes rest between the two stimulations.
Each repeat is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat). One-way ANOVA (with
grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) LRRK2 variant effect: F(1.296, 3.887)=
1.513; p=0.30 (B) LRRK2 variant effect: F(1.559, 4.676)= 2.378; p=0.19. (C) LRRK2 variant effect: F(1.246, 3.738)= 1.456; p=0.31.
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Figure 5.27: No effect of LRRK2 mutants on ATP-evoked calcium release (second stimulation).
HEK293 GFP-LC3 cells were co-transfected with the mApple plasmid and plasmids carrying wild-type LRRK2 (WT) or different
forms of mutated LRRK2 (RG (pathogenic variant), RH (protective variant) or RGRH (contains both variants), GS (pathogenic
variant)), and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition
of 10 µM ATP to evoke calcium signals, with 8 washes with imaging buffer and 10 minutes rest between the two stimulations.
Each repeat is an average of 20 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat). One-way ANOVA (with
grouping by experimental repeat), Geisser-Greenhouse’s correction, non-significant. (A) LRRK2 variant effect: F(1.116, 3.348)=
1.194; p=0.36 (B) LRRK2 variant effect: F(1.704, 5.112)= 3.651; p=0.11. (C) LRRK2 variant effect: F(1.147, 3.441)= 1.421; p=0.32.
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LRRK2 mutants have no effect on lysosomal calcium storage

The effects of LRRK2 mutants on calcium signalling were further tested on CPA- and Ionomycin-evoked
calcium signals in HEK293 GFP-LC3 cells, shown in Figure 5.28. (This experiment corresponds to Assay n°5
in Chapter 2 Section 2.5.3.2)
Similar to the findings obtained with ATP-evoked calcium signals, statistical analysis indicated that none
of the mutant forms of LRRK2 affected the Ionomycin-evoked calcium responses (Figure 5.28 B) relative
to wild-type LRRK2, whilst overexpression of wild-type LRRK2 also caused no significant effects relative
to the empty vector control. Comparable results were found for CPA-evoked calcium responses (Figure
5.28 A).
Taken together, the data indicate that over-expression of wildtype or pathogenic or protective LRRK2
mutants in HEK293 GFP-LC3 cells either have no effect on ATP, CPA or Ionomycin-induced calcium
signals, or have too small an impact to be detectable under these experimental conditions.

Investigations into the role of LRRK2 in calcium signalling

| 246

Figure 5.28: No effect of the LRRK2 mutants on CPA- or Ionomycin-evoked calcium signals.
HEK293 GFP-LC3 cells were co-transfected with the mApple plasmid and plasmids carrying wild-type LRRK2 (WT) or different
forms of mutated LRRK2 (RG (pathogenic variant), RH (protective variant) or RGRH (contains both variants), GS (pathogenic
variant)), and loaded with Fura-2 AM (2 µM) in imaging buffer. Basal calcium signals were recorded for 1 minute before addition
of 10 µM CPA followed by 10 µM CPA + 10 µM Ionomycin to evoke calcium signals, with 1 wash between the stimulations. The
stimulations and wash were performed in calcium-free buffer. Each repeat is an average of 20 cells, and the data are mean ±
SEM. n=4 repeats (1 coverslip/repeat). One-way ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s
correction, non-significant. (A) LRRK2 variant effect: F(2.624, 7.873)= 1.427; p=0.30 (B) LRRK2 variant effect: F(2.524, 7.571)=
0.5555; p=0.63.
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Exploring the effects of BAPTA and calcium indicators on autophagy and
calcium signals in HEK293 GFP-LC3 cells

The data presented so far in this Chapter provide more-convincing evidence of a role for LRRK2 in calcium
signalling in macrophages than in HEK293 GFP-LC3 cells. However, it should be noted that an equivalent
experiment to those that yielded the strongest data – experiments studying the effects of LRRK2
knockout on ATP-evoked calcium signalling – have not been performed in HEK293 GFP-LC3 cells. This
potential cell type specificity is especially interesting in the context of the data presented in the previous
Chapter, which found strong evidence of a role for LRRK2 in autophagy in HEK293 GFP-LC3 cells, but not
in macrophages. If true, these observations would suggest that the effect of LRRK2 inhibition on PP242induced autophagy in HEK293 GFP-LC3 cells is unlikely to be mediated by alterations in calcium signalling.
In principle, it would be useful to conclude the work in this thesis by formally testing the noninvolvement of calcium signalling on the effects of LRRK2 inhibition on PP242-induced autophagy.
However, several important factors make studies assessing calcium signals concomitantly with using
LRRK2 inhibitors and autophagy modulators technically challenging.
For example, it has been shown that 3-methyladenine (3-MA), a commonly used compound that blocks
autophagy, did not prevent LRRK2-activated autophagy141,449,479. In addition, BafA1, which blocks
autophagy by preventing the acidification of lysosomes and inhibiting the degradation stages, has been
shown to also inhibit the SERCA calcium pumps449 localised on intracellular membranes. As such, BafA1
impairs both lysosomal function and calcium signalling.
Perhaps more problematic, most studies reporting an involvement of calcium in autophagy are
dependent on the use of the high-affinity calcium chelator BAPTA to buffer intracellular calcium433,435,449,
but recent findings have shown that BAPTA has significant off-target effects independently of calcium433.
In particular, BAPTA and several calcium indicators have been found to inhibit the cellular enzyme
Na+,K+/ATPase, which is involved in numerous processes including the regulation of calcium
signalling433,689. Importantly, many commonly used calcium indicators dyes (including Fura-2) are also
structurally related to BAPTA, so these compounds may also alter the state of the cell by inhibiting the
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Na+,K+/ATPase433,689.
Since BAPTA and structural analogues of BAPTA have not been tested side-by-side for off-target effects
on autophagy, it was considered useful for the wider scientific community to conclude this study by
formally examining this. Two BAPTA analogues, di-bromo-BAPTA and di-fluoro-BAPTA, that do not buffer
calcium to the same extent as BAPTA (BAPTA: Kd = 160 nM, di-bromo-BAPTA: Kd = 1.6 µM, di-fluoroBAPTA: Kd = 65 µM) were thus used as complementary controls. Since these calcium chelators have a
lower affinity for calcium, they should not phenocopy the effects of BAPTA in inhibiting processes that
are genuinely calcium-dependent, but can be expected to behave similarly if the effect of BAPTA does
not involve calcium chelation433.

5.8.1

Effects of BAPTA and BAPTA analogues on autophagy and calcium signalling in
HEK293 GFP-LC3 cells

First, additional experiments were performed in HEK293 GFP-LC3 cells to determine the effects of BAPTA
and its two analogues on autophagy (quantification of GFP-LC3 punctae) and on calcium signalling (ATPevoked calcium signals). The goal was to determine whether the BAPTA analogues exert a similar effect
to BAPTA on autophagy while buffering calcium to a smaller extent to BAPTA. The analogues di-bromoBAPTA-AM and di-fluoro-BAPTA-AM are referred to as BAPTA-DB and BAPTA-FF respectively in the
figures of this section.

5.8.1.1

Treatment with BAPTA or BAPTA analogues blocks the PP242-mediated induction of
autophagy in HEK293 GFP-LC3 cells

For consistency with the autophagy assays described in Chapter 4, the effects of BAPTA and its analogues
on autophagy were investigated using the quantification of GFP-LC3 punctae in HEK293 GFP-LC3 cells
under conditions where the numbers of autophagic vesicles are elevated, i.e., following a one-hour
induction of autophagy with PP242 treatment (at 2 µM). Prior to PP242 treatment, cells were pre-treated
for 1 hour with BAPTA (10 µM), di-bromo-BAPTA (10 µM), di-fluoro-BAPTA (10 µM), 3-MA (5 mM) or
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DMSO (1:1000 equivalent dilution), where 3-MA was used as a positive control for the inhibition of
autophagy. (This assay corresponds to Protocol G in Chapter 2 Section 2.6.1). The results are shown in
Figure 5.29.
As expected, one-hour treatment with PP242 induced a significant increase in the number of GFP-LC3
punctae compared to DMSO-treated cells (Figure 5.29). However, all the conditions tested (pretreatment with BAPTA, di-bromo-BAPTA or di-fluoro-BAPTA) abolished the PP242-induced induction of
autophagy to a similar extent as 3-MA. These results show that treatment with both high-affinity (BAPTA)
and low-affinity calcium buffers (di-bromo-BAPTA and di-fluoro-BAPTA) were sufficient to block the
induction of autophagy. Thus, these BAPTA analogues phenocopy the effect of BAPTA, which is
consistent with BAPTA inhibiting autophagy independently of calcium chelation.

Figure 5.29: Di-bromo-BAPTA and di-fluoro-BAPTA abolish the PP242-induced increase of GFP-LC3 punctae to a
similar extent as BAPTA and 3-MA.
HEK293 GFP-LC3 cells were pre-treated with various compounds (3-MA 5 mM, BAPTA 10 µM, di-bromo-BAPTA: BAPTA-DB 10
µM, di-fluoro-BAPTA: BAPTA-FF 10 µM) or DMSO (1:1000 equivalent dilution) for 1 hour then stimulated with PP242 (2 µM) for
1 hour. For each condition the mean number (± SEM) of GFP-LC3 punctae was calculated, using 30 cells per condition. n=3
repeats (1 coverslip/repeat). One-way ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s correction,
Dunnett post-hoc test with comparison to DMSO+PP242. Treatment effect: F(1.241, 2.483)= 230.4; p=0.0016. On graphs: p<0.01
(**), p<0.05 (*).
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Treatment with BAPTA analogues does not abolish calcium signals in HEK293 GFP-LC3
cells

An additional calcium assay was carried out to confirm that the three BAPTA compounds were affecting
calcium signalling as expected under the conditions used in the previous GFP-LC3 assay. To do so, ATPevoked calcium signals were analysed in HEK293 GFP-LC3 cells pre-treated for 1 hour with PP242 at 2
µM or one of the three calcium chelators (BAPTA, di-bromo-BAPTA or di-fluoro-BAPTA) at 10 µM. Here,
PP242 treatment was included as a control, to verify that this compound does not affect calcium
signalling. (This assay corresponds to Protocol H in Chapter 2 Section 2.6.2). Cells were only stimulated
once with ATP (10 µM), and the results are depicted in Figure 5.30.
Induction of autophagy with PP242 treatment did not induce significant changes in the calcium response
compared to DMSO-treated cells. Also as expected, pre-treatment with BAPTA at a concentration of 10
µM abolished the ATP-evoked calcium response (Figure 5.30 A and B), whilst pre-treatment with 10 µM
di-fluoro-BAPTA had no significant effect. Maybe consistent with its intermediate Kd, pre-treatment with
10 µM di-bromo-BAPTA produced a partial effect, markedly reducing the amplitude of the calcium
response compared to DMSO-treated cells (Figure 5.30 A), but not affecting the AUC.
As such, these data indicate that the relative effects of BAPTA, di-bromo-BAPTA and di-fluoro-BAPTA on
autophagy do not correlate with their effects on calcium signalling, which is consistent with all three
compounds inhibiting autophagy independently of calcium chelation.
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Figure 5.30: The low-affinity BAPTA analogues do not completely block calcium signals in HEK293 GFP-LC3 cells
HEK293 GFP-LC3 cells were pre-treated with various compounds (2 µM PP242, 10 µM BAPTA, 10 µM di-bromo-BAPTA: BAPTADB, 10 µM di-fluoro-BAPTA: BAPTA-FF) or DMSO (1:1000 equivalent dilution) for 1 hour then loaded with Fura-2 AM (2 µM) in
imaging buffer. Basal calcium signals were recorded for 1 minute before addition of agonist ATP (10 µM) to evoke calcium
signals. Each repeat is an average of 25 cells, and the data are mean ± SEM. n=4 repeats (1 coverslip/repeat). One-way ANOVA
(with grouping by experimental repeat), Geisser-Greenhouse’s correction, Dunnett post-hoc test with comparison to DMSO. (A)
treatment effect: F(1.609, 4.826)= 20.02; p=0.0053 (B) treatment effect: F(1.174, 3.522)= 4.337; p=0.12. On graphs: p<0.01 (**),
p<0.05 (*).
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Effects of calcium indicators on autophagy

Given that BAPTA and two BAPTA analogues were shown to block the induction of autophagy, it is worth
exploring whether calcium indicators, which possess a similar chemical structure to BAPTA, can also
affect this process. Indeed, in assays studying both autophagy and calcium signalling, any off-target
effect of calcium indicators on autophagy would be an important issue. Thus, to complete this
investigation on the effects of BAPTA and BAPTA-related compounds on autophagy, an experiment was
performed to evaluate the effects of calcium indicators on autophagy in HEK293 GFP-LC3 cells. This
experiment was carried out under conditions where autophagy was stimulated, i.e., following a onehour induction of autophagy with PP242 treatment (at 2 µM), and GFP-LC3 punctae were quantified.
(This assay corresponds to Protocol I in Chapter 2 Section 2.6.3)
Two calcium indicators were tested: Fura-2 which has been used throughout this Chapter, and Cal-590.
Cal-590 has a different spectral wavelength to Fura-2 (excitation: 574 nm/red emission: 588 nm), which
allows this compound to be imaged simultaneously with GFP in combined GFP-LC3 and calcium assays.
Furthermore, Fura-2 and Cal-590 were used at two different concentrations and durations of treatment.
These compounds were either loaded in cells at 2 µM for 30 minutes, which corresponds to their normal
loading conditions, or at 10 µM for 1 hour, which matches the loading conditions used for the BAPTA
treatment of 1 hour at 10 µM.
Consistent with the results depicted in Figure 5.29, PP242 treatment induced a significant increase in
GFP-LC3 punctae compared to DMSO control cells, while BAPTA significantly suppressed this increase
(Figure 5.31). Surprisingly, incubation with either Fura-2 or Cal-590 also reduced the PP242-induced
increase in GFP-LC3 punctae, at both loading conditions tested. However, although the overall mean
number of GFP-LC3 punctae associated with the normal loading conditions for Fura-2 is noticeably lower
than the DMSO control, the post-hoc pairwise comparison only approached statistical significance
(Dunnett’s test, p=0.08), while all the other comparisons were significant.
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Figure 5.31: Fura-2 and Cal-590 decrease the PP242-induced autophagy.
HEK293 GFP-LC3 cells were pre-treated with various compounds (DMSO + 20% (w/v) PA at 1 µl/ml, Fura-2 at 2 or 10 µM, Cal590 at 2 or 10 µM, BAPTA 10 µM) for 30 minutes or 1 hour, then stimulated with PP242 (2 µM) for 1 hour. For each condition,
the mean number (± SEM) of GFP-LC3 punctae was calculated, using 30 cells per condition. n=3 repeats (1 coverslip/repeat).
One-way ANOVA (with grouping by experimental repeat), Geisser-Greenhouse’s correction, Dunnett post-hoc with comparison
to DMSO+PP242. Treatment effect: F(1.199, 2.398)= 56.14; p=0.01. On graph: p<0.01 (**), p<0.05 (*).

Taken together, both BAPTA analogues and calcium indicators that have a chemical structure related to
BAPTA, display a similar effect to BAPTA on autophagy, i.e., repressing the induction of this process.
Thus, the data suggest that this repression might occur via a mechanism independent of calcium, and
implicate the chemical structure shared by these compounds in their off-target effect on autophagy.
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Summary of results

The work described in this chapter investigated the function of LRRK2 in calcium signalling using LRRK2
kinase and GTPase inhibitors in HEK293 GFP-LC3 cells and RAW264.7 macrophages; the overexpression
of LRRK2 mutants in HEK293 GFP-LC3 cells; and comparisons between wild-type RAW264.7 and Lrrk2 KO
macrophages. Calcium signals were triggered in response to agonist stimulation, i.e., ATP for global
calcium, CPA and ionomycin to target lysosomal calcium. In addition, the effects of two BAPTA analogues
and two calcium indicators on autophagy and calcium signals were tested in HEK293 GFP-LC3 cells. The
findings are summarised in Table 5.1 and Table 5.2, and are discussed in the next Sections.
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Table 5.1: Summary of the results from the LRRK2-related calcium assays described in this Chapter.
↑: increase; ↓: decrease; ns: no significant effect; (?): possible trends/patterns in the data. Statistically significant results are
indicated in bold font.

Parameter:

Spontaneous activity in RAW264.7 macrophages

WT vs KO

ns

Figure 5.4

LRRK2 inhibitors
1 hour

ns

Figure 5.9

Stimulation:

ATP

Parameter:

CPA

Ionomycin

Amplitude

AUC

Decay

AUC

AUC

↑ in Lrrk2 KO

↑ in Lrrk2 KO

↓ in Lrrk2 KO

ns

ns

Figure 5.5 A / Figure
5.7 A

Figure 5.7 B

Figure 5.5 C

Figure 5.19 A

Figure 5.19 B

ns

ns

ns

ns

ns

Figure 5.21 A

Figure 5.21 B

ns

ns

Figure 5.20 A

Figure 5.20 B

ns
(↑ with kinase
inhibitors?)

ns

Figure 5.25 A

Figure 5.25 B

ns

ns

Figure 5.24 A

Figure 5.24 B

ns

ns

Figure 5.28 A

Figure 5.28 B

ns

ns

Figure 5.28 A

Figure 5.28 B

RAW264.7 macrophages

WT vs KO

LRRK2 inhibitors
16 hours

LRRK2 inhibitors
1 hour

Figure 5.12 and Figure 5.13

ns

ns
(↑ with kinase
inhibitors after
2nd stimulation
in WT?)

ns
(↑ with kinase
inhibitors after
2nd stimulation
in WT?)

Figure 5.10 and Figure 5.11
HEK293 GFP-LC3 cells

LRRK2 inhibitors
16 hours

ns

ns

ns

Figure 5.16 and Figure 5.17

LRRK2 inhibitors
1 hour

ns

↑ with
GSK2578215A
(↑ with kinase
inhibitors?)

ns

Figure 5.14 and Figure 5.15
Pathogenic
LRRK2 mutants
vs WT LRRK2
R398H variant vs
WT LRRK2

ns

ns

ns

Figure 5.26 and Figure 5.27
ns
(↑?)

ns
(↑?)
Figure 5.26 and Figure 5.27

ns
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Table 5.2: Summary of the BAPTA-related results presented in this Chapter.
↓: decrease; ↓↓: abolish; ns: no significant effect. Statistically significant results are indicated in bold font.

HEK293 GFP-LC3 cells

Autophagy assay - GFP-LC3 punctae

↓↓
BAPTA vs PP242
Figure 5.29
↓↓

di-bromo-BAPTA and
di-fluoro-BAPTA vs PP242

Figure 5.29
↓

Calcium indicators vs PP242
Figure 5.31

HEK293 GFP-LC3 cells
Parameter:

Calcium assay – ATP response
AUC

Amplitude

↓↓

↓↓

BAPTA vs DMSO
Figure 5.30
ns

↓

di-bromo-BAPTA vs DMSO
Figure 5.30
ns

ns

di-fluoro-BAPTA vs DMSO
Figure 5.30
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5.10 Discussion
5.10.1 RAW264.7 macrophages

5.10.1.1

Global calcium signals

Although loss of Lrrk2 had no effect on spontaneous calcium activity (Figure 5.1 B), Lrrk2 KO
macrophages displayed a significantly faster increase in cytosolic calcium concentration following ATP
stimulation (amplitude; Figure 5.5 A, Figure 5.7 A). Other less reproducible data indicated that these
responses to ATP were also larger (AUC; Figure 5.7 B) and were accompanied with a faster cytosolic
calcium clearance (decay; Figure 5.5 C). Potentially, a larger amount of calcium ions initially stored in the
ER of Lrrk2 KO macrophages compared to WT macrophages could have caused these ATP-induced
responses to be larger. However, the CPA data (Figure 5.19 A) indicated that this was not the case, which
suggest that there is an actual effect observed in these ATP data. As such, since stimulation with ATP
leads to the IP3-R-mediated release of calcium by the ER, these results support a role for Lrrk2 regulating
the size, speed and duration of cytosolic calcium levels dependent on IP3-R in WT RAW264.7
macrophages.
Importantly, loss of Lrrk2 function via enzymatic inhibition had no consistent significant effects on ATPevoked calcium release under similar conditions (one-hour inhibition: Figure 5.10 and Figure 5.11; 16
hours inhibition: Figure 5.12 and Figure 5.13). However, there may be some interesting underlying
patterns in the Lrrk2 inhibitors data from WT (but not Lrrk2 KO) macrophages (Table 5.1). In particular,
the tendency towards increased second peak AUC values following one-hour Lrrk2 inhibition (Figure 5.11
B) is potentially consistent with KO data, and also appears to mirror patterns seen in equivalent HEK293
GFP-LC3 cell experiments (Peak 1, Figure 5.14 B and Peak 2, Figure 5.15 B). But in any case, irrespective
of whether these patterns turn out to be true, the comparison between effects of Lrrk2 knockout and
Lrrk2 enzymatic inhibition certainly suggests a greater importance for Lrrk2 protein than Lrrk2 kinase or
GTPase activities in ATP-evoked calcium signalling in macrophages.
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As such, Lrrk2 may exert its function in the regulation of ER-mediated calcium release through its
scaffolding ability. In principle, this could be via protein-protein interactions with any of a number of
proteins involved in ER calcium release, including the IP3-R itself. Possibly consistent with a role as a
regulatory scaffolding but not kinase or GTPase role, Lrrk2 inhibition also had no effect on calcium
released from ER stores following stimulation with the SERCA pump inhibitor CPA (Figure 5.20 A and
Figure 5.21 A).

5.10.1.2

Lysosomal calcium signals

In regards to lysosomal calcium signals, neither loss of Lrrk2 (Figure 5.19 B), nor inhibition of Lrrk2
enzymatic activities (Figure 5.20 B and Figure 5.21 B) elicited changes in Ionomycin-induced calcium
responses in RAW264.7 macrophages. These results revealed that Lrrk2 enzymatic activities are unlikely
to be involved in the regulation of lysosomal calcium concentration in this cell line. However, given the
mode of action of Ionomycin (i.e., passive transfer of calcium ions across the lysosomal membrane),
these data do not exclude a role for Lrrk2 in the active release of calcium from this organelle, for example
via TPC2. This observation is particularly interesting, since TPC2 has been reported to be a LRRK2
target479. As such, future work might focus on determining whether LRRK2 regulates lysosomal calcium
release via TPC2, and whether these calcium signals are involved in LRRK2-mediated regulation of
autophagy through the CaMKKβ/AMPK pathway, as suggested by the work of Gómez-Suaga and
colleagues479.

5.10.2 HEK293 GFP-LC3 cells

5.10.2.1

LRRK2 inhibitors

In this study, LRRK2 inhibition in HEK293 GFP-LC3 cells only had one statistically significant effect on the
calcium responses triggered with ATP: an increased AUC for the second ATP stimulation following acute
inhibition with GSK2578215A (Figure 5.15 B). At face value, this result suggests that LRRK2 kinase activity
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is involved in the regulation of ER-mediated calcium release in this cell line. As noted, a consistent
underlying tendency may be present for the other inhibitors (Figure 5.14 and Figure 5.15, B and C), and
a similar qualitative pattern appears to be present in the equivalent WT RAW264.7 macrophage (but not
Lrrk2 KO) data (Figure 5.11 B and C). While these non-significant observations give some confidence,
further repeats will be necessary to determine if the tendency is robust. Furthermore, if the effect does
turn out to be unique to a single inhibitor, then the most likely interpretation would be that this is an
off-target effect of GSK2578215A. As such, great caution should be taken in the interpretation of this
result.
Similar to the results obtained in macrophages, LRRK2 inhibition had no effect on the CPA- or Ionomycinevoked calcium responses in HEK293 GFP-LC3 cells (Figure 5.24 and Figure 5.25). As mentioned, an
underlying tendency may be present in the CPA data following 16 hours inhibition with each of the three
kinase inhibitors (Figure 5.25 A), further supporting a role for LRRK2 kinase activity in ER calcium storage,
although additional repeats will be necessary to determine if this finding is robust. Nevertheless, these
results indicate that LRRK2 enzymatic activities are unlikely to be involved in the regulation of lysosomal
calcium concentration in HEK293 GFP-LC3 cells.

5.10.2.2

LRRK2 mutants

Here, neither the overexpression of wildtype or pathogenic mutant forms of LRRK2 had any significant
effects on the calcium responses evoked by ATP (Figure 5.26 and Figure 5.27), CPA (Figure 5.28 A) or
Ionomycin (Figure 5.28 B). However, the protective R1398H mutant generated data suggestive of an
increased size and rate of calcium release following ATP stimulation (both peaks), and encouragingly this
tendency is not present with the R1441G/R1398H double mutant (Figure 5.26 and Figure 5.27). More
repeats, as well as a statistically significant difference between R1398H and WT, are needed before this
observation can be considered a robust effect
The lack of effect of pathogenic mutants is mostly inconsistent with the literature, which would predict
impaired ER calcium signalling in presence of the pathogenic LRRK2 mutants587–590, and studies have
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shown lysosomal calcium deregulations associated with overexpression of wild-type LRRK2 and
pathogenic LRRK2 G2019S175,216, in particular larger lysosomal calcium release216,479. In addition,
overexpression of the pathogenic LRRK2 R1441C mutant (similar to R1441G) has been shown to induce
a decrease in lysosomal calcium release that is secondary to an increase in lysosomal pH391. As such, the
link between LRRK2 and calcium signalling reported in the literature175,218,479 was not reproduced in the
two cell types (HEK293 GFP-LC3 cells and RAW264.7 macrophages) used in this study.
Nevertheless, the absence of effects of the LRRK2 mutants is in agreement with the calcium data
obtained using LRRK2 inhibitors presented in this study. Although it is possible that technical limitations
prevented more subtle effects from being detected, the data described in this Chapter point towards
pathogenic LRRK2 mutants having no effect on calcium signalling in this cell line.
Interestingly however, it has been shown that LRRK2 participates in the maintenance of lysosomal
homeostasis in RAW264.7 macrophages and HEK293 cells, especially in conditions of stressed
lysosomes218. In addition, LRRK2 is involved in the regulation of lysosomal acidification175, likely via the
v-H+-ATPase pump391. Importantly, lysosomal pH controls lysosomal calcium content, as well as
lysosomal calcium-dependent fusion events in the autophagic pathway. With this in mind, a role for
mutated LRRK2 in lysosomal calcium homeostasis via maintenance of lysosomal pH cannot be excluded,
and will be important to further investigate in the future.
As a closing remark on the LRRK2 calcium signalling data, it is fascinating to speculate that there may be
a consistent pattern across the different loss of LRRK2 function ATP-evoked calcium signalling
experiments performed in this study, including Lrrk2 knockout in RAW264.7 macrophages, LRRK2
enzymatic inhibition in both HEK293 GFP-LC3 cells and RAW264.7 macrophages, and the expression of
the R1398H variant in HEK293 GFP-LC3 cells. In all of these experiments, AUC values were either
unchanged or displayed a tendency to increase, but never to decrease (Table 5.1, Figure 5.5, Figure 5.7,
Figure 5.10, Figure 5.11, Figure 5.14, Figure 5.15, Figure 5.26 and Figure 5.27). Although it must be
stressed that this general tendency is only speculative, it is nonetheless intriguing, and merits further
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exploration to understand the role of LRRK2 in the regulation of ER calcium storage and release in these
cell lines.

5.10.3 Perspectives on the measurement of calcium signals

Acidic calcium stores not only refer to lysosomes, but also to lysosome-related organelles and other
acidic compartments. In fact, the Golgi apparatus is an acidic store. As a result, it is possible that calcium
released from these compartments interferes with the lysosomal signals monitored in this study.
Although NAADP could have been used to stimulate calcium release from the lysosomes, NAADP target
receptors can be located elsewhere other than the lysosomes, for example on endosomes690. In addition,
NAADP can induce the release of H+ into the cytosol, which could be mistaken for a calcium signal414.
Alternatively, another calcium indicator, Fura-Dextran, which is able to enter the lysosomes following a
pulse/chase, could have been used. Fura-Dextran can detect lysosomal calcium changes, but requires
that the lysosomal pH is maintained constant414, which can constitute a drawback. Another control that
could have been performed to ensure that the Ionomycin-evoked calcium signals were lysosomal was to
use Antimycin and Oligomycin, mitochondrial depolarising agents that would empty the mitochondrial
calcium store, or to use Rhod2, which is a mitochondrial calcium indicator that would allow the
visualisation of potential mitochondrial calcium signals.
Of note, it is possible that a more sensitive approach will be necessary to see small variations that cannot
be observed in the conditions and set-up used in this study. Furthermore, it could be challenging to
compare the cell lines used, since their inherent function and the role of LRRK2 might be different and
have an impact on the results. For example, the HEK293 GFP-LC3 cells did not display any spontaneous
activity in this study.
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5.10.4 BAPTA and calcium indicators

Additional autophagy and calcium assays were performed in this study to assess the effects on
autophagy and calcium signalling of BAPTA, two BAPTA analogues (di-bromo-BAPTA and di-fluoroBAPTA), and two calcium indicators with structures related to BAPTA (Fura-2 and Cal-590). These
experiments provided very interesting data. The results showed that pre-treatment with 10 μM BAPTA
is sufficient to abolish both the PP242-induced induction of autophagy (Figure 5.29) and the ATP-induced
calcium response (Figure 5.30). This is consistent with the effects of this calcium chelator reported in the
literature435. In contrast, pre-treatment with the BAPTA analogues had only a partial effect (di-bromoBAPTA) or no effect (di-fluoro-BAPTA) on the ATP-induced calcium response (Figure 5.30), but these
analogues blocked autophagy similarly to BAPTA when used at the same concentrations (Figure 5.29).
As such, these results imply that the common repressing effect of these three compounds on autophagy
was unlikely to occur through calcium chelation, but likely via a mechanism that is calcium-independent,
and strongly support a potential involvement of the chemical structure shared by these compounds. This
hypothesis is supported by the fact that these anti-autophagic effects were mirrored, although to a
smaller extent, by the two calcium indicators, which share part of their structure with BAPTA (Figure
5.31). As mentioned, inhibition of Na+,K+/ATPase has been reported as a calcium-independent target of
BAPTA433,689, and it would undoubtedly be interesting to test this possibility in our system.
In any case, the data presented in Figure 5.29, Figure 5.30 and Figure 5.31 not only indicate that BAPTA
is an inappropriate tool to investigate the role of calcium signals in the autophagic pathway, but also
draw into question its standard use as a calcium buffering agent due to off-target effects on cellular
physiology433,689. As a minimum, low-affinity BAPTA analogues like di-bromo-BAPTA and di-fluoro-BAPTA
must be used alongside BAPTA as additional controls to monitor for calcium-independent effects, since
these compounds can be expected to have similar off-target effects433,689. But in any case, further work
is undoubtedly required to establish better tools to study calcium signalling.
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Although potential off-target effects always need to be assessed, alternative methods could be used
instead of BAPTA to study the involvement of calcium signalling in cellular processes. In the case where
a specific calcium process is targeted, pharmacological reagents have proven efficient to explore
mitochondrial calcium entry or IP3-mediated calcium signals, such as xestospongin B, mitoxantrone, or
the novel ‘IP3 sponge’433,691. In addition, EGTA is another calcium chelator that could be used instead of
BAPTA in autophagy assays, although the absence of an inhibitory effect of EGTA on autophagy would
first need to be robustly shown. EGTA has a similar affinity to calcium compared to BATPA but slower
calcium-binding kinetics, so this compound will take longer than BAPTA to buffer calcium and reach
equilibrium. Although this feature could be a drawback, it can be useful since EGTA is able to prevent
more distal events following calcium signals while BAPTA would block proximal ones as well as the whole
calcium signalling process, and can help distinguish calcium buffering from rapid and transient calcium
signals. For example, BAPTA is able to dissipate local calcium gradients in microdomains, whilst EGTA
would dissipate diffused calcium gradients423. However, a caveat might be the pH-sensitivity of EGTA
compared to BAPTA, which might limit its application.
In regards to the use of calcium indicators, the data presented here indicate that it is best to keep the
loading of these compounds to a minimum to prevent any adverse effects on the mechanism studied.
Indeed, a number of previous studies have suggested caution in the use of BAPTA analogues and calcium
indicators, and have presented off-target effects associated with these compounds433,689. As an
alternative, experiments monitoring intracellular calcium experiments could consider alternative
reporters that are not derived from BAPTA. One example of this would be the expression of fluorescent
genetically encoded calcium indicators (GECIs), which are hybrid fusion proteins made of a calciumbinding protein (such as calmodulin) attached to a fluorophore (such as GFP). GECI probes can be used
to target a specific cellular compartment and in long-term recordings, and the large number of GECIs
available with different properties to suit various experimental requirements is an advantage. However,
whilst they do not require cell loading, GECIs need to be introduced in the target cell to be expressed,
for example through transfection in a transient or stable manner, which might have adverse effects. In
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addition, reports have described potential off-targets effects, as well as low expression levels692, and
GECIs might be less efficient than chemical indicators693.

5.11 Conclusions
The findings presented in this Chapter support a role for Lrrk2 in IP3-R mediated calcium signals in WT
RAW264.7 macrophages, but provide only weak evidence of a similar function in HEK293 GFP-LC3 cells.
In addition, the data suggest that LRRK2 is not involved in the regulation of lysosomal calcium storage in
either cell line, although a role in regulating lysosomal calcium release, for example by modulating
calcium channels, cannot be excluded. As such, the role of LRRK2 in calcium signalling in both cell lines
merits more exploration.
Furthermore, our data indicate that BAPTA is an inappropriate tool to investigate the role of calcium in
the autophagic pathway, thereby questioning the veracity of previous BAPTA-related data in the
literature that support the involvement of calcium in autophagy. In addition, caution should be taken in
using Fura-2 and Cal-590 due to their potential off-target effects in cells, in particular their repressing
effect on autophagy described in this study.

6
General Discussion and Perspectives

6.1

Summary of results and conclusions

The work presented in this thesis sought to understand the role of LRRK2 in the regulation of calcium
signalling and autophagy to provide insight into the early impairments involved in PD pathogenesis. In
particular, this project aimed to develop new cellular models containing pathogenic and protective
LRRK2 mutations to explore the role of LRRK2 and LRRK2 enzymatic activities in these processes. The
key findings of this project are summarised below and in Table 6.1 and Table 6.2.
The work in Chapter 3 aimed at developing isogenically matched cell lines using the CRISPR/Cas9 geneediting technique to investigate the effects of LRRK2 mutations. Despite numerous attempts following
thorough optimisation, the sequencing results revealed that the designed CRISPR/Cas9 plasmids were
not able to elicit double-strand DNA breaks in LRRK2 in HEK239T cells. Since this approach was
unsuccessful, alternative strategies to study LRRK2 mutations were pursued in Chapter 4 and Chapter 5.
Chapter 4 investigated the impact of LRRK2 enzymatic activities and LRRK2 pathogenic and protective
variants on autophagy, with the aim of gaining insight into the steps at which LRRK2 acts (Table 6.1). The
findings revealed a cell-type specific action of LRRK2 in autophagy, where LRRK2 appears to be proautophagic and is involved in the early stages of this process in HEK293 GFP-LC3 cells, but does not
appear to be involved in autophagy in RAW264.7 macrophages. These results have been thoroughly
discussed in Chapter 4, in particular proposed future studies to determine the site(s) of action of LRRK2
in the mechanisms leading to the induction of autophagy (Section 4.10.5).
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The work reported in Chapter 5 explored the role of LRRK2 enzymatic activities and LRRK2 pathogenic
and protective variants on global and lysosomal calcium signals (Table 6.2). The results indicated that
Lrrk2 is involved in IP3-R mediated calcium signals in WT RAW264.7 macrophages, although results from
inhibitor treatment do not convincingly replicate the effect of knockout, which suggests this role for
Lrrk2 may be as a scaffolding protein. An equivalent loss of LRRK2 expression experiment was not
performed in HEK293 GFP-LC3 cells, although experiments using LRRK2 inhibitors gave similar results to
macrophages. LRRK2 was not shown to be involved in the regulation of lysosomal calcium storage in
either cell line. When taken with the results in Chapter 4, these data indicate that the role of LRRK2 in
autophagy induction in HEK293 GFP-LC3 cells is unlikely to involve intracellular calcium. Potential future
studies have been discussed in the Discussion Section of Chapter 5 (Section 5.10). Additional findings
revealed that the calcium indicators Fura-2 and Cal-590, as well as BAPTA and two BAPTA analogues,
displayed significant off-target effects on autophagy, and indicated that BAPTA is an unsuitable tool to
explore the role of calcium signals in autophagy.
The remainder of this Chapter discusses three talking points that arise from these results and conclusions
and are not covered within the Discussion Sections of individual Results Chapters. Firstly, in light of the
failure of CRISPR/Cas9, the potential challenges associated to this technique are discussed, and
alternative genome editing techniques that have evolved during the course of this work are summarised.
Secondly, since the data presented in this thesis provide direct evidence that the role for LRRK2 in
autophagy is cell-type specific, the potential causes for this cell-type specificity are discussed. Thirdly,
the implications of calcium-independent effects of BAPTA on autophagy are discussed further in the
context of previous studies implicating LRRK2 in autophagy.
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Table 6.1: Summary of the key Autophagy-related findings described in Chapter 4.

HEK293 GFP-LC3 cells
Results

Corresponding figures

GFP-LC3 assays
LRRK2 inhibition prevented the PP242-induced increase in GFP-LC3
punctae number.

Figure 4.5, Figure 4.8
and Figure 4.11

LRRK2 inhibition did not block the degradation of autophagosomes.

Figure 4.7

No effect of LRRK2 pathogenic mutants or protective variant on
GFP-LC3 punctae number

Figure 4.22

WIPI2 assays
LRRK2 inhibition prevented the PP242-induced increase in endogenous
WIPI2 punctae number, to a similar extent as GFP-LC3 punctae number.

Figure 4.10 and Figure 4.13

IVM assay
LRRK2 inhibition reduced the number of IVM-induced GFP-LC3 punctae.

Figure 4.19

Electron microscopy
LRRK2 inhibition prevented the PP242-induced increase in autophagic
vesicle number.

Figure 4.24

RAW264.7 macrophages
Results

Corresponding figures

WIPI2 assays
No effect of loss of Lrrk2 on WIPI2 punctae number.

Figure 4.16

No effect of Lrrk2 inhibition on WIPI2 punctae number.

Figure 4.17

Electron microscopy
No effect of loss of Lrrk2 on autophagic vesicle number.

Figure 4.25
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Table 6.2: Summary of the key Calcium signalling-related findings described in Chapter 5.

HEK293 GFP-LC3 cells
Results

Corresponding figures

Assay: ATP, CPA, Ionomycin stimulations
- ATP: Figure 5.14, Figure 5.15,
No effect of LRRK2 inhibition (1 or 16 hours).

Figure 5.16 and Figure 5.17
- CPA, Ionomycin: Figure 5.24 and
Figure 5.25

No effect of LRRK2 pathogenic mutants or protective variant.

- ATP: Figure 5.26 and Figure 5.27
- CPA, Ionomycin: Figure 5.28

Assay: ATP stimulations
BAPTA and BAPTA-DB markedly reduced the response.

Figure 5.30

Assay: GFP-LC3 punctae quantification
BAPTA, BAPTA-DB and BAPTA-FF prevented the PP242-induced
increase in GFP-LC3 punctae number.

Figure 5.29

Fura-2 and Cal590 reduced the PP242-induced increase in GFP-LC3
punctae number.

Figure 5.31

RAW264.7 macrophages
Results

Corresponding figures

Assay: ATP stimulations
Lrrk2 KO macrophages displayed faster + larger increase in
cytosolic calcium, and faster calcium clearance.

Figure 5.5 and Figure 5.7

No effect of Lrrk2 inhibition (1 or 16 hours).

Figure 5.10, Figure 5.11, Figure 5.12
and Figure 5.13

Assay: CPA, Ionomycin stimulations
No effect of loss of Lrrk2.

Figure 5.19

No effect of Lrrk2 inhibition (1 or 16 hours).

Figure 5.20 and Figure 5.21

Assay: Spontaneous activity
No effect of loss of Lrrk2.

Figure 5.4

No effect of Lrrk2 inhibition (1 or 16 hours).

Figure 5.9
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Perspectives on the CRISPR/Cas9 technology
Potential challenges in targeting LRRK2 with CRISPR/Cas9

Whilst our attempt at using CRISPR/Cas9 technique was unsuccessful, recent published work
demonstrated the use of this technique to create LRRK2 knockout694 or LRRK2 G2019S knock-in695 in
human iPS cells. Thus, the LRRK2 gene is not entirely refractory to genome editing. Nonetheless, it is
worth observing that publications reporting the successful use of CRISPR technology to modify LRRK2
are relatively few and far between, which points towards difficulties in targeting this gene.
The reasons why certain genes or regions of the genome may be more or less amenable to genome
editing are not fully understood, but likely relate to the chromosomal architecture and presence of DNAbinding proteins that may influence the availability of that region of DNA to Cas9. At this time, it is not
yet known whether or how chromatin critically influences Cas9 targeting in eukaryotes.
Interestingly, a recent study has revealed that nucleosomes hindered Cas9 access to DNA696, suggesting
that the Cas9 system might not be able to effectively target the DNA in nucleosomes. Since the balance
of histone acetylation and deacetylation regulates chromatin remodelling, we could speculate that the
use of histone modifiers in combination with Cas9, such as histone deacetylation inhibitors, might
potentially enhance the accessibility of DNA to Cas9, and help overcome the limitation of chromosome
compaction, thereby improving CRISPR/Cas9 efficiency. Consistent with this hypothesis, Liu and
colleagues697 have recently reported that histone deacetylation inhibitors were able to increase
CRISPR/Cas9 gene editing frequencies, whilst Li and colleagues698 described an increase of CRISPR/Cas9mediated HDR DNA repair.
Fascinatingly, another hypothesis is that the slow off-rate of Cas9, i.e. the persistence of Cas9 binding to
the DNA strand, might prevent the DNA repair enzymes from initiating the DSB repair process699, thereby
affecting the efficiency of the Cas9 system. Although this has not been investigated in mammalian cells,
it suggests that promoting Cas9 dissociation from the DNA may improve CRISPR/Cas9 genome editing699.
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Thus, these possibilities might all be responsible for the challenge in targeting LRRK2 with CRISPR/Cas9,
and represent further avenues to explore.

6.2.2

Alternative genome editing technologies to create new cell lines

Importantly, the CRISPR/Cas9 technique is not without limitations, and off-target effects have been
reported700. Therefore, newer genome editing approaches have been developed, including the recently
discovered CRISPR type Cas12a, which has the potential to improve on-target editing efficiency
compared to Cas9701. More recently, base editing702 is a genome editing technology that allows the
generation of point mutations at specific sites in DNA or RNA. To do so, base editing mediates the
conversion of a target base pair into another, without the need to generate and repair a double-stranded
break. Indeed, base editors are created from the fusion of a base-modification enzyme (nucleobase
deaminase) and a partially active Cas endonuclease (a nickase) that can induce a single-strand cut on
each strand, where the nicked and non-edited strand is repaired using the edited strand. One of the
main advantages is the reduction of unwanted off-target editing by-products, as well as increased
precision on-target gene editing efficiency. However, recent findings have also reported off-target
effects for base editors703,704.
The latest developed technology is called prime editor705. Defined as a “search and replace” genome
editing approach, prime editing is based on the use of a partially active Cas9 nickase combined with a
reverse transcriptase and a prime editing guide RNA, which contains both the complementary sequence
to the target site, and the genetic information with the desired edit705. Since this approach requires a 3steps checkpoint, it improves the precision and on-target efficiency whilst reducing the off-target editing
compared to the other techniques mentioned above.
As such, these gene editing methods are promising tools to explore as alternatives to the CRISPR/Cas9
technique to generate isogenic cell lines carrying point mutations in the LRRK2 gene. Gene editing
methods are continuously optimised, but also tested in a range of different cell types and models, which
will help provide a better understanding of their respective limitations and benefits in the future.
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Cell-type specificity for LRRK2 in autophagy

As mentioned in Chapter 1 Section 1.6.2, the published literature is controversial in regards to the role
of LRRK2 in the autophagy-lysosomal pathway, describing opposite effects of LRRK2 activity in different
cell types and experimental systems. In principle, these contradictory results can be explained by
numerous variables in protocols used (e.g., model, method to monitor autophagy, LRRK2 protein levels).
Of note, some of the inconsistencies might also be explained by the plausible possibility that LRRK2
inhibition has an impact on LRRK2 protein levels, or may even lead to protein degradation706. Thus, LRRK2
kinase activity might be required to maintain steady-state levels of LRRK2 aside from regulating LRRK2
function and correct subcellular localisation. Other potential contributions to a cell-type specificity for
the role of LRRK2 are explored in the next sections.

6.3.1

LRRK2 interactome

Importantly, it is likely that the relationship between LRRK2 and autophagy is more complex and celltype specific, with potential time-dependent effects of LRRK2. Since LRRK2 possesses enzymatic
activities as well as domains conferring protein-protein interaction abilities, the interaction network of
LRRK2 is likely to be large. Described as a “hub protein”, LRRK2 might have distinct roles in various
cellular pathways and cell types112,180–182. Indeed, the LRRK2 interactome is also likely to vary depending
on the cell-type specific expression of LRRK2 partners and on their own interactomes, resulting in the
formation of different protein complexes in a cell type-specific context180. Interestingly, this might give
an explanation for the myriad of diseases LRRK2 is associated with. This hypothesis is further supported
by the inconsistent findings yielded in studies investigating the effect of the LRRK2 kinase inhibitors on
autophagy (see Chapter 1, Section 1.6.2.3 for more details). Importantly, our calcium and autophagy
data obtained using various assays in HEK293 GFP-LC3 cells and RAW264.7 macrophages are also in line
with a cell-type specific role of LRRK2 hypothesis. As such, the diverse interactome of LRRK2 might
contribute to the cell-type specific difference reported in this thesis.
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Of note, although the link between autophagy and LRRK2 has been extensively explored, studies carried
out in immune cells only represent a small percentage, despite the important role of autophagy and
lysosomes in these cells. As such, how the role of LRRK2 in the autophagy-endolysosomal pathways
impact immune cells remains unknown, which merits further exploration.

6.3.2

LRRK2 and LRRK1

Additionally, it is worth mentioning that LRRK2 has a paralog, LRRK1, which has not been associated with
PD592. LRRK1 encodes a protein with similar domains and structure to that of LRRK2, although LRRK1
does not have the ARM domain. This might indicate different functions for these proteins, which is
supported by their respective interactome707. However, LRRK2 and LRRK1 have common interactors
which suggest some signalling cross-talk between these proteins. With this in mind, the available data
suggest that LRRK1 and LRRK2 may have redundant functions, and LRRK1 has been shown to be involved
in autophagy-endolysosomal pathways479,592,707–710. Thus, LRRK1 may compensate for the loss of LRRK2
function in the context of autophagy. Indeed, a recent study showed that brains of LRRK2 and LRRK1
double-knockout mice displayed an altered autophagy-lysosome pathway and neuronal death, which
was not the case when only one of LRRK2 or LRRK1 was knockout592. In any case, it would be interesting
to further explore the possibility of a redundancy in the function of LRRK1 and LRRK2 in the autophagic
pathway. As such, these observations might, in part, explain some of the discrepancies and the cell-type
specific effects of LRRK2 observed in the literature.

6.3.3

Potential modifications to the LRRK2 sequence

Furthermore, potential genetic, developmental or environmental factors inducing modifications to the
LRRK2 sequence might be responsible for, at least in part, some of the cell-type specificities associated
with LRRK2 function in the literature and reported in this thesis. This might also explain the reduced
penetrance of LRRK2, where such factors might provide the toxic input leading to PD, or influence other
risk genes converging to pathways involving LRRK2.
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With regard to epigenetics, Fernandez-Santiago and colleagues revealed a PD-associated
hypermethylation solely occurring in differentiated dopaminergic neurons from LRRK2-PD patients but
not in the non-reprogrammed somatic skin cells, nor in dopaminergic neurons from healthy controls 711.
Thus, cell-specific epigenetic modifications might play an important role in the development of PD.
Furthermore, a number of studies have reported that microRNAs and post-translational modification are
involved in the regulation of LRRK2 gene expression and protein expression712–714. In particular, miR-205
has been shown to suppress LRRK2 protein expression by binding to the 3’-UTR of the LRRK2 gene712
without affecting LRRK2 mRNA levels, whilst pathogenic elevation of LRRK2 protein in patients with
sporadic PD was accompanied with a downregulation of miR-205 expression712. Thus, these findings
suggest that overexpression of miR-205 might have neuroprotective effects in PD, and miR-205 levels
might influence LRRK2-PD risk.
Another mechanism regulating gene expression is alternative splicing, which increases the coding
potential of the genome. Generally, large genes, such as LRRK2, can be expected to produce multiple
transcripts following splicing, and research groups have explored LRRK2 splicing variants as well as LRRK2
RNA expression in several tissues713,715. Recently, studies have identified the presence of several LRRK2
spliced transcripts in the human brain with regional differences, in particular in the substantia nigra713,
and a differential expression of LRRK2 splice variants in mice715 as well. Given this, it is likely that LRRK2
mRNA transcript variability also exists in other cell types. Since these splicing events occurred within the
Roc and COR domains of LRRK2, as well as in the protein-protein interaction domain WD40, it would not
be surprising that this alternative splicing has important consequences on LRRK2 enzymatic activities,
LRRK2 dimer formation and binding partners. Therefore, further studies are currently underway to
explore the involvement of these LRRK2 splice variants in PD713.
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LRRK2 and calcium in the context of autophagy

Since its development, BAPTA has been considered one of the most definitive ways to establish the
involvement of calcium in a cellular process. In the context of the LRRK2-mediated regulation of
autophagy, recent findings challenge the use of BAPTA and strongly indicate the need to reassess the
now compromised BAPTA-related findings linking LRRK2 and autophagy through calcium signals. For
example, Gómez-Suaga and colleagues479 reported that BAPTA prevented the increase in
autophagosome formation upon overexpression of WT LRRK2 or of its pathogenic G2019S mutant.
Similarly, Cherra and colleagues590 used BAPTA to demonstrate the contribution of LRRK2 mutantmediated deregulations in calcium homeostasis on mitophagy, whilst Hockey and colleagues216
suggested that lysosomal morphology defects found in LRRK2 G2019S fibroblasts were caused by the
disruption of local calcium signals since they were inhibited by BAPTA. In addition, Verma and
colleagues588 reasoned that mitochondrial calcium uptake through the mitochondrial uniporter was
necessary for the induction of mitophagy by mutant LRRK2 based on results obtained with BAPTA
treatment. In each case, it is difficult to determine whether these results were caused by calcium
chelation by BAPTA or by off-target effects (or a combination of the two). Therefore, it is clear that these
experiments need to be repeated using BAPTA analogues with decreased affinity for calcium (e.g., dibromo-BAPTA and di-fluoro-BAPTA) as additional controls. If these compounds replicate the effect of
BAPTA then it can be assumed that the effect of BAPTA is independent of calcium binding. Alternatively,
other potential tools to explore specific calcium processes, for example mitochondrial calcium entry or
IP3-mediated calcium signals, have also been alluded to in the Discussion of Chapter 5 (Section 5.10.4).
Importantly, these observations do not necessarily imply that all evidence linking LRRK2 with autophagy
via calcium signalling in these papers must be discarded. Indeed, some conclusions were reached using
other strategies that did not rely on the use of BAPTA. Indeed, Cherra and colleagues590 generated
evidence of the involvement of L-type calcium channels in the LRRK2 mutant-mediated increase in
mitophagy without using BAPTA. Furthermore, using a range of pharmacological and genetic
approaches, Gómez-Suaga and colleagues479 revealed a molecular mechanism where LRRK2-mediated
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calcium release via TCP2/NAADP receptors was involved in the effects of LRRK2 on autophagy induction,
in particular through the activation of the CaMMKβ/AMPK pathway. Of note, it is also possible that
LRRK2 had an effect on the upstream production of NAADP. In line with these findings, Hockey and
colleagues216 demonstrated that LRRK2 mutant-mediated lysosomal defects were both NAADP- and
PI(3,5)P2-dependent and involved TPC2 receptors, and also reported the involvement of NAADPregulated global calcium signalling. Taken together, these data still make a convincing case of a role for
lysosomal calcium signals in the LRRK2-mediated regulation of autophagy, although follow-up studies
using BAPTA analogues are avidly awaited.
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Appendix 3: CRISPR/Cas9 Plasmid map.
All CRISPR/Cas9 plasmids were derived from the Zhang Lab CRISPR plasmid pSpCas9(BB)-2A-GFP (PX458) available from
Addgene626 (plasmid #48138, source: https://www.addgene.org/48138/). The sequence coding for Cas9 can be seen in purple.
The gRNA sequence is in blue. The GFP cassette is in green. Cas9 will cut a DNA target site according to the sequence targeted
by the gRNA.
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Appendix 4: PCR programs and conditions used for the experiments.
Each change of parameter compared to the initial parameters is highlighted in grey. The annealing temperature was one of the
main focuses. Several gradient PCRs were also performed for each set of primers. A gradient PCR has a range of annealing
temperatures determined by the experimenter, where each row in the PCR thermocycler corresponds to a specific temperature.
Another interesting feature is the touchdown PCR, which allows the thermocycler to use a specific annealing temperature for a
chosen number of cycles, and to then decrease the temperature to reach another specific annealing temperature with a
determined decrement. The two chosen conditions were n°9 and n°11.

PCR program
Condition

Initial
denaturation
5min

Denaturation
20s

Annealing
15s

Elongation
30s

Number
of
cycles

1

95°C

98°C

60°C

72°C

34

2

95°C

98°C

60°C

72°C, 15s

34

3

95°C

98°C

gradient
50-70°C

72°C

40

4

95°C

98°C

gradient
60-66°C

72°C

40

5

98°C

98°C

gradient
60-66°C

72°C

40

6

95°C

98°C

60°C 20s

72°C

40

7

95°C

98°C

66°C 20s

72°C

40

8

98°C

98°C

66°C 20s

72°C

40

9

98°C

98°C

66°C 20s

72°C

34

10

98°C

98°C

61.5°C 20s

72°C

40

11

98°C

98°C

60°C 20s

72°C

34

12

95°C

98°C

touchdown
(15s each
temperature)

72°C

13

95°C

98°C

touchdown
(30s each
temperature)

72°C

14

98°C

98°C

gradient
60-62°C 20s

72°C

40

15

98°C

98°C

gradient
58-63°C 20s

72°C

34

Final
elongation
5min

Hold
forever

72°C

20°C

ccc

