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Abstract 

 

Mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common known 

genetic cause of Parkinson’s disease (PD). LRRK2 is a multi-domain protein which 

has GTPase and kinase activity. Dominant pathogenic mutations have been identified 

in the LRRK2 Roc-COR GTPase domain which decrease GTPase function 

(R1441C/G/H and Y1699C) and kinase domain which increase kinase activity 

(G2019S/I2020T). Evidence suggests that LRRK2 may have a physiological role in 

protein degradation pathways and these functions may be disrupted by pathogenic 

LRRK2 mutations, potentially resulting in protein aggregation which is a pathological 

hallmark of PD. In addition, evidence points to a role for LRRK2 in the maintenance 

of axonal integrity via an interaction with microtubules and regulation of microtubule 

acetylation, and defective axonal transport of intracellular cargoes along microtubule 

tracks has been proposed as a mechanism for PD.  

Histone deacetylase 6 (HDAC6) is a cytoplasmic deacetylase which functions at the 

crossroads between protein degradation pathways and microtubule dynamics. 

HDAC6 co-ordinates the formation of aggresomes in response to misfolded protein, 

and aggresomes share many characteristics with Lewy bodies in PD. This thesis 

therefore aimed to investigate if LRRK2 interacts with HDAC6 to regulate aggresome 

formation and tubulin acetylation. LRRK2 was found to interact with HDAC6 via its 

Roc-COR domain and pathogenic LRRK2 mutations altered this interaction. Using 

mass spectrometry analysis, LRRK2 was found to phosphorylate HDAC6 at serine-

22 and serine-689. Cellular studies of the function of these HDAC6 phospho-sites 

showed that serine-22 phosphorylation was required for HDAC6-mediated 

aggresome formation and serine-689 phosphorylation correlated with increased 

HDAC6 tubulin deacetylase activity. Knockdown of LRRK2 by targeted siRNA 

resulted in defective HDAC6-dependent aggresome formation and rescue of 

aggresome formation was LRRK2 kinase-dependent. Furthermore, LRRK2 was 

shown to decrease tubulin acetylation via HDAC6 in a kinase-dependent manner. 

Together, these results suggested that LRRK2 regulates the function of HDAC6 in 

aggresome formation and tubulin deacetylation via phosphorylation. Importantly, the 

role of LRRK2 in HDAC6-dependent aggresome formation was found to be disrupted 

by the pathogenic G2019S mutation, suggesting that this mechanism may contribute 

to disease pathogenesis in PD.  
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1     Introduction 

 

1.1   Parkinson’s Disease 

Parkinson’s disease (PD) is the second most common neurodegenerative disease 

with over 140,000 people living with PD in the UK alone (Parkinson’s UK, 2018). PD 

is largely an age-related disorder and affects approximately 1% of the population over 

sixty years of age and around 4% of the population over eighty, however in rare cases 

symptoms can present before the age of 50. The worldwide prevalence of PD is 

estimated at around 0.3% with some variation between populations (de Lau and 

Breteler, 2006). 

1.1.1  Clinical and pathological features of PD 

Primarily classified as a motor disorder, the clinical features of PD typically include 

bradykinesia, tremor at rest, muscular rigidity, and postural imbalances which 

contribute to difficulties in initiating and controlling movement. In addition, various 

non-motor symptoms have been associated with PD which include olfactory 

disturbance, constipation, sleep disorders and depression, and these symptoms often 

occur early in the disease (Chaudhuri et al., 2006).  A lack of available diagnostic 

biomarker tests means that diagnosis of PD is currently based on presentation of 

clinical symptoms alone and is confirmed by pathological examination at autopsy 

(Jankovic, 2008).  

1.1.1.1  Dopaminergic neuron loss 

The primary motor symptoms of PD can be attributed to progressive loss of 

dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) (Damier et 

al., 1999). The SNpc forms part of the midbrain basal ganglia which control voluntary 

movement by projecting DA neurons along the nigrostriatal pathway to the striatum 

where they release dopamine to modulate activity. It is hypothesised that loss of 

dopaminergic modulation in the basal ganglia disturbs initiation of movement and 

leads to the classical Parkinsonian motor symptoms (Obeso et al., 2008). However, 

it is estimated that many motor symptoms do not appear until 50-70% of nigral DA 

neurons have been lost, meaning that many patients likely remain undiagnosed until 

the later stages of the disease (Lesage and Brice, 2012). 
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The reason(s) for the selective loss of DA neurons in the SNpc remains an important 

question in attempts to understand the cause of PD. DA neurons projecting from the 

SNpc commonly have long, unmyelinated axons which have a high energy 

expenditure for signal transmission as well as forming high numbers of synapses 

compared with other neuronal types (Braak et al., 2004). Additionally, the regular, 

autonomous firing patterns of DA neurons in the SNpc necessary for maintaining 

striatal dopamine levels requires sustained entry of intracellular calcium through ion 

channels, which again has a high energetic requirement (Surmeier et al., 2010). 

These morphological and functional characteristics place a significant energetic 

demand on the mitochondria within the DA neurons and lead to increased 

susceptibility to disruption by mitochondrial dysfunction and oxidative stress, which 

may eventually result in an energy deficit which disrupts further cell processes and 

contributes to cell death (Pissadaki and Bolam, 2013).  

Currently, the primary symptomatic treatment for PD is the pharmaceutical restoration 

of dopamine levels in the brain via L-DOPA supplementation, however this does not 

halt the progression of the disease or prevent further cell loss.  Reduced efficacy and 

adverse side effects such as dyskinesia are commonly seen with long-term use 

(Marsden, 1994).  

1.1.1.2  Lewy body pathology 

As well as dopaminergic neuron loss, the second hallmark pathological feature of PD 

is the presence of intracellular inclusions known as Lewy bodies in multiple brain 

regions. Lewy bodies are dense insoluble protein spheres found in the cytoplasm of 

affected neurons in the SNpc as well as other brain regions such as the locus 

coeruleus and raphe nuclei in the brainstem, hypothalamus and the cerebral cortex 

(Forno, 1996). Lewy bodies are found in most sporadic and familial cases of PD and 

their presence increases with disease progression and correlates with resulting 

neurodegeneration (Braak et al., 2004). 

The principle components of Lewy bodies are filamentous aggregates of 

phosphorylated α-synuclein and they strongly immunostain with ubiquitin, as well as 

containing over 90 other proteins (major proteins are listed in Table 1.1) (Fujiwara et 

al., 2002; Tofaris et al., 2003; Wakabayashi et al., 2013). Present as a soluble 

cytoplasmic monomer of 140 amino acids which is ubiquitously expressed in neurons, 

α-synuclein is thought to function at the synapse to aid neurotransmitter release 

(Jakes et al., 1994; Fauvet et al., 2012; Burré et al., 2010). It is also localised to the 
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inner mitochondrial membrane (Chinta et al., 2010). In disease, α-synuclein 

monomers aggregate to form oligomers and protofibrils and it is these which are 

thought to confer cellular toxicity by disrupting various cellular mechanisms such as 

ion homeostasis, mitochondrial function, protein degradation and causing ER stress 

(Winner et al., 2011a). The organisation and sequestration of toxic α-synuclein 

oligomers into filaments to form Lewy bodies has been hypothesised to be a 

cytoprotective response to facilitate their degradation, therefore Lewy bodies 

themselves may not drive the pathogenesis of PD (Olanow et al., 2004; Wakabayashi 

et al., 2007). 

 

Table 1.1. Protein components of Lewy bodies in PD (adapted from Wakabayashi 

et al., 2013). Highlighted proteins are PD-linked gene products. 

Group/Function Protein References 

Fibril-forming α-synuclein 
Spillantini et al., 1997; Fujiwara et al., 
2002 

α-synuclein-
binding 

synphilin-1 
Wakabayashi et al., 2000; Bandopadhyay 
et al., 2005 

 agrin Liu et al., 2005 

 14-3-3 Kawamoto et al., 2002; Ubl et al., 2002 

Ubiquitin-
proteasome 
system 

NUB1 Tanji et al., 2006 

 parkin 
Schlossmacher et al., 2002; Murakami et 
al., 2004 

 ubiquitin Kuzuhara et al., 1988; Tofaris et al., 2003 

 ubiquitin activating 
enzyme (E1) 

McNaught et al., 2002 

 ubiquitin-conjugating 
enzyme (E2) 

Schlossmacher et al., 2002 

 proteasome Ii et al., 1997; Lindersson et al., 2004 

 26S ATPase Fergusson et al., 1996 

Autophagy p62/sequestosome 1 Kuusisto et al., 2003 

 LC3 
Crews et al., 2010; Higashi et al., 2011; 
Tanji et al., 2011 

 GABARAP Tanji et al., 2011 

 glucocerebrosidase Goker-Alpan et al., 2010 

 NBR1 Odagiri et al., 2012 
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Group/Function Protein References 

Aggresome γ-tubulin McNaught et al., 2002 

 HDAC6  Kawaguchi et al., 2003; Miki et al., 2011 

 pericentrin McNaught et al., 2002 

Heat shock 
proteins 

DnaJB6 Durrenberger et al., 2009 

 Hsp60 McLean et al., 2002 

 Hsp70 McLean et al., 2002 

 Hsp90 McLean et al., 2002 

Oxidative stress DJ-1 
Bandopadhyay et al., 2004; Jin et al., 
2005 

 TDP-43 Kokoulina and Rohn, 2010 

 FOXO3a Su et al., 2009 

 SOD1/2 Nishiyama et al., 1995 

Protein 
phosphorylation 

CAMKII Iwatsubo et al., 1991 

 GSK3β Nagao and Hayashi, 2009 

 CDK5 Brion and Couck, 1995 

 LRRK2 
Greggio et al., 2006; Miklossy et al., 2006; 
Giasson et al., 2006; Zhu et al., 2006 

 CKII Ryu et al., 2008 

Cytoskeletal tubulin Alim et al., 2002 

 MAP1 Fukuda et al., 1993 

 MAP1B Jensen et al., 2000 

 MAP2 D’Andrea et al., 2001 

 tau Ishizawa et al., 2003 

 neurofilament Forno et al., 1986; Schmidt et al., 1991 

Mitochondrial PINK1 Gandhi et al., 2006 

  cytochrome C Hashimoto et al., 1999 
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1.1.2  Genetics of PD 

PD has been traditionally viewed as an idiopathic disease with the majority of patients 

presenting with no previous family history.  However, single gene mutations have 

been uncovered through familial linkage analysis in genes coding for α-synuclein 

(SNCA), LRRK2, PINK1, and parkin in 5-10% of PD cases, displaying both autosomal 

dominant and autosomal recessive patterns of inheritance with varying clinical 

presentations and age of onset (Lesage and Brice, 2009). These highly penetrant 

monogenic forms of PD, whilst only a representing a minority of overall cases, have 

allowed some of the molecular mechanisms underpinning disease pathogenesis to 

be investigated. Importantly, mutations in SNCA and LRRK2 have highly similar 

clinical presentations to sporadic disease, offering hope that similar mechanisms may 

be involved.  Table 1.2 shows the designated PARK loci with their associated genes 

which have so far been linked to familial PD or Parkinsonian disease.   

1.1.2.1  Autosomal dominant PD 

1.1.2.1.1  SNCA 

Rare but highly penetrant mutations in the SNCA gene which codes for α-synuclein 

protein were the first to be linked to PD, with the initial identification of an A53T 

mutation in Italian and Greek families which showed an autosomal dominant pattern 

of inheritance (Polymeropoulos et al., 1997). Since then, further mutations have been 

identified which include A30P, E46K, and more recently G51D and H50Q (Krüger et 

al., 1998; Zarranz et al., 2004; Lesage et al., 2013; Appel-Cresswell et al., 2013). 

These mutations all reside in the N-terminal region of the 140-amino acid α-synuclein 

protein and are thought to promote its aggregation into oligomers, likely by 

destabilising the conformation of the native protein (Burré et al., 2015). As well as 

point mutations, chromosomal duplication and triplications of the SNCA locus can 

cause PD (Singleton et al., 2003; Chartier-Harlin et al., 2004). Given that α-synuclein 

is the major component of Lewy bodies in both familial and sporadic PD, these 

findings highlight the possible role of protein aggregation as a key driver of disease. 

 

 



6 
 

Table 1.2. Genes and loci identified in monogenic PD (adapted and updated from 

Lesage and Brice, 2012 and Bonifati, 2014). AD = autosomal dominant, AR = 

autosomal recessive. Highlighted loci have been confirmed in familial PD. 

Name Locus Gene Inheritance Type of PD References 

PARK1/4 4q21 SNCA 
AD; rare 
sporadic 

Early-onset 
Polymeropoulos et 
al., 1997; Singleton 
et al., 2003 

PARK2 6q25-27 PRKN 
AR; 
sporadic 

Early-onset; 
juvenile 

Kitada et al., 1998 

PARK3 2p13 SPR? AD Late-onset 
Gasser et al., 1998; 
Sharma et al., 2006 

PARK5 4p14 UCHL1 AD Late-onset Leroy et al., 1998 

PARK6 1p35-36 PINK1 AR Early-onset Valente et al., 2004 

PARK7 1p36 DJ-1 AR Early-onset Bonifati et al., 2003 

PARK8 12q12 LRRK2 
AD; 
sporadic 

Late-onset 
Paisán-Ruíz et al., 
2004  

PARK9 1p36 ATP13A2 AR 
Kufor-Rakeb 
syndrome 

Ramirez et al., 
2006 

PARK10 1p32 Unknown Unknown Late-onset 
Hicks et al., 2002; 
Beecham et al., 
2015 

PARK11 2q36-37 GIGYF2 AD Late-onset 
Pankratz et al., 
2003b 

PARK12 Xq21-25 Unknown Unknown Late-onset 
Pankratz et al., 
2003a 

PARK13 2p12 HTRA2 Sporadic Unknown 
Strauss et al., 
2005; Krüger et al., 
2011 

PARK14 
22q12-
13 

PLA2G6 AR Juvenile 
Paisan-Ruiz et al., 
2009 

PARK15 
22q12-
13 

FBXO7 AR Early-onset 
Di Fonzo et al., 
2009 

PARK16 1q32 RAB7L1? Unknown Late-onset 
Satake et al., 2009; 
Pihlstrøm et al., 
2015 

PARK17 16q11 VPS35 
AD; 
sporadic 

Late-onset 
Zimprich et al., 
2011 

PARK18 3q27 EIF4G1 AD Late-onset 
Chartier-Harlin et 
al., 2011 

PARK19 1p31 DNAJC6 AR Juvenile 
Edvardson et al., 
2012  

PARK20 21q22 SYNJ1 AR Juvenile 
Krebs et al., 2013; 
Quadri et al., 2013  

PARK21 
3q22/ 
20p12 

DNAJC13/ 
TMEM230 

AD Late-onset 
Vilariño-Güell et al., 
2014; Deng et al., 
2016 

PARK22 7p11 CHCHD2 AD Late-onset 
Funayama et al., 
2015 

PARK23 15q22 VPS13C AR Early-onset Lesage et al., 2016 
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1.1.2.1.2  LRRK2 

Mutations in leucine-rich repeat kinase 2 (LRRK2) are found in up to 10% of 

autosomal dominant inherited PD and approximately 1% of sporadic cases (L.N. 

Clark et al., 2006; Bonifati, 2014). Within specific ethnic groups the frequency of 

LRRK2 mutations rises significantly, reaching up to 30% of familial PD cases in 

Ashkenazi Jewish populations (Thaler et al., 2009). This makes mutations in LRRK2 

the most common genetic cause of PD identified to date (Li et al., 2014; Cornejo-

Olivas et al., 2017). As LRRK2 is a major focus of this thesis the genetics of LRRK2 

are described in detail in Section 1.2.  

1.1.2.2  Autosomal recessive PD 

1.1.2.2.1  Parkin 

Shortly after the first identification of mutations in SNCA that were linked to 

genetically-inherited PD, mutations in the PRKN gene were found in Japanese 

patients who presented with a rare early-onset, juvenile form of PD which showed an 

autosomal recessive pattern of inheritance (Kitada et al., 1998). Although rare in PD 

cases overall, PRKN mutations account for around 50% of cases of juvenile PD in 

patients under 25 years of age, and around 9% of total early-onset PD cases (<50 

years of age) (Lücking et al., 2000; Lill, 2016). These highly-penetrant PRKN 

mutations result in loss-of-function of the protein Parkin, an E3 ubiquitin ligase which 

targets damaged mitochondria for degradation by autophagy - a process known as 

mitophagy (Narendra et al., 2012). Homozygous PRKN mutation carriers show 

comparable clinical presentations to typical late-onset PD and are responsive to 

treatment with L-DOPA, and whilst symptoms appear much earlier they progress 

more slowly. Despite severe DA neuron loss in the SNpc, PRKN PD patients rarely 

show Lewy body formation (Schulte and Gasser, 2011). 

1.1.2.2.2  PINK1 

Autosomal recessive mutations in PTEN-induced putative kinase 1 (PINK1) are found 

in around 4% of cases of early-onset PD (Bonifati et al., 2005). Like mutations in 

Parkin, PINK1 mutations are highly penetrant and result in loss-of-function of the 

PINK1 protein by disrupting its kinase activity (Silvestri et al., 2005). PINK1 functions 

upstream of Parkin in the mitophagy pathway to detect mitochondrial damage and 

recruit Parkin to damaged mitochondria (Narendra et al., 2012). Accordingly, 
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homozygous PINK1 mutations result in a clinical phenotype similar to that of 

mutations in PRKN with classic motor dysfunction that presents with an early onset 

but slow progression and good response to L-DOPA (Li et al., 2005). Unlike PRKN 

mutations, patients with PINK1 mutations have Lewy body pathology and often 

display psychiatric symptoms and dementia which more closely resembles sporadic 

PD (Samaranch et al., 2010). Indeed, evidence suggests that heterozygous 

mutations in PINK1 may contribute to sporadic PD (Kumazawa et al., 2008). 

1.1.2.3  Sporadic PD 

Whilst much progress has been made in identifying monogenic forms of familial PD, 

90% of PD cases are defined as sporadic and are likely caused by a complex 

interaction between environmental influences and genetic susceptibility factors which 

cumulatively lead to disease. 

1.1.2.3.1  Genetic risk factors 

Genome-wide association studies (GWAS) have identified various genetic 

polymorphisms and mutations which associate with incidence of PD, though few have 

been functionally validated in cellular models (Table 1.3).  Further mutations in genes 

responsible for monogenic PD including SNCA and LRRK2 have been identified as 

PD risk factors, highlighting the role of these genes in sporadic disease as well as 

dominant familial PD (Satake et al., 2009). Of the risk factors identified to date, 

heterozygous mutations in the glucocerebrosidase (GBA) gene display the greatest 

increase in PD risk with a >5-fold and up to 20-fold increased risk compared to non-

carriers (Lesage et al., 2011; Anheim et al., 2012). Homozygous GBA mutations 

primarily cause Gaucher’s disease, a recessive lysosomal storage disease, where 

Parkinsonian symptoms and Lewy body pathology are occasionally observed 

(Sidransky and Lopez, 2012). One estimation predicts that 5-25% of all PD cases 

have GBA mutations which contributes to development of disease, making mutations 

in GBA the highest genetic risk factor for PD identified to date (Beavan and Schapira, 

2013; Schapira, 2015). A common feature of several neurodegenerative diseases 

such as Alzheimer’s disease, frontotemporal dementia (FTD) and PD is the 

aggregation of hyper-phosphorylated microtubule-associated protein tau (MAPT) 

within neurons (Morris et al., 1999). Genetic variants in the MAPT gene have been 

linked to PD in Caucasian but not Asian populations (Golbe Lawrence I. et al., 2001; 

Satake et al., 2009). Further GWAS analyses continue to identify novel risk loci for 

PD in both new and previously identified genes, and although the individual effect of 
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each locus on disease risk is small, cumulative risk may be significant and highlights 

the importance of genetic variation in complex diseases such as PD (Nalls et al., 

2014; Chang et al., 2017). The use of next-generation sequencing methods such as 

exome sequencing can be used to identify disease-related genes in PD which may 

be too rare to be detected by GWAS studies and with too low a penetrance for 

detection by familial linkage analysis (Bonifati, 2014). 

1.1.2.3.1  Environmental factors 

Various environmental risk factors have been associated with an increased risk of 

developing PD, such as head trauma, anxiety or depression, use of beta-blockers 

and pesticide exposure (Bellou et al., 2016). Conversely, protective effects have been 

described for physical activity, smoking and coffee consumption (Bellou et al., 2016). 

Genetic risk factors likely interact with environmental risk factors to influence PD risk. 

Whilst gene-interaction studies are often challenging to validate due to variations in 

population samples and difficulties in obtaining robust data on environmental and 

lifestyle exposures, some genome-wide interaction studies have found associations 

between gene variants and smoking and coffee consumption in PD (Hamza et al., 

2011; Hill-Burns et al., 2013). Further studies are needed to better understand the 

link between these environmental factors and the risk of PD. 
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Table 1.3. Risk factors with estimated odds ratio (OR) ≥ 1.1 for developing PD 

(adapted and updated from Lesage and Brice, 2012 and Nalls et al., 2014). 

Highlighted loci have been well-validated as PD risk factors. 

PARK 
locus 

Map 
locus 

Gene Risk Variants OR References 

PARK1/4 4q21 SNCA 
Promoter Rep1; 
SNPs 

1.2-2.9 
Pals et al., 2004; Ritz 
et al., 2012; Campêlo 
et al., 2017 

PARK8 12q12 LRRK2 
R1628P, 
S1647T, G2385R 

1.2-3 
Tan, 2006; Zheng et 
al., 2011; Zhang et 
al., 2016 

PARK16 1q32 RAB7L1? Multiple SNPs 1.3-1.4 
Yan et al., 2011; 
Zhou et al., 2014; 
Wang et al., 2016 

PARK17 4p16 GAK Multiple SNPs 1.1-1.5 Zhou et al., 2014 

PARK18 6p21 
HLA-
DRA 

Multiple SNPs 1.3 Zhou et al., 2014 

N/A 1q21 GBA 
>300 SNPs inc. 
N370S, L444P 

>5-20 
Mao et al., 2013 
O’Regan et al., 2017 

N/A 17q21 MAPT Multiple SNPs 1.4 
Charlesworth et al., 
2012; Davis et al., 
2016 

N/A 1q22 SYT11 Multiple SNPs 1.2 
Int. PD Genomics 
Consortium, 2011 

N/A 4p15 BST1 Multiple SNPs 0.9-1.2 Nalls et al., 2014 

N/A 2q21 ACMSD Multiple SNPs 1.1 
Int. PD Genomics 
Consortium, 2011 

N/A 2q24 STK39 Multiple SNPs 1.1 
Int. PD Genomics 
Consortium, 2011 

N/A 12q24 CCDC62 Multiple SNPs 1.1 Nalls et al., 2014 

N/A 10q26 INPP5F rs117896735 1.6 Nalls et al., 2014 

N/A 16p11 STX1B Multiple SNPs 1.1 Nalls et al., 2014 

N/A 3p24 SATB1  rs4073221 1.1 Chang et al., 2017 

N/A 4q26 CAMK2D rs78738012 1.1 Chang et al., 2017 

N/A 5q12 ELOVL7 rs2694528 1.2 Chang et al., 2017 

N/A 6p22 ZNF184 rs9468199 1.1 Chang et al., 2017 
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1.1.3  Mechanisms of Disease in PD 

1.1.3.1  Oxidative stress 

Reactive oxygen species (ROS) are produced in cells as a by-product of ATP 

generation in mitochondria. During the process of oxidative phosphorylation via the 

electron transport chain on the inner mitochondrial membrane, electron leakage at 

Complexes I and III can reduce molecular oxygen to form the ROS superoxide (O2
−) 

which can be further dismutated to hydrogen peroxide (H2O2) (Cadenas et al., 1977). 

Whilst playing an important role in various cell signalling pathways, excess ROS can 

be quenched into less damaging molecules or scavenged by antioxidant compounds 

(Shukla et al., 2011). Oxidative stress occurs when the level of ROS production 

outweighs antioxidant activity in the cell, leading to disruption of a wide-range of 

cellular processes including exocytosis, protein production and degradation 

pathways, damage to DNA and ER stress (Brieger et al., 2012). Oxidative stress can 

damage mitochondrial DNA (mtDNA), leading to disruption of the mitochondrial 

electron transport chain and changes in ATP production as well as leakage of further 

ROS into the cytoplasm. High levels of oxidative stress lead to ATP depletion and cell 

death (Beal, 2005). 

Neurons are particularly vulnerable to oxidative stress due to their high metabolic 

rates and oxygen consumption combined with a lower abundance of antioxidant 

compounds (Nunomura et al., 2006). DA metabolism within neurons in the SNpc may 

itself contribute to oxidative stress as oxidation of cytosolic DA produces dopamine-

quinones which have been shown to cause mitochondrial dysfunction and interact 

with PD-related proteins such as parkin, DJ-1 and α-synuclein (Lee et al., 2003; 

LaVoie et al., 2005; Girotto et al., 2012; da Silva et al., 2013). Furthermore, mice with 

reduced expression of the dopamine transporter vesicular monoamine transporter 2 

(VMAT2) show increased oxidised DA which results in DA-mediated toxicity and DA 

neuronal death (Caudle et al., 2007). 

1.1.3.2  Mitochondrial dysfunction 

As the primary source of ROS in neurons, mitochondria are closely associated with 

the oxidative stress which contributes towards the pathogenesis of PD. Deficiencies 

in Complex I of the mitochondrial respiratory chain result in increased production of 

ROS and such deficiencies have been shown in sporadic PD patients (Schapira et 

al., 1990; Hattingen et al., 2009). Complex I inhibitors such as 1-methyl-4-phenyl-
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1,2,3,6-tetrahydropyridine (MPTP) and the pesticide rotenone cause DA neuron 

death and PD-like symptoms (Langston et al., 1983; Betarbet et al., 2000). MPTP is 

taken up by astrocytes and oxidised to MPP+ before uptake into DA neurons where 

it accumulates in the mitochondria and inhibits Complex I (Mizuno et al., 1987). As 

well as Complex I inhibition, rotenone also causes oxidative protein damage and 

leads to intracellular inclusions which are morphologically similar to Lewy bodies 

(Sherer et al., 2003).  

The familial PD disease-linked mitochondrial proteins PINK1 and Parkin are important 

for normal mitochondrial function as well as their role in mitophagy of damaged 

mitochondria (Scarffe et al., 2014). PD patients with Parkin mutations show a 

decrease in Complex I activity, and mutations in PINK1 lead to respiratory dysfunction 

and ROS accumulation (Müftüoglu et al., 2004; Piccoli et al., 2008). Consistent with 

a loss-of-function model for these mutations, PINK1 and Parkin knockout mice show 

mitochondrial dysfunction and increased sensitivity to oxidative stress (Palacino et 

al., 2004; Gautier et al., 2008). Additionally, defects in mitochondrial morphology 

caused by loss of the PINK1 homolog in Drosophila can be rescued by parkin 

overexpression and suggests that PINK1 acts upstream of Parkin in a common 

pathway to regulate mitochondrial function (I.E. Clark et al., 2006). The autosomal 

recessive PD gene DJ-1 has been linked to the maintenance of mitochondrial function 

during oxidative stress, with DJ-1 knockout Drosophila and mice show reduced 

mitochondrial membrane potential and increased fragmentation  (McCoy and 

Cookson, 2011). Furthermore, DJ-1 can rescue PINK1 loss of function in Drosophila 

which suggests that DJ-1 may act downstream of PINK1 in the maintenance of 

mitochondrial integrity (Hao et al., 2010). Hence, mitochondrial dysfunction is 

intrinsically linked to both sporadic and familial PD and likely plays a central role in 

disease pathogenesis (Winklhofer and Haass, 2010). 

1.1.3.3  Axonal transport defects 

Due to their polar morphology and long process length, neurons are particularly reliant 

on the cellular transport of macromolecules and organelles such as mitochondria 

along the length of the axon between the cell body and distal synapse. This occurs 

via loading of the cargo onto the motor proteins dynein and kinesin which move along 

microtubule tracks away from the cell body (anterograde transport) or towards it 

(retrograde transport) (Hirokawa and Takemura, 2005). Disruptions in axonal 

transport are an early pathogenic feature of a range of neurodegenerative diseases 

including PD, Alzheimer’s disease, amyotrophic lateral sclerosis, and hereditary 
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spastic paraplegia (reviewed by Millecamps and Julien, 2013). Indeed, reduced 

kinesin levels are seen in the SN of early-stage sporadic PD which precede 

dopaminergic loss and other morphological changes, and reductions in dynein are 

observed at later disease stages (Chu et al., 2012). 

α-synuclein protein is synthesised in the cell body and transported to the synapse via 

axonal transport (Kahle et al., 2000). Aggregates and fibrils of α-synuclein also 

undergo bi-directional axonal transport in neurons (Volpicelli-Daley et al., 2011; 

Freundt et al., 2012). Studies show that the familial A30P and A53T mutations in α-

synuclein reduce its transport in neurons compared to wild-type protein, and α-

synuclein oligomers disrupt the kinesin-microtubule interaction and decrease 

microtubule stability (Saha et al., 2004; Prots et al., 2013). This could provide a 

mechanism for the accumulation of aggregated α-synuclein in the cell body seen in 

PD. 

In addition, axonal transport is an energy-intensive process. Reduced cellular ATP 

levels due to mitochondrial dysfunction in turn leads to impaired localisation of 

mitochondria at the synapse and an imbalance of retrograde mitochondrial transport 

towards the cell body (De Vos et al., 2007; Morfini et al., 2007; Arnold et al., 2011). 

This results in ATP depletion at the synapse and likely contributes to axon 

degeneration, consistent with the ‘dying back’ pathology seen in DA neurons in PD 

(Burke and O’Malley, 2013). Indeed, mutations in the familial PD genes PINK1 and 

Parkin that disrupt mitochondrial function are also associated with defects in axonal 

transport of mitochondria via the mitochondrial transport regulator Miro1 (Wang et al., 

2011; Liu et al., 2012; Moller et al., 2017). As well as mutations in PINK1 and Parkin, 

the familial R1441C and Y1699C Roc-COR mutations in LRRK2 have been shown to 

disrupt anterograde and retrograde axonal transport of mitochondria both in rat 

cortical neurons in vitro and in an in vivo Drosophila genetic model (Godena et al., 

2014).  

Therefore, it is clear that axonal transport is defective in both familial and sporadic 

PD prior to neuronal death and this may occur as a result of mitochondrial dysfunction 

or α-synuclein aggregation, whilst perpetuating the severity of both mechanisms to 

contribute to disease pathogenesis (De Vos et al., 2008; Lamberts et al., 2015). 

1.1.3.4  Protein aggregation 

Cells must regulate the balance between protein synthesis and the rate of clearance 

in order to maintain protein homeostasis (proteostasis). Protein aggregation occurs 
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because of the failure of protein degradation pathways to maintain cellular 

proteostasis. The two major protein degradation pathways in cells are the 

proteasome, a cytoplasmic protease complex which recognises select ubiquitinated 

substrates, and the lysosome, which degrades larger aggregates and organelles via 

the process of autophagy. Autophagy can be further sub-divided into 

microautophagy, macroautophagy and chaperone-mediated autophagy (CMA), and 

can be aided by formation of perinuclear inclusion bodies known as aggresomes 

(discussed further in section 1.3.3.4). 

A hallmark pathological feature of PD, the Lewy body, represents an intracellular 

accumulation of aggregated α-synuclein in affected neurons. The aggregation of α-

synuclein is promoted by familial PD mutations which further suggests a direct link 

between protein aggregation and PD pathogenesis (Burré et al., 2015). The presence 

of Lewy bodies raises the question of their cytotoxicity and relevance for driving of 

disease. In support of their toxicity, Lewy bodies correlate closely with PD progression 

and are found in highest abundance in regions with greatest neuronal loss (Braak et 

al., 2004). In addition, the density of Lewy bodies correlates with cognitive impairment 

both in PD and dementia with Lewy bodies (DLB) (Kövari et al., 2003). However, 

these correlations do not show that Lewy bodies themselves drive neuronal loss, and 

indeed Lewy body pathology is not found in certain genetic forms of PD such as those 

with Parkin mutations (Schulte and Gasser, 2011). 

Alternatively, Lewy bodies may represent a protective cellular response to sequester 

misfolded proteins. Increased number of α-synuclein inclusion bodies correlated with 

reduced neuronal α-synuclein toxicity in a Drosophila PD model, and inhibition of the 

proteasome stimulated α-synuclein inclusion formation but reduced neuronal loss in 

a chemically-induced rat PD model (Sawada et al., 2004; Chen and Feany, 2005). 

Indeed, evidence suggests that α-synuclein fibril formation mitigates the toxicity of α-

synuclein oligomers (Olanow et al., 2004; Wakabayashi et al., 2007). As well as α-

synuclein, Lewy bodies are positive for many components of protein degradation 

pathways such as ubiquitin, p62 and proteasomal subunits; autophagy-associated 

LC3, GABARAP and NBR1; and γ-tubulin and histone deacetylase 6 (HDAC6) 

involved in aggresome formation (Table 1.1; Wakabayashi et al., 2013). The similarity 

between Lewy bodies and aggresomes, the molecular mechanisms of which are 

discussed further in section 1.3.3.4, has led to widespread suggestions that Lewy 

bodies are the result of an aggresome-related mechanism which sequesters toxic α-

synuclein in a cytoprotective role (McNaught et al., 2002;  Olanow et al., 2004; Tanaka 

et al., 2004).  
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1.2   LRRK2 

LRRK2 is a large, 144 kilobase (kb) gene spanning 51 exons that encodes a complex 

286 kDa, 2527 amino acid cytoplasmic protein with seven functional domains (Figure 

1.1). At the N-terminus of LRRK2, structural armadillo and ankyrin domains are 

followed by the eponymous leucine rich repeat domain which adopts a parallel ß-

strand conformation to aid protein-protein interactions (Mills et al., 2014). LRRK2 is a 

member of the ROCO protein superfamily of Ras-like GTPases, hence activity is 

mediated by its catalytic core which consist of a Ras of complex (Roc) GTPase 

domain and a carboxyl terminal of Roc (COR) domain followed by a MAP kinase 

kinase kinase (MAPKKK) domain (Bosgraaf and Van Haastert, 2003). At the C-

terminus of LRRK2 is a WD40 repeat domain which is predicted to adopt a beta-

propeller tertiary structure conformation (Stirnimann et al., 2010; Mills et al., 2012).  

As described in Section 1.1.2.1.2, mutations in LRRK2 are the most common genetic 

cause of PD found to date. Over 40 different missense variants have currently been 

identified in LRRK2, however only a minority segregate strongly in familial PD 

lineages with high penetrance and confirmed pathogenicity. These pathogenic 

mutations all cluster in the catalytic core of LRRK2 and affect its enzymatic activity, 

with R1441C/G/H and Y1699C in the Roc-COR tandem GTPase domain and G2019S 

and I2020T in the adjacent kinase domain (Mata et al., 2005; Khan et al., 2005). A 

further familial LRRK2 mutation, N1437H, has been found to segregate with PD in 

several Scandinavian families but has yet to be identified elsewhere (Aasly et al., 

2010; Puschmann et al., 2012). The most common dominant mutation in LRRK2 is 

G2019S, which is found in an estimated 4% of familial PD patients (Healy et al., 2008). 

The frequency of the G2019S mutation is population-specific, with high frequencies 

in the Ashkenazi Jewish and North African Berber populations but much rarer in Asian 

populations (Tan et al., 2005).  LRRK2 G2019S has also been found in sporadic 

disease at rates of up to 2% in one analysis of European sporadic PD patients 

(Lesage et al., 2007). Whilst lifetime penetrance can reach up to 45% in North African 

populations, the frequency of healthy G2019S LRRK2 mutation carriers has been 

reported at up to 3% in the Moroccan Berber population (Benamer and de Silva, 

2010). In addition to familial pathogenic mutations in LRRK2, single-nucleotide 

polymorphism variants such as G2385R in the WD40 domain and R1628P in the COR 

domain cause up to a two-fold increased risk of developing PD (Tan et al., 2010). To 

date, these variants have been found only in PD patients of Asian descent such as 

those from Chinese and Malaysian populations and have not been seen in European 
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PD cases (Gopalai et al., 2014; Zhang et al., 2016). Conversely, a protective LRRK2 

R1398H variant which reduces the risk of developing PD has been reported in both 

Caucasian and Asian populations (Chen et al., 2011; Ross et al., 2011; Heckman et 

al., 2014). 

LRRK2 has been widely studied in attempts to gain further understanding of the 

pathogenic mechanisms underlying PD. Clinically, the phenotype of LRRK2-related 

PD shows a strong resemblance to that of sporadic PD with a late disease onset, 

slow progression and classical parkinsonian symptoms as well as a good response 

to L-DOPA treatment (Li et al., 2014). In addition, neuropathological analysis shows 

universal SNpc neuronal loss as well as Lewy body pathology in the majority of 

LRRK2 patients, with some variation between individuals with different LRRK2 point 

mutations (Khan et al., 2005). This suggests that pathogenic mechanisms resulting 

from LRRK2 mutations are likely shared with sporadic forms of PD, hopefully 

providing insight into common molecular defects. 

  

Figure 1.1. Domain structure and mutations of LRRK2. LRRK2 is a multidomain, 

2527 amino acid protein with GTPase and kinase activity mediated by its catalytic 

core. From N-terminus to C-terminus, the domains of LRRK2 comprise the armadillo 

(ARM) and ankyrin (ANK) repeat domains, leucine-rich repeat domain (LRR), Ras of 

complex (Roc) domain, C-terminal of Roc (COR) domain, kinase domain, and WD40 

domain.  The confirmed pathogenic mutations in LRRK2 cluster within its catalytic 

core and include N1437H in the Roc GTPase domain which increases GTP binding 

to LRRK2 , R1441C/G/H in the Roc domain and Y1699C in the COR tandem domain 

which also decrease LRRK2 GTPase activity, and the G2019S and I2020T mutations 

in the kinase domain which increase kinase activity. 
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1.2.1  Expression of LRRK2 

LRRK2 is expressed at high levels in the brain as well as the liver and heart, with 

highest expression seen in the kidneys and lungs (Paisán-Ruíz et al., 2004). Analysis 

of post-mortem human tissue shows that LRRK2 is constitutively expressed in 

neuronal cells as well as glial cells such as astrocytes and microglia (Miklossy et al., 

2006). The relative expression of LRRK2 within nigral neurons is high, and murine 

studies have indicated that it is also expressed in striatal neurons and cortical regions 

(Simón-Sánchez et al., 2006; Higashi et al., 2007b; Giesert et al., 2013; West et al., 

2014). High levels of LRRK2 are seen within Lewy bodies in the brains of patients 

with PD as well as those with dementia with Lewy bodies (DLB), as well as to a lower 

extent in patients with sporadic PD, suggesting that LRRK2 is a major component of 

Lewy body pathology (Zhu et al., 2006; Higashi et al., 2007a; Guerreiro et al., 2013). 

1.2.2  LRRK2 activity 

As a member of the ROCO subfamily of Ras-GTPase proteins, LRRK2 has GTPase 

activity mediated by its Roc-COR tandem domain as well as kinase activity from its 

adjacent kinase domain (Lewis, 2009). All known pathogenic, familial LRRK2 

mutations cluster within these Roc, COR and kinase domains to affect their catalytic 

function which suggests that the enzymatic activity of LRRK2 is a key part of its role 

within disease (Figure 1.1). 

1.2.2.1  GTPase activity  

The Roc domain of LRRK2 provides its GTPase activity, with the C-terminal COR 

domain thought to aid dimerization (Sen et al., 2009). Small Ras GTPases typically 

act as molecular switches in signalling pathways, inactive when bound by GDP and 

becoming active upon GTP binding to activate downstream effectors.  This activation 

cycle is facilitated by the binding of specific regulatory proteins such as guanine 

nucleotide exchange factors (GEFs) which aid GTP binding, and GTPase activating 

proteins (GAPs) which promote hydrolysis of GTP to return the GTPase to its inactive 

state (Takai et al., 2001). Putative LRRK2 GEFs and GAPs include ARHGEF7 which 

increases the GTPase activity of LRRK2 in vitro, and ArfGAP1 which binds and 

increases the GTP hydrolysis of LRRK2 (Haebig et al., 2010; Xiong et al., 2012). 

Interestingly, both ARHGEF7 and ArfGAP1 are phosphorylated by LRRK2, thus 

indicating a reciprocal level of regulation between these proteins.  
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A different hypothesis suggests that rather than conventional regulation by GEFs and 

GAPs, LRRK2 is part of a family of GTPases which is instead regulated by 

homodimerization in a nucleotide-dependent manner (Gasper et al., 2009). 

Guanosine binding is proposed to stimulate the interaction between the Roc domains 

of each monomer and create the active site to provide GTPase activity, which 

subsequently hydrolyses GTP to return the Roc domains to their inactive 

conformation. This is supported by evidence that GTP-binding regulates LRRK2 

dimerisation and the fact that LRRK2 is primarily found as a GTP-bound dimer (Sen 

et al., 2009; Berger et al., 2010; Biosa et al., 2013).   

Familial PD mutations in the LRRK2 Roc-COR tandem GTPase domain such as 

R1441C/G/H and Y1699C consistently show reduced GTPase activity compared to 

the wild-type protein (Ito et al., 2007; Li et al., 2007; Daniëls et al., 2011). These 

mutations as well as the N1437H mutation increase GTP binding to LRRK2 (West et 

al., 2007; Aasly et al., 2010). Importantly, all pathogenic LRRK2 Roc-COR mutations 

localise to the interface between the Roc and COR domains, indicating that the 

interaction between these domains is critical for GTPase function (Gotthardt et al., 

2008). The R1441C/G/H mutations disrupt the interaction and dimerisation between 

the two domains, and Y1699C increases the interaction between domains to reduce 

the conformational flexibility (Gotthardt et al., 2008; Daniëls et al., 2011). 

The downstream effectors of LRRK2 GTPase activity are not currently well-described, 

therefore the mechanisms of GTPase disruption which lead to LRRK2-induced 

pathogenicity remain uncertain. Disruption of GTPase activity confers cellular toxicity 

in a yeast model and this is linked to alterations in vesicle trafficking and 

autophagosome accumulation, suggesting a role for GTPase activity in endosomal 

trafficking (Xiong et al., 2010). Models have implicated familial LRRK2 GTPase 

mutations in a range of phenotypes including disrupted axonal transport and 

microtubule-association, neurotransmission and autophagy, as will be discussed in 

Section 1.2.3, and the exact role of GTPase activity in these mechanisms requires 

further investigation (Li et al., 2009; Tong et al., 2009; Godena et al., 2014; Tsika et 

al., 2014; Nguyen and Moore, 2017).  

1.2.2.2  Kinase activity 

The kinase domain of LRRK2 mediates serine/threonine kinase activity for 

phosphorylation of protein substrates. It comprises a two-lobed structure with an ATP-

binding site in the cleft between the lobes, which together with an activation loop 
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forms the active site of the kinase domain (Gilsbach and Kortholt, 2014). 

Autophosphorylation of the activation loop promotes a conformational change to allow 

ATP and substrate binding, thus producing the ‘active’ state of kinase activity. LRRK2 

has multiple known autophosphorylation sites in its kinase activation loop including 

S2032 and T2035 which are important for regulation of kinase activity (Greggio et al., 

2008; Li et al., 2010). 

Familial PD mutations in the LRRK2 kinase domain, G2019S and I2020T, both alter 

the kinase activity of LRRK2. The most common LRRK2 mutation is G2019S and has 

been consistently shown to increase the kinase activity of LRRK2, whereas I2020T 

has been shown to both increase it or slightly decrease it in different assays (West et 

al., 2005; Jaleel et al., 2007; Luzón-Toro et al., 2007; Ray et al., 2014). Both G2019S 

and I2020T mutations are situated in the inter-lobe cleft region of the kinase domain 

near to the active site. G2019S is predicted to increase the stability of the active 

conformation via addition of a hydrogen bond, therefore increasing kinase activity, 

and evidence suggests that I2020T acts in a similar manner (Gilsbach et al., 2012; 

Ray et al., 2014).  

Like LRRK2 GTPase effectors, investigations into the downstream targets of LRRK2 

kinase activity have proved challenging and until recently, the only robust in vivo 

phosphorylation target of LRRK2 was shown to be LRRK2 itself via 

autophosphorylation (Greggio et al., 2009; Sheng et al., 2012). Additional in vitro 

evidence shows that LRRK2 phosphorylates moesin at a site which regulates moesin-

actin binding for interaction between the cytoskeleton and plasma membrane (Jaleel 

et al., 2007). Moesin is part of the ezrin, radixin, and moesin (ERM) family of proteins 

which localise to the filopodia of growing neurites to regulate their dynamics, 

suggesting that LRRK2 has a role in regulation of neurite outgrowth (Parisiadou et 

al., 2009). More recently, LRRK2 has been shown to phosphorylate multiple Rab 

GTPases including Rab8a and Rab10 in vivo, providing evidence for a role of LRRK2 

in membrane trafficking and vesicle dynamics (discussed further in section 1.2.3) (Ito 

et al., 2016; Steger et al., 2016; Steger et al., 2017).  

The pathogenic effects of LRRK2 mutations which alter its kinase activity can be 

reduced using LRRK2 kinase inhibitors, therefore LRRK2 kinase activity is an 

attractive therapeutic target  (Taymans and Greggio, 2016). Accordingly, LRRK2 

kinase inhibitors are currently in various stages of preclinical and phase 1 clinical 

evaluation for treatment of PD (Alessi and Sammler, 2018). 
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1.2.2.3  Regulation of LRRK2 

LRRK2 commonly exists as a homodimer complex in vivo which is a feature of many 

self-regulatory and membrane-associated signalling kinases (Klemm et al., 1998). As 

discussed in the previous section, autophosphorylation of the LRRK2 kinase domain 

promotes the active kinase conformation and acts as a self-regulatory mechanism 

(Greggio et al., 2008). Dimers of wild-type LRRK2 exhibit higher levels of kinase 

activity compared to LRRK2 monomers and show increased localisation at the cell 

membrane (Berger et al., 2010). Dimerisation of LRRK2 may therefore provide a 

mechanism of self-regulation through autophosphorylation and altered subcellular 

localisation. Pathogenic LRRK2 mutations have been shown to alter the dimerisation 

of LRRK2 and suggest a role for disrupted dimerisation in the pathogenesis of PD. 

The R1441C Roc domain mutation destabilises LRRK2 dimer formation, whereas the 

G2019S and I2020T kinase domain mutations show increased dimer formation (Deng 

et al., 2008; Sen et al., 2009). The importance of kinase activity in dimer formation is 

evident due to disrupted dimer formation as a result of artificial kinase-dead LRRK2 

mutations (Sen et al., 2009). 

As a dual-enzyme, further mechanisms of LRRK2 self-regulation may occur through 

interactions between its GTPase and kinase activities. In vitro studies show that whilst 

GTP binding has no effect on LRRK2 kinase activity, the kinase function of LRRK2 

requires an intact Roc-COR GTPase domain (Liu et al., 2010; Taymans et al., 2011). 

However, GTP binding-deficient mutations in the Roc domain cause decreased 

kinase activity in vivo and disrupt the dimerisation and stability of LRRK2 (Biosa et 

al., 2013). Therefore, the GTP binding capacity likely affects kinase activity through 

changing the dimerisation state of LRRK2 to regulate kinase function (summarised in 

Figure 1.2) (Gilsbach and Kortholt, 2014). Conversely, the kinase activity may 

regulate GTPase function through multiple autophosphorylation sites located at the 

GTP-binding pocket of the Roc domain including threonine-1348 and threonine-1368 

to increase GTPase function (Greggio et al., 2009; Gloeckner et al., 2010; Liu et al., 

2015). However, other studies show that kinase-dead LRRK2 shows increased 

GTPase activity compared to wild-type LRRK2 and the G2019S mutant does not 

affect GTPase activity (Pungaliya et al., 2010; Ho et al., 2016). Taken together, these 

results indicate that a complex relationship of self-regulation exists between the 

GTPase and kinase activities of LRRK2 with regulation in both directions likely 

contributing to overall LRRK2 function. 
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As well as auto-regulation, there is evidence of upstream regulation of LRRK2.  

Phosphorylation of LRRK2 by casein kinase 1α (CK1α) modulates its recruitment to 

Golgi-derived vesicles which suggests that kinase regulation of LRRK2 is important 

for Golgi maintenance (Chia et al., 2014). Additionally, cAMP-dependent protein 

kinase (PKA) phosphorylates LRRK2 to modulate its interaction with the signal 

transduction protein 14-3-3, in turn regulating the kinase activity of LRRK2 (Muda et 

al., 2014). More recently, Rab29 has been identified as an upstream regulator of 

LRRK2 kinase function and Golgi localisation (Purlyte et al., 2018).  

  

Figure 1.2. Model of LRRK2 dimer activation. The COR domain 

in each LRRK2 monomer mediates dimer form formation. In the 

GDP-bound inactive state, the Roc domains are flexible and upon 

GTP binding they undergo a conformational change to increase their 

proximity, allowing autophosphorylation of the kinase domain 

activation loops and activating the LRRK2 dimer. Active LRRK2 

phosphorylates protein substrates via the hydrolysis of ATP to ADP. 

Adapted from Gilsbach and Kortholt (2014) under permission from 

the Creative Commons Attribution License. 
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1.2.3  Cellular roles of LRRK2 

The large, multi-domain structure of LRRK2 with multiple repeat domains is indicative 

of a structural role in protein binding, and its dual catalytic core of GTPase and kinase 

activity suggests multiple roles in cellular signalling pathways. LRRK2 associates with 

multiple compartments within the cell including the microtubule cytoskeleton, the ER, 

Golgi, outer mitochondrial membrane, and endosomal vesicles (Biskup et al., 2006; 

Hatano et al., 2007). Many of these are membranous structures and evidence 

implicates LRRK2 in a range of cellular roles such as regulation of cytoskeleton 

dynamics, neurite outgrowth, endosomal function, autophagy and Wnt signalling 

(MacLeod et al., 2006; Shin et al., 2008; Alegre-Abarrategui et al., 2009; Berwick and 

Harvey, 2012). 

1.2.3.1  Endosomes 

The strong localisation of LRRK2 with membrane-associated compartments within 

the mammalian brain includes a range of vesicular structures such as endosomes, 

lysosomes, microtubule-associated vesicles and mitochondria, suggesting that 

LRRK2 is involved in vesicle biogenesis and dynamics (Biskup et al., 2006; Hatano 

et al., 2007). LRRK2 localises to vacuoles which are positive for endosomal and 

lysosomal markers in brains of PD and DLB patients and these vacuoles are 

increased in disease compared to controls which suggests a link to pathogenesis 

(Higashi et al., 2009). Functionally, the dimerisation and recruitment of LRRK2 to 

endosomal-autophagic structures such as autophagosomes precedes a role in the 

regulation of autophagy (Schapansky et al., 2014). LRRK2 also localises to late 

endosomes and lysosomes and regulates lysosomal transport in Drosophila (Dodson 

et al., 2012).  

Multiple studies have shown that LRRK2 interacts with the Rab family of membrane-

associated small GTPases, thus providing a mechanism for LRRK2 membrane 

localisation (Cookson, 2016). Rabs are lipidated proteins which incorporate into a 

variety of cellular membranes and recruit effector proteins in a GTP-dependent 

manner to regulate membrane trafficking within the cell (Zhen and Stenmark, 2015). 

LRRK2 was first shown to interact with Rab5b at synaptic vesicles to regulate their 

endocytosis at the synapse (Shin et al., 2008). The Drosophila LRRK2 homolog 

interacts with the endosomal transport-associated Rab7 to negatively regulate 

perinuclear lysosome clustering (Dodson et al., 2012). In addition, LRRK2 interacts 

with Rab7L1, a candidate risk gene in sporadic PD which is linked to the clearance of 
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Golgi-derived vesicles via autophagy (MacLeod et al., 2013; Beilina et al., 2014). 

Rab7L1, Rab8a and Rab10 are kinase substrates of LRRK2 both in vitro and in cells, 

with LRRK2-mediated phosphorylation of the effector-binding switch-II motifs of these 

proteins controlling their membrane localisation (Steger et al., 2016; Liu et al., 2018). 

Importantly, PD-associated pathogenic LRRK2 mutations increase phosphorylation 

of Rabs and induce their membrane localisation which can lead to an excessive 

accumulation of inactive membrane-bound Rabs (Steger et al., 2017; Yu et al., 2018). 

Increased phosphorylation of Rab7L1 by LRRK2 G2019S can stimulate LRRK2 

autophosphorylation and recruitment to the trans-Golgi network, multiple components 

of which are linked to PD (Liu et al., 2018). LRRK2 Y1699C phosphorylates Rab8a to 

increase its activity in promoting lipid storage which may result in enlarged lipid 

droplets, a phenotype associated with PD pathogenesis (Yu et al., 2018). Additionally, 

Rab8a phosphorylation by LRRK2 R1441C, Y1699C and G2019S mutants causes 

centrosome polarity and cohesion deficits as a result of abnormal Rab8a localisation 

at the centrosome (Madero-Pérez et al., 2018). Elevated phosphorylation of Rab10 

by LRRK2 R1441C and G2019S is also stimulated by a PD-associated familial 

mutation in the membrane-trafficking component VPS35, providing evidence that 

LRRK2 and VPS35 function in a common pathway to regulate endosomal sorting 

which is disrupted in PD (Mir et al., 2018). Together, the interaction and 

phosphorylation of various Rabs by LRRK2 points to an important role for LRRK2 in 

membrane biology in multiple compartments of the cell, and implicates mutant 

LRRK2-mediated Rab mislocalisation and defective vesicle trafficking as key 

pathogenic mechanisms in PD. 

1.2.3.2  Autophagy 

Multiple studies have implicated LRRK2 in the regulation of autophagy, however often 

with conflicting reports of its precise role (Manzoni, 2017). LRRK2 co-localises with 

cytoplasmic multi-vesicular bodies (MVBs) and autophagic vacuoles both in post-

mortem human brain and human cell cultures (Alegre-Abarrategui et al., 2009).  

Knockdown of LRRK2 in cells increases autophagic activity as evidenced by an 

increased turnover of the autophagy marker LC3-II, indicating that LRRK2 acts as a 

negative regulator of autophagy (Alegre-Abarrategui et al., 2009). However, studies 

in LRRK2-knockout mice show age-dependent accumulation of ubiquitinated protein 

as well as the autophagic markers LC3-II and p62 in the kidney which indicates a 

defect in autophagy caused by lack of LRRK2 (Tong et al., 2010; Tong et al., 2012). 

Studies using LRRK2 kinase inhibitors have produced further contradictory results. In 
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one study, inhibition of LRRK2 kinase activity results in an increase of the autophagy 

markers LC3-II and p62 due to stimulated autophagic induction, suggesting that 

LRRK2 kinase activity normally functions to negatively regulate the induction of 

autophagy (Manzoni et al., 2013). In contrast, subsequent studies have shown 

reduced autophagic flux and defective cargo clearance after LRRK2 kinase inhibition 

which suggests that LRRK2 kinase activity promotes autophagic clearance 

(Schapansky et al., 2014; Esteves et al., 2015).  

Although the function of LRRK2 as an up- or down-regulator of autophagy remains 

unclear, pathogenic mutations in LRRK2 have consistently been shown to disrupt the 

autophagic process. Pathogenic R1441C LRRK2 impairs autophagy as evident 

through an accumulation of MVBs and increased p62 levels (Alegre-Abarrategui et 

al., 2009). Induced pluripotent stem cell (iPSC)-derived dopaminergic neurons from 

sporadic and LRRK2 G2019S-associated PD patients show accumulation of 

autophagic vacuoles as a result of failed autophagic clearance, and this is thought to 

occur through disruption of microtubule-dependent autophagosome trafficking 

(Sánchez-Danés et al., 2012; Arduíno et al., 2012). Furthermore, R1441C and 

G2019S transgenic mice show an accumulation of autophagic vacuoles in cortical 

and striatal neurons which is accompanied by dopaminergic cell death and reduced 

neurite complexity (Ramonet et al., 2011). Consistent with these results, R1441C and 

G2019S LRRK2 mutants inhibit autophagy and potentiate age-related autophagic 

dysfunction in a C. elegans model of PD whilst wild-type LRRK2 increases autophagic 

flux (Saha et al., 2015). A recent study shows that LRRK2 interacts with and 

phosphorylates p62, with pathogenic mutant LRRK2 increasing this phosphorylation, 

and this may provide a mechanism by which LRRK2 regulates ubiquitinated cargo 

recruitment for autophagy (Kalogeropulou et al., 2018). 

Together, these results indicate that LRRK2 has a role in regulating autophagy which 

is disrupted by pathogenic LRRK2 mutations. Disparities between studies that 

indicate LRRK2 acts as both a positive and negative regulator of autophagy and acts 

at both the initiation and clearance stage may reflect differences between models, 

cell types and experimental conditions, as well as the ability for LRRK2 to control 

autophagy in various ways as part of different protein complexes (Manzoni, 2017). 

As well as the autophagic process itself, LRRK2 forms and co-localises with 

aggresomes after inhibition of the proteasome as part of the cellular response to 

promote misfolded protein degradation by autophagy (Waxman et al., 2009). Some 

evidence suggests that both wild-type and G2019S LRRK2 overexpression disrupts 
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aggresome formation after proteasomal inhibition and causes accumulation of LC3-

II/p62-positive protein aggregates which is indicative an autophagic defect (Bang et 

al., 2016). These studies suggest a role for LRRK2 in the regulation of aggresome 

formation to aid autophagic protein degradation under proteasomal inhibition 

(described in section 1.3.3.4.2.3).  

1.2.3.3  Microtubule dynamics 

LRRK2 co-localises with microtubules and this is enhanced by pathogenic LRRK2 

mutations, suggesting that the cytoskeleton is implicated in LRRK2-mediated disease 

(Kett et al., 2012; Caesar et al., 2013; Godena et al., 2014). LRRK2 directly interacts 

with β-tubulin via its Roc domain and phosphorylates it in vitro to increase microtubule 

stability (Gillardon, 2009; Law et al., 2014). LRRK2 G2019S increases this 

phosphorylation and an I2020T transgenic mouse exhibits increased microtubule 

polymerisation and impaired locomotive ability, suggesting that increased 

phosphorylation of β-tubulin by mutant LRRK2 may contribute to pathogenesis by 

dysregulating microtubule polymerisation (Gillardon, 2009; Maekawa et al., 2012). 

Evidence also implicates LRRK2 in the regulation of α-tubulin acetylation. LRRK2-

knockout mice show increased levels of acetylated α-tubulin which can be rescued 

by overexpression of wild-type human LRRK2, indicating that LRRK2 reduces α-

tubulin acetylation (Law et al., 2014).  Conversely, sporadic and G2019S PD patients 

show decreased levels of tubulin acetylation in non-neuronal cells compared to 

controls which suggests that excessive LRRK2-mediated deacetylation is a feature 

of disease (Esteves et al., 2015). Therefore, evidence shows that LRRK2 has a role 

at the microtubule to regulate tubulin dynamics via phosphorylation and acetylation.  

Acetylation of tubulin at lysine-40 promotes the structural stability of microtubules and 

binding of motor proteins required for axonal transport (discussed in detail in section 

1.3.3.3). Pathogenic LRRK2 GTPase mutants show an abnormal association with 

deacetylated microtubules and disruption of axonal transport of mitochondria, also 

causing motor defects in a transgenic Drosophila model (Godena et al., 2014). These 

phenotypes can be reversed by increasing microtubule acetylation via knockdown or 

inhibition of HDAC6, suggesting that LRRK2 regulates axonal transport via changes 

in microtubule acetylation and this mechanism is disrupted in LRRK2-associated PD. 

In addition, pathogenic LRRK2 mutants disrupt neurite outgrowth which is a further 

microtubule-dependent process. Overexpression of LRRK2 R1441C, G2019S and 

I2020T mutants causes significantly decreased neurite length and reduced branching 
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in cortical neurons compared to wild-type LRRK2, whereas knockdown of LRRK2 

increases branching (MacLeod et al., 2006; Parisiadou et al., 2009).  

LRRK2 also regulates microtubule dynamics though an interaction with the 

microtubule-associated protein tau. Tau stimulates neurite outgrowth by binding to 

microtubules and enhancing their assembly (Avila et al., 2004). LRRK2 

phosphorylates tau at the microtubule surface both directly and in a complex with 

GSK3ß to reduce its tubulin binding, thereby reducing microtubule stability and 

promoting their disassembly (Kawakami et al., 2012, Kawakami et al., 2013). 

Furthermore, pathogenic LRRK2 G2019S and I2020T mutants show 

hyperphosphorylation of tau which may lead to further microtubule destabilisation.  

Finally, LRRK2 may influence axonal development and maintenance of neuronal 

structure indirectly through regulation of Wnt signalling pathways which are known 

modulators of microtubule morphology (Wallingford and Habas, 2005; Ahmad-Annuar 

et al., 2006; Ciani and Salinas, 2007). LRRK2 interacts with the dishevelled 

phosphoprotein DVL1, a key regulator of the neuronal Wnt pathway, and acts as a 

membrane-associated scaffold for Wnt signalling (Sancho et al., 2009; Berwick and 

Harvey, 2012).  This interaction requires the LRRK2 Roc-COR domain and is altered 

by pathogenic Roc-COR mutations. DVL1 is a known regulator of small GTPases and 

LRRK2 Roc-COR mutations may disrupt the activity of LRRK2 partly through 

disturbed interactions with proteins such as DVL1 (Habas et al., 2001; Sancho et al., 

2009).  

Altogether, multiple reports suggest that LRRK2 is a regulator of microtubule 

dynamics through its interactions with tubulin, tau, Wnt signalling pathways and 

regulation of microtubule acetylation, and therefore influences microtubule-

dependent processes such as axonal transport and neurite outgrowth. Furthermore, 

disruption of these mechanisms by LRRK2 mutations may contribute to pathogenesis 

in LRRK2-mediated PD.  
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1.3   HDAC6 

In mammals, the histone deacetylase (HDAC) protein family consists of 18 different 

HDACs which are divided into four classes based on sequence similarities (Table 

1.4). Class I, II and IV HDACs are referred to as classical histone deacetylases which 

require Zn2+ as a cofactor for deacetylase activity and are inhibited by the pan-HDAC 

inhibitors such as trichostatin A (TSA) (Rao et al., 2012). Class I HDACs include 

HDAC1, HDAC2, HDAC3 and HDAC8 and have a predominantly nuclear localisation, 

whereas Class II HDACs can shuttle between the nucleus and cytoplasm depending 

on nuclear localisation and export signals (de Ruijter et al., 2003). Class II HDACs 

are sub-divided into Class IIa comprising HDAC4, HDAC5, HDAC7 and HDAC9, and 

Class IIb comprising HDAC6 and HDAC10. Class IIb HDACs are unique in having a 

second catalytic domain compared to the single deacetylase domain of all other 

proteins in the HDAC family (Seto and Yoshida, 2014). In contrast to other HDACs, 

Class III HDACs are a separate group of nicotinamide adenine dinucleotide (NAD+)-

dependent deacetylases known as sirtuins (SIRT1 to SIRT7) with a conserved core 

domain which is not inhibited by TSA (Seto and Yoshida, 2014). Finally, the Class IV 

group consists only of HDAC11 which shares sequence homology with both Class I 

and II HDACs (Gao et al., 2002). 

HDACs were first described as nuclear histone deacetylases that regulate chromatin 

structure and gene expression, although a far more diverse range of non-histone 

substrates in multiple cellular compartments has since been described (Table 1.4). 

HDAC6 is a Class IIb deacetylase found primarily in the cytoplasm and is unique in 

its microtubule association and deacetylation substrates compared to other HDAC 

family members, including α-tubulin, HSP90, cortactin and β-catenin (Valenzuela-

Fernández et al., 2008). These substrates place HDAC6 as a regulator of multiple 

cellular pathways including microtubule dynamics and cell motility, protein chaperone 

function and protein degradation (Li et al., 2013). HDAC6 has been linked to a range 

of neurodegenerative diseases and is a component of Lewy bodies in PD (Kawaguchi 

et al., 2003; Simões-Pires et al., 2013). Therefore, it is of great interest for 

understanding the pathogenic mechanisms underlying disease. 
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Table 1.4. HDAC protein family. Adapted from Seto and Yoshida, 2014. 

  

Class Subclass Protein Localisation 
Non-histone 
substrates 

I  HDAC1 Nucleus p53, STAT3 

  HDAC2 Nucleus GR, eIF4E, STAT3 

  HDAC3 Mainly nuclear 
MEF2, SRY, PCAF, 
NF-Κb, STAT1/3 

  HDAC8 Nucleus/cytoplasm SMC3, ARID1A 

II a HDAC4 Nucleus/cytoplasm 
p53, Runx2, MLP, 
HIF1α, DNAJB8 

  HDAC5 Nucleus/cytoplasm Unknown 

  HDAC7 
Nucleus/cytoplasm/ 
mitochondria 

HIF1α 

  HDAC9 Nucleus/cytoplasm MEF2 

 b HDAC6 Mainly cytoplasmic 
α-tubulin, HSP90, 
cortactin, β-catenin, 
Prx, Tat 

  HDAC10 Mainly cytoplasmic HSP70 

III  SIRT1 Nucleus/cytoplasm p53 

  SIRT2 Nucleus/cytoplasm 
α-tubulin, p53, 
FOXO1/3a 

  SIRT3 Nucleus/mitochondria 
Acetyl-CoA 
Synthetase 2, GDH 

  SIRT4 Mitochondria MCD, PDH, MCCC 

  SIRT5 Mitochondria CPS1, cytochrome c    

  SIRT6 Nucleus CtIP 

  SIRT7 
Nucleus/nucleolus/ 
cytoplasm 

PAF53, CDK9, 
GABPß1 

IV  HDAC11 Nucleus/cytoplasm Unknown 



29 
 

1.3.1  Structure and expression of HDAC6 

HDAC6 is a 131 kDa, 1215 amino acid protein with three main functional domains 

(Figure 1.3). This includes two catalytic deacetylase domains (HD1 and HD2) which 

mediate substrate deacetylation and a C-terminal zinc finger (ZnF-UBP) domain 

which binds ubiquitin with high affinity (Seigneurin-Berny et al., 2001). Additionally, 

HDAC6 has a cytoplasmic dynein motor-binding linker between its deacetylase 

domains (Li et al., 2012). The cellular localisation of HDAC6 is regulated by nuclear 

localisation and leucine-rich nuclear export signals at its N-terminus which control 

shuttling between the nucleus and cytoplasm (Verdel et al., 2000; Bertos et al., 2004). 

Furthermore, human HDAC6 possesses an additional cytoplasmic retention signal 

consisting of eight consecutive Ser-Glu-containing tetradecapeptide repeats (SE14) 

between its HD2 and ZnF-UBP domains which is not present in the murine protein 

(Bertos et al., 2004). HDAC6 is expressed ubiquitously in most cell types, with 

particularly high levels seen in the testis, kidney, liver and brain (Zhang et al., 2008). 

Within the brain, HDAC6 expression is highest in cerebral cortex, cerebellum and 

hippocampus (Uhlén et al., 2015). 

 

 

  

Figure 1.3. Domain structure of HDAC6. HDAC6 is a 1215 amino acid protein with 

two catalytic deacetylase domains (HD1 and HD2) separated by a dynein binding 

(DMB) domain, with a C-terminal zinc finger ubiquitin-binding (ZnF-UBP) domain. 

Nuclear localisation (NLS) and nuclear export (NES) sequences are found at the N-

terminus, as well as an SE14 cytoplasmic retention signal between the HD2 and ZnF-

UBP domains. 
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1.3.2  HDAC6 activity 

The two deacetylase domains of HDAC6 provide its deacetylase activity for the 

removal of acetyl groups from substrate lysine residues. The cytoplasmic substrates 

of HDAC6 deacetylase activity include tubulin, cortactin and heat shock protein 90 

(Hsp90) (Hubbert et al., 2002; Kovacs et al., 2005; Zhang et al., 2007). Whilst both 

deacetylase domains are required for full HDAC6 activity, the HD1 domain is only 

marginally catalytically active alone in vitro and the HD2 domain provides the majority 

of the deacetylase activity  (Zhang et al., 2006; Zou et al., 2006; Miyake et al., 2016). 

Instead, the N-terminal HD1 domain is thought to primarily interact with substrates 

and provide specificity of deacetylation. Indeed, most HDAC6 inhibitors target the 

second deacetylase domain (HD2) to abolish deacetylase activity (Haggarty et al., 

2003). These inhibitors chelate Zn2+ ions in the catalytic pocket via their zinc binding 

group (Wang et al., 2018). 

HDAC6 is a phosphoprotein with multiple phosphorylation sites identified in vitro 

(Brush et al., 2004; Beausoleil et al., 2004; Linding et al., 2007; Kettenbach et al., 

2011). Phosphorylation may therefore regulate the cellular activity and function of 

HDAC6. In cells, phosphorylation of HDAC6 serine-22 in the N-terminus correlates 

with increased HDAC6 tubulin deacetylase activity although a direct link has not been 

shown (Chen et al., 2010). Phosphorylation of HDAC6 serine-458 in the dynein motor-

binding domain and serine-1035 in the C-terminus both increase HDAC6 deacetylase 

activity, whereas phosphorylation of tyrosine-570 in the C-terminal deacetylase 

domain decreases deacetylase activity (Deribe et al., 2009; Watabe and Nakaki, 

2011; Williams et al., 2013). At present, the mechanisms by which phosphorylation of 

HDAC6 at these sites alters its deacetylase activity are not well understood. In 

addition to phosphorylation, acetylation of HDAC6 at sites within the N-terminal 

nuclear localisation signal reduces HDAC6 tubulin deacetylase activity as well as 

blocking its import into nucleus, suggesting that acetylation is important for regulating 

the balance between the cytoplasmic and nuclear functions of HDAC6 (Liu et al., 

2012). HDAC6 deacetylase activity is also reduced by S-nitrosylation, a further post-

translational modification whereby nitric oxide is covalently attached to a cysteine 

residue (Okuda et al., 2015). Finally, evidence shows that HDAC6 deacetylase 

activity is inhibited by an interaction with the focal adhesion scaffold protein paxillin, 

indicating that protein-protein interactions can regulate HDAC6 activity (Deakin and 

Turner, 2014). 
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1.3.3  Cellular roles of HDAC6 

HDAC6 has multiple cellular roles and this is reflected in its diverse range of substrate 

proteins and interactors. This includes proteins involved in cell motility and transport, 

protein degradation, transcription and the immune response, placing HDAC6 as a key 

regulator of cell growth, proteostasis and survival. 

1.3.3.1  Tubulin acetylation 

The first deacetylase substrate of HDAC6 to be described was α-tubulin (Hubbert et 

al., 2002). Together with ß-tubulin, α-tubulin monomers are the building blocks of the 

microtubule cytoskeleton on which a wide range of cellular processes rely. 

Microtubules are comprised of heterodimers of α-tubulin and ß-tubulin which 

associate to form linear protofilaments, with lateral bridges between thirteen 

protofilaments forming the classical 25 nm microtubule structure (Desai and 

Mitchison, 1997). In cells, most microtubules consist of thirteen tubulin protofilaments 

although numbers can vary for individual microtubule populations and microtubules 

synthesised in vitro (Chrétien et al., 1992; Dı́az et al., 1998).  

Microtubules are highly dynamic and constantly undergo structural remodelling 

through cycles of polymerisation and depolymerisation, so-called dynamic instability, 

which allows their role in a wide range of cellular functions (Desai and Mitchison, 

1997). Microtubules undergo a range of post-translational modifications (PTMs) 

which can regulate their dynamic stability, interactions with microtubule-associated 

proteins (MAPs) and binding of motor proteins (Janke and Bulinski, 2011). The most 

common, acetylation of lysine-40 on α-tubulin, occurs through the action of α-tubulin 

N-acetyltransferase 1 (αTAT1), whereas deacetylation is mediated by HDAC6 and 

SIRT2 (Hubbert et al., 2002; North et al., 2003; Akella et al., 2010; Shida et al., 2010) 

(Figure 1.4). Unlike HDAC6, SIRT2 deacetylase activity is dependent on the 

coenzyme nicotinamide adenine dinucleotide (NAD+) and appears to be preferentially 

active during mitosis in actively dividing cells (Vaquero et al., 2006).  
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  Figure 1.4. Mechanisms of microtubule acetylation. Lysine-40 of α-

tubulin is acetylated by αTAT1 acetyltransferase or deacetylated by 

HDAC6 or SIRT2 deacetylases, proposed to occur either inside the 

microtubule lumen (a) or on free tubulin dimers in the cytoplasm prior to 

microtubule polymerisation (b). 
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Unlike most other external PTM sites, lysine-40 of α-tubulin is located at the luminal-

facing inside surface of microtubules (Dráberová et al., 2000). The intraluminal 

location of lysine-40 raises the question of how it is accessed by αTAT1, HDAC6 or 

SIRT2 to regulate its acetylation (shown in Figure 1.4). The simplest explanation is 

that these enzymes enter the microtubule at its open ends and diffuse along the 

microtubule length to access lysine-40 of α-tubulin. This is supported by evidence that 

αTAT1 shows a higher affinity for microtubule extremities and acetylates lysine-40 in 

a longitudinal manner (Coombes et al., 2016; Ly et al., 2016). HDAC6 interacts with 

the microtubule plus-end tracking protein EB1 which suggests that it also enters the 

microtubule lumen via the open ends (Zilberman et al., 2009). An alternative 

explanation is that transient cracks or irregularities in the microtubule structure act as 

entry points for access to the lumen (Janke and Montagnac, 2017). In support of this, 

αTAT1 binds to the external microtubule wall which would allow its entry at sites along 

the entire microtubule length (Howes et al., 2014). In addition, when HDAC6 does 

deacetylate polymerised microtubules in vitro it shows a stochastic pattern of 

deacetylation along their length which points to it having local points of access 

(Miyake et al., 2016). Together, these results suggest that a range of mechanisms 

likely contribute to the localisation of αTAT1 and HDAC6 into the microtubule lumen, 

with both end-mediated and local assess providing entry. In fact, some in vitro studies 

have shown a preference for HDAC6 to deacetylate free tubulin dimers rather than 

polymerised microtubules and this could avoid HDAC6 having to regularly enter the 

microtubule lumen, though the in vivo relevance of this requires further investigation 

(Figure 1.4b; Zhao et al., 2010; Miyake et al., 2016). 

Acetylation of α-tubulin at lysine-40 has traditionally been associated with microtubule 

stability. This is largely due to observations that decreased acetylation due to HDAC6 

overexpression leads to increased susceptibility of microtubules to depolymerisation, 

whereas increased acetylation from HDAC6 inhibition leads to a reduction in dynamic 

microtubules (Matsuyama et al., 2002; Tran et al., 2007). However, presence of 

HDAC6 protein itself can inhibit microtubule dynamics irrespective of its catalytic 

activity and effect on acetylation (Zilberman et al., 2009). In addition, lysine-40 

acetylation does not protect microtubules against depolymerisation and takes place 

after stabilisation has occurred (Palazzo et al., 2003; Janke and Bulinski, 2011). 

Instead, it is suggested that acetylation protects microtubules against mechanical 

aging by weakening lateral protofilament interactions to increase flexibility and 

resilience to stress (Portran et al., 2017). This is reinforced by the observation that 
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curved sections of microtubules show high levels of acetylation, thus allowing them 

to flex without breaking (Xu et al., 2017). 

1.3.3.2  Cell motility 

HDAC6-mediated microtubule deacetylation regulates cell motility by increasing focal 

adhesion dynamics required for rapid cell migration (Tran et al., 2007). This is 

suggested to occur due to tubulin deacetylation increasing the pool of dynamic 

microtubules as well as directing the localised recruitment of adhesion-forming 

complexes to promote migration. In support of this, overexpression of HDAC6 

promotes chemotactic cell movement in fibroblasts whereas inhibition of HDAC6 

prevents motility (Hubbert et al., 2002; Tran et al., 2007). In addition, HDAC6-

mediated deacetylation of the F-actin binding protein cortactin promotes cortactin 

localisation at the cell periphery, therefore increasing cortactin binding to F-actin to 

promote actin polymerisation and aid actin-dependent motility (Zhang et al., 2007). 

Therefore, deacetylation of tubulin and cortactin by HDAC6 regulates the actin and 

microtubule cytoskeleton to control cell motility. 

1.3.3.3  Axonal transport 

An important role of microtubules is to act as tracks for the intracellular transport of 

cargoes such as proteins and organelles which occurs via the molecular motor 

proteins kinesin and cytoplasmic dynein. This process of intracellular transport is 

essential for neuronal cells which require distal axons to be provided with newly-

synthesised proteins and organelles such as mitochondria for synaptic function, as 

well as the removal of damaged components back towards the cell body for recycling. 

This is known as axonal transport (Figure 1.5). 

Acetylation of lysine-40 was initially associated with increased binding of the motor 

protein kinesin-1 to microtubules in vitro and increased transport along them (Reed 

et al., 2006). However, more recent in vitro experiments show no effect of acetylation 

on kinesin-1 binding and motility (Walter et al., 2012; Kaul et al., 2014). In vivo 

evidence suggests that acetylation stimulates kinesin-1-mediated transport but it is 

not sufficient to drive kinesin-1 translocation to axons (Hammond et al., 2010). Lysine-

40 acetylation has been shown to increase the recruitment of cytoplasmic dynein to 

microtubules (Dompierre et al., 2007). In addition, axonemal dynein shows increased 

motility in the presence of acetylated microtubules (Alper et al., 2014). Therefore, 

microtubule acetylation may promote axonal transport both by maintaining structural 
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integrity of microtubules to provide stable tracks and influencing the motility of motor 

proteins along them. This suggests that HDAC6-mediated deacetylation of 

microtubules acts to increase their dynamics and reduce the preference for axonal 

transport along deacetylated regions. 

 

 

 

Figure 1.5. Axonal transport in neurons. The motor proteins cytoplasmic dynein 

and kinesin transport cargoes along microtubule tracks within the neuronal axon. 

Retrograde transport towards the cell body occurs towards the minus (-) microtubule 

end and is mediated by cytoplasmic dynein in co-operation with the activator dynactin. 

Cytoplasmic dynein consists of two heavy chains (DHC) which bind the microtubule 

and hydrolyse ATP to provide movement, together with intermediate (DIC) and light 

chains (DLC) which aid cargo binding. The dynactin adaptor binds to both the DIC 

and microtubules and consists of the subunits dynamitin and p150Glued. Anterograde 

transport towards the axon terminal occurs towards the plus (+) microtubule end and 

is mediated by kinesin. Kinesin consists of two heavy chains (KHC) for microtubule 

binding and ATP hydrolysis as well as light chains (KLC) for cargo binding. 
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1.3.3.4  Protein degradation 

As well as its role as a tubulin deacetylase, HDAC6 is an important regulator of cellular 

protein degradation pathways through its association with ubiquitin. HDAC6 binds to 

ubiquitin chains on proteins targeted for degradation via its C-terminal ubiquitin-

binding domain (ZnF-UBP) and aids their progression down one of several pathways 

of degradation (outlined in Figure 1.7) (Hook et al., 2002). Proteins undergo two main 

routes of degradation in eukaryotic cells; the ubiquitin-proteasome system (UPS) and 

the autophagy pathway. These pathways ensure that the balance between protein 

synthesis and turnover is maintained to preserve proteostasis and promote cell 

survival. 

1.3.3.4.1  Ubiquitin-Proteasome System 

Small, high-turnover cytoplasmic and nuclear proteins are primarily degraded by the 

proteasome, as well as misfolded proteins in the endoplasmic reticulum (ER) 

(Ciechanover, 2006). The proteasome is a multimeric, barrel-shaped protease 

complex found in the cytoplasm which passes target protein substrates through its 

central core where they are reduced to peptides to be further degraded by 

cytoplasmic peptidases. The mammalian proteasome complex, the 26S proteasome, 

consists of a core 20S protease capped with two 19S regulatory subunits (Zwickl et 

al., 1999). 

Proteasome substrates are targeted for degradation by tagging with ubiquitin, a small 

8.5 kDa protein which is covalently bonded to lysine residues at the C-terminus of the 

target protein (Ciehanover et al., 1978). This targeted substrate ubiquitination 

requires the activity of three enzymes – firstly, E1 ubiquitin-activating enzyme 

hydrolyses ATP to activate ubiquitin before forming a thioester-linked conjugate with 

the ubiquitin molecule; E2 ubiquitin-conjugating enzyme subsequently receives the 

ubiquitin from E1; and finally E3 ubiquitin-ligase transfers the ubiquitin from E2 to the 

target substrate (Rubinsztein, 2006). Human cells utilise over 600 different E3 

ubiquitin-ligases which target a wide range of proteins and provide substrate 

specificity (Li et al., 2008). The ubiquitin tag on the substrate can itself undergo further 

cycles of ubiquitination at one of seven of its internal lysine residues, leading to 

formation of a polyubiquitin chain which specifies the fate of the target protein. 

Polyubiquitin chains linked via lysine-48 (K48) of ubiquitin typically form a recognition 

signal for substrate degradation by the proteasome (Richly et al., 2005). The 

proteasome requires substrate proteins to undergo unfolding to pass through its 
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central pore, and therefore is unsuitable for degradation of larger protein complexes 

or aggregates as well as organelles, and these substrates are instead degraded by 

the lysosome in the process of autophagy. 

HDAC6 appears to have a key role in promoting the autophagy of ubiquitinated 

substrates over their degradation by the proteasome. HDAC6 shows a high binding 

affinity for ubiquitin which stabilises the substrate-associated polyubiquitin chains and 

disrupts their recognition by the proteasome (Hook et al., 2002; Boyault et al., 2006). 

In addition, HDAC6 interacts with the chaperone p97/VCP, a promoter of proteasomal 

degradation and ubiquitin turnover, to regulate the progression of polyubiquitinated 

proteins down the pathway of autophagy (Figure 1.7) (Boyault et al., 2006). 

1.3.3.4.2  Autophagy  

Large protein complexes and organelles which are inaccessible to the proteasome 

are degraded by the process of autophagy. There are three types of autophagy, all of 

which converge on substrate degradation at the lysosome; these are 

microautophagy, macroautophagy and chaperone-mediated autophagy (CMA) 

(Figure 1.6). These sub-types of autophagy differ in their complexity of the 

mechanism of substrate delivery to the lysosome. The simplest type of autophagy is 

microautophagy, whereby cytoplasmic substrates are directly engulfed by 

invagination of the lysosomal membrane without the need for any adaptor or 

intermediate proteins, therefore HDAC6 is not involved in this process (Marzella et 

al., 1981).  
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Figure 1.6. Micro, Macro and Chaperone Mediated Autophagy pathways. a) In 

microautophagy, cytoplasmic cargoes are directly engulfed by invagination of the 

lysosomal membrane and degraded by lysosomal hydrolases. b) In macroautophagy, 

a double isolation membrane forms and elongates around the cargo to form an 

autophagosome which is marked by the membrane-associated protein LC3. The 

mature autophagosome is transported to the MTOC where it fuses with the lysosome 

and the cargo is degraded by lysosomal hydrolases. c) In chaperone mediated 

autophagy, target proteins containing the KFERQ motif are recognised by Hsc70 and 

transported to the lysosome where they bind LAMP-2A and are unfolded for 

translocation into the lysosome for degradation. 
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1.3.3.4.2.1  Chaperone-mediated autophagy 

CMA targets single proteins which contain a Lys-Phe-Glu-Arg-Gln (KFERQ) motif for 

lysosomal degradation via the chaperone activity of heat shock response proteins 

(Dice, 1990). HDAC6 forms a cytoplasmic complex with the heat shock protein Hsp90 

and heat shock factor 1 (HSF1) in which Hsp90 prevents activation of HSF1 (Boyault 

et al., 2007). HDAC6 detects ubiquitinated proteins and subsequently deacetylates 

Hsp90, which causes the complex to dissociate and allows the activation of the heat 

shock response (Figure 1.7) (Kovacs et al., 2005). Protein chaperones such as heat 

shock cognate 70 (Hsc70) then transport the ubiquitinated proteins to the lysosome 

(Dice, 1990). At the lysosomal membrane, the complex then binds lysosomal-

associated membrane protein 2A (LAMP-2A) and unfolds before being translocated 

into the lysosomal lumen for substrate degradation (Kaushik and Cuervo, 2012). 

In addition to the activation of CMA, HDAC6-mediated deacetylation of Hsp90 

promotes its chaperone activity to maintain protein folding and stability in the 

cytoplasm and preventing aggregation (Zhao and Houry, 2005). Interestingly, 

activated Hsp90 forms a complex with LRRK2 and stabilises it to prevent LRRK2 

proteasomal degradation (Wang et al., 2008). Therefore, HDAC6 activity has a role 

in maintaining protein stability via Hsp90 as well as degradation of unwanted or 

misfolded proteins. 

1.3.3.4.2.2  Macroautophagy 

Macroautophagy, hereafter simply referred to as autophagy, is the bulk degradation 

of large cytoplasmic protein complexes and organelles such as mitochondria and 

requires many adaptor and intermediate proteins. In autophagy, a double-membrane 

vacuole known as the autophagosome forms around the substrates and fuses with 

the lysosome to form autophagolysosomes, thereby internally degrading the 

substrates using lysosomal hydrolases (Yorimitsu and Klionsky, 2005). Whilst 

autophagy is present at basal levels in many cells in order to maintain the turnover of 

proteins and organelles, it can be further induced by cellular stresses such as 

starvation to promote cell survival under nutrient deprivation under regulation of 

kinases such as mammalian target of rapamycin (mTOR) (Glick et al., 2010). In 

addition, selective autophagy can recognise specific substrates such as aggregated 

proteins, damaged organelles or intracellular pathogens through selective autophagy 

receptors such as the ubiquitin-binding proteins p62/SQSTM1, neighbour of BRCA1 

gene 1 (NBR1), optineurin or nuclear dot protein 52 kDa (NPD52) which link the 
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ubiquitinated substrate to the autophagic machinery for removal (Zaffagnini and 

Martens, 2016).  

To initiate the process of autophagy, a double membrane structure termed the 

isolation membrane is formed through the recruitment of various autophagy regulator 

proteins such as Unc-51-like autophagy activating kinase (ULK1). The origin of this 

membrane is thought to be mainly from the ER and other pre-existing cellular 

membrane formations such as the Golgi, endosomes and plasma membrane (Axe et 

al., 2008; English et al., 2009; Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009). 

More recently, the isolation membrane has been shown to form using lipids from the 

mitochondria-associated ER membrane at ER-mitochondria contact sites (Hailey et 

al., 2010; Hamasaki et al., 2013). Once the isolation membrane is established, 

activated ULK1 phosphorylates Beclin-1 to recruit further proteins which make up the 

Class III PI3 kinase complex required for autophagosome elongation (Glick et al., 

2010). The microtubule-associated protein light chain 3 (LC3) is processed to form 

LC3-II which localises to the autophagosome membrane and acts as an 

autophagosome marker (Barth et al., 2010). At this stage the target ubiquitinated 

substrates are recruited to the developing autophagosome by autophagy receptors 

such as p62/SQSTM1, NBR1, optineurin or NDP52 which bind both ubiquitin on the 

substrate and LC3 on the autophagosome membrane (Kirkin et al., 2009; Zaffagnini 

and Martens, 2016). As p62/SQSTM1 itself is targeted to autophagosomes as well 

as the substrate, accumulation of p62/LC3-positive inclusions within cells indicates a 

failure of completion of autophagy, and are found in a range of neurodegenerative 

diseases which show intracellular protein aggregation (Wooten et al., 2006). 

Polyubiquitin chains formed through linkage of ubiquitin at lysine-63 (K63) have been 

shown to target substrates for degradation by autophagy (Olzmann and Chin, 2008; 

Tan et al., 2008).  

Autophagosomes can be formed at many locations in the cytoplasm, and whilst 

lysosomes can also be widely-distributed they are often concentrated at perinuclear 

regions such as the microtubule-organising centre (MTOC) (Jongsma et al., 2016). 

Therefore, after autophagosomes have formed around and isolated their target 

substrates in a certain cytoplasmic region they are transported towards the MTOC to 

allow fusion with lysosomes and subsequent substrate degradation (Kimura et al., 

2008). This is especially important in polarised cells such as neurons where distal 

autophagosomes must often travel large distances along the axon towards the cell 

body where mature lysosomes are enriched (Lee et al., 2011; Maday et al., 2012). 

Such retrograde transport of autophagosomes occurs along microtubules and is 
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mediated by the motor protein cytoplasmic dynein and its activator dynactin 

(Katsumata et al., 2010; Ikenaka et al., 2013; Cheng et al., 2015). This occurs through 

recruitment of the small GTPase Rab7 to autophagosomes which interacts with Rab-

interacting lysosomal protein (RILP) and acts as a bridge between the 

autophagosome and the dynein/dynactin complex (Nakamura and Yoshimori, 2017).  

Once autophagosomes have been transported towards the lysosome-rich regions at 

the cell body or MTOC, they are fused with lysosomes to initiate degradation of their 

substrate cargoes with the resulting structures termed autolysosomes (Jahreiss et al., 

2008). For autophagy of targeted substrates such as ubiquitinated protein 

aggregates, HDAC6 recruits the cortactin-dependent actin remodelling machinery to 

assemble the actin network which stimulates autophagosome-lysosome fusion (Lee 

et al., 2010) (Figure 1.7). This process also requires the actin motor protein myosin 

VI and its cargo adaptor Tom1 (Tumbarello et al., 2012). Fusion occurs through 

recruitment of tethering complexes by various Rab proteins such as Rab7 which 

promote membrane fusion through the action of soluble N-ethylmaleimide-sensitive 

factor attachment protein receptors (SNAREs) (Itakura et al., 2012). Autophagic 

substrates are degraded within the autolysosome by lysosomal acid hydrolases and 

resulting metabolites such as amino acids are recycled back into the cytoplasm for 

reuse (Pu et al., 2016). Evidence suggests that p62/SQSTM1 interacts with HDAC6 

at the point of autophagosome-lysosome fusion to regulate its deacetylase activity for 

cortactin deacetylation (Yan et al., 2013). Absence of p62 results in excessive 

cortactin deacetylation and leads to over-assembly of F-actin in the cytoplasm and 

aggregate accumulation. Therefore, regulation of HDAC6 deacetylase activity by p62 

is important for protein degradation by autophagy. 

1.3.3.4.2.3  Aggresome formation 

In cases where a misfolded protein is not targeted for degradation or exceeds the 

capacity of available cytoplasmic degradation pathways, it may be actively 

transported to a single juxtanuclear site within the cell called the aggresome 

(Johnston et al., 1998). Aggresomes reduce the cytotoxicity of misfolded proteins by 

sequestering them from their sites of action in the cytoplasm as well as aiding their 

degradation by autophagy and therefore can be considered a cytoprotective response 

(Kopito, 2000). Indeed, pharmacological inhibition of aggresome formation by 

disrupting the transport of aggregated protein results in increased cytotoxicity of 

aggregated proteins whilst stimulating aggresome formation reduces it (Taylor et al., 

2003; Bodner et al., 2006). 



42 
 

Ubiquitinated, misfolded proteins are recruited to the dynein motor complex via 

HDAC6 (Figure 1.7). Acting as a cargo adaptor, HDAC6 binds polyubiquitinated 

proteins through its C-terminal Zn-UBF ubiquitin-binding domain and cytoplasmic 

dynein through its dynein motor binding domain (Kawaguchi et al., 2003). Knockdown 

of HDAC6 expression abolishes aggresome formation of polyubiquitinated misfolded 

proteins, thus identifying HDAC6 as a crucial component of aggresome formation 

(Kawaguchi et al., 2003). The dynein complex consists of the cytoplasmic dynein 

motor core which has two heavy chains for microtubule binding as well as 

intermediate and light chains for cargo binding, together with the associated dynactin 

complex containing the p150Glued subunit  which provides a further microtubule 

contact site (Vaughan and Vallee, 1995; King, 2000). Retrograde movement is 

generated through ATP hydrolysis in the AAA motifs of the core motor domain (Vale, 

2003). HDAC6-mediated regulation of tubulin acetylation may also influence the rate 

of retrograde aggregate transport towards the aggresome as described in section 

1.3.3.3. In support of this, HDAC6 catalytic activity is required for the rescue of 

aggresome formation after HDAC6-knockdown as well as the stimulation of 

autophagy to rescue degeneration caused by UPS dysfunction in vivo (Kawaguchi et 

al., 2003; Pandey et al., 2007). 

Once transported to the MTOC, misfolded proteins are accumulated into a dense 

sphere which is encapsulated by an intermediate filament cage. In mitotic cells this 

cage is formed of the intermediate filament vimentin, whereas in neurons it consists 

of neurofilaments (Johnston et al., 1998; Taylor et al., 2003).  The intermediate 

filament cage is thought to ensure aggresome stability and provide a sequestration 

barrier to prevent non-specific interactions between the aggregated protein and 

outside cytoplasmic components (Olzmann et al., 2008). In evidence for misfolded 

protein clearance as well as sequestration, aggresomes show co-localisation with 

components of the proteasome system including ubiquitin, the 26S proteasome, and 

the proteasomal activator complexes PA28 and PA700 (Wigley et al., 1999; Fabunmi 

et al., 2000). Despite this, aggregated proteins are not efficient substrates of the UPS 

due to the requirement for protein unfolding and movement through the central pore 

of the 20S proteasome, and can act to inhibit UPS function entirely (Bence et al., 

2001; Bennett et al., 2005). It is therefore unclear if proteasomal machinery retains a 

functional role at the aggresome. Aggresomes also show co-localisation with many 

components of the autophagy pathway including LC3, lysosomes and HDAC6, 

suggesting that autophagy is involved in the clearance of aggresomes (Fortun et al., 

2003; Iwata et al., 2005a; Iwata et al., 2005b). Indeed, aggresome clearance is 



43 
 

increased by autophagy induction and prevented by autophagy inhibition (Ravikumar 

et al., 2002; Yamamoto et al., 2006). Aggresomes may therefore represent an 

intermediate step in the cellular response to aggregated protein by aiding eventual 

degradation by autophagy (Olzmann et al., 2008). 

Whilst ubiquitination of misfolded proteins is widely used to selectively target them to 

cellular degradation pathways, non-ubiquitinated proteins can also form aggresomes 

(García-Mata et al., 1999). This suggests that there is an alternative mechanism for 

selection and recruitment of non-ubiquitinated cargo to cytoplasmic dynein which is 

independent of the ubiquitin-dynein adaptor function of HDAC6. Indeed, a chaperone-

based mechanism for cargo-loading mechanism onto dynein has been described 

which is controlled by the co-chaperone Bcl-2-associated athanogene 3 (BAG3) 

(Gamerdinger et al., 2011). The chaperone 70 kDa heat shock protein (Hsp70) 

interacts with hydrophobic peptide sequences of target proteins in an ATP-dependent 

manner, with substrate selectivity provided by a range of co-chaperones including the 

BAG family of proteins (Mayer and Bukau, 2005). BAG1 and BAG3 proteins direct 

substrates to proteasomal and autophagic degradation pathways, respectively, and 

a switch to BAG3-mediated regulation promotes autophagic degradation 

(Gamerdinger et al., 2009). Under conditions of cellular stress, BAG3 binds Hsp70 

via its Bag domain and is thought to recruit Hsp70-associated substrates to the dynein 

motor complex via 14-3-3 proteins (Takayama and Reed, 2001; Xu et al., 2013). 

Expression of BAG3 has been shown to be up-regulated by proteasome inhibition 

and this likely increases aggresomal transport of aggregated proteins (Du et al., 

2009). 
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Figure 1.7. The roles of HDAC6 in protein degradation pathways 1) Misfolded 

proteins in the cytoplasm are ubiquitinated and are recognised by the ZnF-UBP 

domain of HDAC6. 2a) HDAC6 bound in a complex with Hsp90 and HSF1 

deacetylates Hsp90 and causes dissociation of the complex and activation of 

chaperone mediated autophagy (CMA). 2b) For degradation via the ubiquitin-

proteasome system (UPS), VCP/p97 directs the misfolded protein to the proteasome. 

2c) Under cellular stress, an excess of misfolded protein is detected by HDAC6 and 

recruited to the cytoplasmic dynein motor complex. 3) Dynein-mediated retrograde 

transport of the misfolded proteins along microtubules towards the MTOC forms a 

perinuclear aggresome which is surrounded by a vimentin cage (shown in purple). 4) 

For degradation by autophagy, an autophagosome containing misfolded protein is 

formed. HDAC6 deacetylates cortactin to initiate polymerisation of F-actin which in 

turn stimulates fusion of the autophagosome and lysosome. 5) Misfolded protein is 

degraded by lysosomal hydrolases in the fused autolysosome.  
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1.3.3.4.3  Stress granule formation 

A further cellular response to the aggregation of misfolded protein is through the 

formation of stress granules. Stress granules are cytoplasmic accumulations of 

mRNA and RNA-binding proteins which act to suppress protein translation after 

proteasomal impairment, therefore preventing additional protein production whilst 

degradation pathways are overwhelmed (Mazroui et al., 2007). HDAC6 is a 

component of stress granules and co-localises with the stress granule marker G3BP, 

and formation of stress granules requires both the deacetylase activity and ubiquitin-

binding domain of HDAC6 (Kwon et al., 2007). Stress granule formation is 

microtubule-dependent and is inhibited by disruption of cytoplasmic dynein motor 

proteins, indicating that stress granule components are transported along 

microtubules via cytoplasmic dynein and possibly under regulation by HDAC6 (Kwon 

et al., 2007). Additionally, the stress granule-associated RNA-binding proteins TDP-

43 and FUS bind to HDAC6 mRNA and promote its expression to upregulate HDAC6 

protein production, therefore aiding the cellular response to protein aggregation (Kim 

et al., 2010; Fiesel et al., 2010). 

1.3.4  HDAC6 in neurodegeneration 

Due to its important roles in protein degradation and microtubule-based transport, 

HDAC6 has emerged as a key player in neurodegenerative diseases which share 

common defects in these mechanisms. These diseases include PD, Alzheimer’s 

disease, amyotrophic lateral sclerosis, and Huntington’s disease, all of which show 

abnormal ubiquitinated protein aggregation and defects in axonal transport (Ross and 

Poirier, 2004; De Vos et al., 2008). The function of HDAC6 as both a binding partner 

of damaged proteins and as a regulator of their transport for degradation has led to 

suggestions that HDAC6 is crucial for the balance between neuroprotection and 

neurodegeneration (d’ Ydewalle et al., 2012). Following impairment of the UPS by 

accumulation of ubiquitinated proteins, HDAC6 recruitment drives their transport and 

degradation by autophagy to prevent cytotoxicity. At the same time, HDAC6-mediated 

deacetylation of microtubules and cortactin may cause cytoskeletal alternations which 

suppress the effective clearance of aggregates. Therefore, a disturbance in the 

balance between these functions of HDAC6 may lead to neurodegeneration.  

Evidence suggests that HDAC6 is implicated in PD. HDAC6 strongly co-localises with 

filamentous protein structures within Lewy bodies in PD and DLB, indicating that it 

has a role in Lewy body formation (Kawaguchi et al., 2003; Miki et al., 2011). HDAC6 
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co-localises with α-synuclein at perinuclear aggresome-like structures in MPP(+)-

treated cell models of PD and deficiency of HDAC6 results in increased α-synuclein 

aggregation and decreased autophagic clearance (Su et al., 2011). In addition, 

depletion of HDAC6 increases α-synuclein toxicity, inhibits inclusion formation and 

increases neuronal loss in a Drosophila model of PD whereas HDAC6 overexpression 

has the opposite effect, highlighting the protective role of HDAC6-mediated inclusion 

formation (Du et al., 2010). Importantly, HDAC6 is regulated by the PD-associated 

proteins Parkin and DJ-1 to promote aggresome formation of ubiquitinated proteins 

(Olzmann and Chin, 2008). Mutations in Parkin cause autosomal recessive PD with 

the absence of Lewy bodies, a feature which may be explained by a disruption of 

HDAC6 aggresome formation due to Parkin loss-of-function. Furthermore, Parkin 

recruits HDAC6 and p62 to damaged mitochondria to promote their removal by 

mitophagy and this is disrupted by PD-associated Parkin mutations (Lee et al., 

2010b). These studies therefore suggest a neuroprotective effect for HDAC6 in PD 

through the formation of aggresome-like inclusions and regulation of autophagy.  

Due to the apparent balance between HDAC6-mediated deacetylation supressing 

microtubule-based transport and HDAC6-ubiquitin binding promoting protein 

degradation and sequestration, inhibitors of HDAC6 deacetylase activity which leave 

its ubiquitin-binding functions unaffected are attractive therapeutic targets (Simões-

Pires et al., 2013; Sharma and Taliyan, 2015; Benoy et al., 2017). HDAC6 inhibitors 

reverse axonal loss in peripheral nervous system disorders such as Charcot-Marie-

Tooth disease (CMT) and hereditary motor neuropathy (HMN) which show reduced 

α-tubulin acetylation levels and defects in axonal transport (d’Ydewalle et al., 2011; 

Benoy et al., 2017). Evidence from some PD models suggests a therapeutic benefit 

from HDAC6 inhibitors. For example, inhibition of HDAC6 deacetylase activity 

increases microtubule acetylation and rescues axonal transport and motor defects 

caused by mutant LRRK2 in a transgenic Drosophila model of PD (Godena et al., 

2014). Additionally, HDAC6 inhibition rescues cellular metabolism, reduced TH 

immunofluorescence and partially rescues some behavioural readouts of locomotion 

in an MPP(+) zebrafish PD model (Pinho et al., 2016). However, in a proteasomal 

inhibitor-treated mouse model of PD inhibition of HDAC6 increases α-synuclein 

oligomers, DA neuron loss and behavioural deficits in an Hsp90-dependent manner, 

indicating that loss of HDAC6-mediated deacetylation of Hsp90 is pathogenic through 

loss of chaperone activity (Du et al., 2014). Therefore, differences between models 

of PD, with the caveat that none fully recapitulate human disease, indicate that whilst 
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the multiple functions of HDAC6 complicate its inhibition as a therapeutic target in 

PD, further research into this area is warranted.  
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1.4   Hypothesis and aims 

As the most common familial genetic defect in PD found to date, and with many 

phenotypical and pathological similarities to sporadic PD, better understanding the 

cellular roles of LRRK2 is crucial for insight into the pathogenic mechanisms of PD.  

Multiple reports place LRRK2 as a key regulator of microtubule dynamics, and 

evidence suggests that LRRK2 regulates acetylation of α-tubulin at lysine-40. LRRK2 

regulation of tubulin acetylation may regulate microtubule-dependent processes such 

as axonal transport and neurite outgrowth, with pathogenic mutations in LRRK2 

disrupting these processes to contribute to cytotoxicity. In addition, emerging 

evidence suggests a role for LRRK2 in endosomal trafficking, autophagy and the 

misfolded protein response. 

At the intersection of microtubule dynamics and protein degradation pathways is 

HDAC6, which acts as a cytoplasmic tubulin deacetylase to regulate microtubule 

dynamics and transport, a cargo adaptor for transport of ubiquitinated proteins, and 

a regulator of autophagic maturation. HDAC6 is a known phosphoprotein, and we 

hypothesised that LRRK2 may interact with and phosphorylate HDAC6 to regulate its 

role in the misfolded protein response and tubulin deacetylation. The aim of this thesis 

is therefore to investigate an interaction between LRRK2 and HDAC6 using both in 

vitro and cell models and characterise the functional role of LRRK2 in HDAC6-

mediated aggresome formation and tubulin deacetylation.  
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2     Materials and Methods 

 

2.1   Materials & reagents 

2.1.1  Stock solutions 

Note: all chemicals purchased from Sigma unless stated otherwise.  

 

Acrylamide-bis-acrylamide (30%) (National Diagnostics) 

Ammonium persulfate (APS) (10%) 

Ampicillin (100 mg/ml) 

Bovine serum albumin (BSA)  

Bradford reagent (5x) (Bio-Rad) 

Dimethyl sulfoxide (DMSO) (100%) 

Ethanol (100%) (Fisher Scientific) 

Ethidium bromide (10 mg/ml) 

Ethylenediaminetetraacetic acid (EDTA) (0.5 M) 

Fetal bovine serum (FBS) (Labtech) 

Formaldehyde (37%) 

Glacial acetic acid (100%) 

Glycerol (100%) (Fisher Scientific) 

GSK2578215A (5 mM in DMSO) (Tocris Bioscience) 

HEPES (pH 7.5; 1 M) 

Kanamycin (50 mg/ml) 

LRRK2 inhibitor III (HG-10-102-01) (5 mM in DMSO) (Calbiochem) 

LRRK2in1 (10 mM in DMSO) (Calbiochem) 

Magnesium chloride (MgCl2) (1 M) 

Methanol (100%) (Fisher Scientific) 

MG132 (N-benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucinal) (10 mM in DMSO) 

NP40 (IGEPAL CA-630) 

Potassium acetate (KOAc) (1 M) 
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Potassium hydroxide-buffered piperazine-N,N′-bis(2-ethanesulfonic acid) (K-PIPES) 
(pH 6.8; 400 mM) 

Sodium chloride (NaCl) (5 M) 

Sodium dodecyl sulphate (SDS) (10%) 

Sodium pyruvate (100 mM) 

Tetramethylethylenediamine (TEMED) 

Tris-HCl (pH 6.8; 0.5 M) 

Tris-HCl (pH 8.8; 1.5 M) 

Triton X-100 

Trypsin-EDTA 

Tubastatin A (20 mM in DMSO) 

Tween 20 

β-mercaptoethanol 
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2.1.2  Expression plasmids 

Table 2.1. DNA expression plasmids for transient transfection of eukaryotic 
cells 

Name Protein Backbone Source 

 

pCI-neo 

 

-- 

 

pCI-neo 

 

Promega 

2XMyc-LRRK2-

WT 

Human LRRK2 WT pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene #25361) 

2XMyc-LRRK2-

RCKW 

Human LRRK2 (aa 

1328-2527) 

pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene #25064) 

2XMyc-LRRK2-

RCK 

Human LRRK2 (aa 

1329-2219) 

pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene #25065) 

2XMyc-LRRK2-

Roc-COR 

Human LRRK2 (aa 

1329-1881) 

pCMV-Tag 3B In house mutagenesis 

of Addgene #25065 

2XMyc-LRRK2-

Roc 

Human LRRK2 (aa 

1329-1515) 

pCMV-Tag 3B In house mutagenesis 

of Addgene #25065 

2XMyc-LRRK2-

COR 

Human LRRK2 (aa 

1408-1850) 

pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene #25069) 

2XMyc-LRRK2-

Kinase 

Human LRRK2 (aa 

1863-2218) 

pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene ##25071) 

2XMyc-LRRK2-

R1441C 

Human LRRK2 

(R1441C) 

pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene #25363) 

2XMyc-LRRK2-

Y1699C 

Human LRRK2 

(Y1699C) 

pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene #25364) 

2XMyc-LRRK2-

G2019S 

Human LRRK2 

(G2019S) 

pCMV-Tag 3B Mark Cookson (NIH) 

(Addgene #25362) 

2XMyc-LRRK2-

D1994A 

Human LRRK2 

(D1994A) 

pCMV-Tag 3B In house mutagenesis 

of Addgene #25361 

2XMyc-LRRK2-

T1343G 

Human LRRK2 

(T1343G) 

pCMV-Tag 3B In house mutagenesis 

of Addgene #25361 

2XMyc-LRRK2-

K1347A 

Human LRRK2 

(K1347A) 

pCMV-Tag 3B In house mutagenesis 

of Addgene #25361 

HDAC6 Human HDAC6 pCMV6-XL4 Origene (#SC111132) 

FLAG-HDAC6 Human HDAC6 pCI-neo-FLAG In house cloning 
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Name Protein Backbone Source 

    

FLAG-HDAC6-

HD1 

Human HDAC6 (aa 

1-404) 

pCI-neo-FLAG In house 

mutagenesis 

FLAG-HDAC6-

HD2 

Human HDAC6 (aa 

407-800) 

pCI-neo-FLAG In house cloning 

FLAG-HDAC6-

HD1+2 

Human HDAC6 (aa 

1-800) 

pCI-neo-FLAG In house 

mutagenesis 

FLAG-HDAC6-

dUB 

Human HDAC6 (aa 

1-1149) 

pCI-neo-FLAG In house 

mutagenesis 

FLAG-HDAC6-

S22A 

Human HDAC6 

(S22A) 

pCI-neo-FLAG In house 

mutagenesis 

FLAG-HDAC6-

S22E 

Human HDAC6 

(S22E) 

pCI-neo-FLAG In house 

mutagenesis 

FLAG-HDAC6-

S689A 

Human HDAC6 

(S689A) 

pCI-neo-FLAG In house 

mutagenesis 

FLAG-HDAC6-

S689E 

Human HDAC6 

(S289E) 

pCI-neo-FLAG In house 

mutagenesis 

FLAG-HDAC6-

S22A-S689A 

HDAC6 (S22A-

S689A) 

pCI-neo-FLAG In house 

mutagenesis 

GFP-CFTR-ΔF508 Human CFTR 

(ΔF508) 

pEGFP-C1 Ron Kopito 

(Stanford) 

GFP-250 Human p115 (aa 1-

252) 

pEGFP-C2 Elizabeth Sztul 

(University of 

Alabama) 
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2.1.3  siRNAs 

Table 2.2. siRNA targeting sequences for knockdown of endogenous protein 

expression 

Name Target Sequence Reference 

 

HDAC6 

 

Human 

HDAC6 

 

CTGCAAGGGATGGATCTGAAC 

 

Hubbert et al., 

2002 

LRRK2 #1 Human 

LRRK2 
CTCGTCGACTTATACGTGTAA Häbig et al., 2007 

LRRK2 #2 Human 

LRRK2 

Proprietary; Thermo Fisher ID 

263837 

Alegre-

Abarrategui et al., 

2009 

Non-

targeting 

(NTC) 

-- MISSION® siRNA Universal 

Negative Control #1 (Sigma 

SIC001) 

Jiwani et al., 2012 
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2.1.4  DNA primers 

Table 2.3. Primer sequences for plasmid PCR and sequencing 

Plasmid/gene Primer Primer Sequences (5’-3’) 

HDAC6 H1 TTGATCTGATGGAAACAACCC 

 H2 CTACATTGCTGCTTTCCTGC 

 H3 GACCAAAATATGATGAATCACTGC 

 H4 CCACCACGGTAATGGAACTC 

 H5 TCACTGAGACCATCCAAGTCC 

 H6 TGTAGGAGGAGCTACACTGGC 

 (SalI)-F (GTCGAC)-CCCATGCTGGAGTCACCT 

 (NotI)-R (GCGGCCGC)-TTAGTGTGGGTGGGGCATA 

LRRK2 L1 

L2 

L3 

L4 

L5 

L6 

L7 

L8 

L9 

L10 

L11 

L12 

L13 

L14 

L15 

L16 

GCTGATATTGGATGAAGAAAGTGA 

GGCCCTCCTCACTGAGACTA 

TGGTCCCCAAAATACTAACAG 

AGCAATCCTCAAATTGTCAGC 

GAAGATGTGCTGTCTAAATTTGATG 

ACTGAAGCGAAAAAGAAAAAT 

GAAATAAAATATCAGGGATATGCTCC 

TGGAACTAAGATCCTTTCCCAA 

TGATTCTCGTTGGCACACAT 

GAAGGTTGTCCAAAACACCC 

TGGACCACATTGATTCTCTCA 

GTTAGCCTCCAAGGGTTCCT 

GAAAGAAAATCCTCAAGAAAGGC 

TTGCAATTCCTTTTCCAAGC 

GGAGGATGTGGCACAAAGAT 

AAGAGATACAATCTTGCTTGACCG 

pCR-Blunt II-TOPO M13-F GTAAAACGACGGCCAGT 

 M13-R CAGGAAACAGCTATGAC 

pCI-neo-3xFLAG T7-EEV AAGGCTAGAGTACTTAATACGA 

 T3 ATTAACCCTCACTAAAGGGA 
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Table 2.4. Primer sequences for plasmid site-directed mutagenesis 

Plasmid Mutation Primer Sequences (5’-3’) 

                     

FLAG-

HDAC6 

                        

S22A 

 
CCTGAGGGGGCGCCTGGGGGTTCTG 
CAGAACCCCCAGGCGCCCCCTCAGG 
 

 S22E GTCCTGAGGGGGCTCCTGGGGGTTCTGC 

GCAGAACCCCCAGGAGCCCCCTCAGGAC 

 S689A CCGGCCGATCTGGGCGCTGGCACCCTCA 

TGAGGGTGCCAGCGCCCAGATCGGCCGG 

 S689E AGCCCGGCCGATCTGCTCGCTGGCACCCTCATC 

GATGAGGGTGCCAGCGAGCAGATCGGCCGGGCT 

FLAG-

HDAC6-

HD1 

D405* ATGGGGCAAGGCTATCCCAGAAGGGTGTGGAGC 
GCTCCACACCCTTCTGGGATAGCCTTGCCCCAT 

FLAG-

HDAC6-

HD1+2 

D801* GGGGTGGTGGCTATCCAAGGAGGGAGCGAGT 
ACTCGCTCCCTCCTTGGATAGCCACCACCCC 
 

FLAG-

HDAC6-

dUB 

Q1150* CACAGTAGACCTAATAGCAAGAGAGACACACCCAAT 
ATTGGGTGTGTCTCTCTTGCTATTAGGTCTACTGTG 

Myc-

LRRK2-

RocCOR 

E1882* GTTGGAATTTGAACAAGCTCCATAGTTTCTCCTAGGTGATG 
CATCACCTAGGAGAAACTATGGAGCTTGTTCAAATTCCAAC 
 

Myc-

LRRK2-

Roc 

Q1516* GCTGTCCAACAACAAGCTAATCTCGGATCTTGAAATTAAGG 
CCTTAATTTCAAGATCCGAGATTAGCTTGTTGTTGGACAGC 
 

Myc-

LRRK2 

T1343G GTTTTACCACTCCCACCATTTCCCACAATCATAAGTTTCATTCGGT 
ACCGAATGAAACTTATGATTGTGGGAAATGGTGGGAGTGGTAAAAC 
 

 K1347A TTGCTGCAATAAGGTGGTTGCACCACTCCCAGTATTTCCC 
GGGAAATACTGGGAGTGGTGCAACCACCTTATTGCAGCAA 
 

 D1994A ACATTGTGGGGTTTCAGGGCTCGGTATATAATCATGG 
CCATGATTATATACCGAGCCCTGAAACCCCACAATGT 
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2.1.5  Antibodies 

Table 2.5. Antibodies for western blotting (WB), immunofluorescence (IF) and 
immunoprecipitation (IP). M = monoclonal, P = polyclonal 

 

Antibody Immunogen Host Clonality Dilution Company 

Primary antibodies 

Anti-HDAC6 

(D2E5) 

Human 

HDAC6 

C-terminus 

Rabbit M 1:1000 (WB)   
1:200 (IF) 

Cell 

Signaling 

Anti-HDAC6-

pS22 

(ab61058) 

Human 

HDAC6 pS22 

Rabbit P 1:500 (WB) Abcam 

Anti-FLAG 

(M2) 

DYKDDDDK 

peptide 

Mouse M 1:2000 (WB, 

IF, IP) 

Sigma 

Anti-Myc 

(9B11) 

EQKLISEED

L peptide 

Mouse M 1:2000 (WB, 

IF, IP) 

Cell 

Signaling 

Anti-LRRK2 

(MJFF2) 

Human 

LRRK2 aa 

950-2527 

Rabbit M 1:1000 (WB) 

1:50 (IF) 

Abcam 

Anti-LRRK2 

(UDD3) 

Human 

LRRK2 aa 

100-500 

Rabbit M 1:1000 (WB, 

IP)           

1:100 (IF) 

Abcam 

Anti-LRRK2-

pS935 

(UDD2) 

Human 

LRRK2 p935 

Rabbit M 1:1000 (WB) 

1:200 (IF) 

Abcam 

Anti-tubulin 

(DM1A) 

G. gallus 

microtubules 

Mouse M 1:10,000 

(WB) 

Sigma 

Anti-tubulin 

(ab4074) 

Human 

alpha-tubulin 

aa 1-100 

Rabbit P 1:5000 (WB) Abcam 

Anti-

acetylated 

tubulin (6-

11B-1) 

S. purpuratus 

acetylated 

tubulin 

Mouse M 1:5000 (WB) 

1:2000 (IF) 

Sigma 

Anti-GFP 

(JL-8) 

GFP/EGFP Mouse M 1:5000 (WB) Clontech 

Anti-vimentin 

(AB5733) 

Recombinant 

vimentin 

Chicken P 1:4000 (IF) Merck 
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Antibody Immunogen Host Clonality Dilution Company 

Secondary antibodies 

Anti-mouse 

HRP 

Mouse IgG Goat P 1:5000 

(WB) 

Dako 

Anti-rabbit 

HRP 

Rabbit IgG Goat P 1:5000 

(WB) 

Dako 

Alexa568 

anti-mouse 

Mouse IgG Donkey P 1:500 

(IF) 

Invitrogen 

Alexa488 

anti-rabbit 

Rabbit IgG Goat P 1:500 

(IF) 

Invitrogen 

Alexa488 

anti-mouse 

Mouse IgG Donkey P 1:500 

(IF) 

Invitrogen 

BV421 

anti-rabbit 

Rabbit IgG Goat P 1:500 

(IF) 

BD Bio- 

sciences 

Cy5 

anti-chicken 

Chicken IgG Donkey P 1:500 

(IF) 

Jackson 

Immuno- 

Research 
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2.1.6  Buffers and solutions 

 

Table 2.6. Prepared buffers and solutions. (Note: All made up to volume w/ 
deionised H2O unless stated otherwise) 

Name Composition  

Plasmid propagation 

Lysogeny broth (LB)  10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract 

LB agar 10 g/L agar, 10 g/L tryptone, 5 g/L NaCl, 5 g/L yeast 

extract 

Terrific broth (TB) 24 g/L yeast extract, 12 g/L casein peptone, potassium 

phosphate (monobasic) 2.2 g/L, potassium phosphate 

(dibasic) 9.4 g/L, 0.4% glycerol 

Glycerol stock solution Glycerol (50%) 

DNA electrophoresis 

TAE buffer 40 mM TRIS, 1 mM EDTA, 0.11% glacial acetic acid, 

pH 8.0 with NaOH  

TAE agarose gel TAE buffer, 0.8-1% agarose 

Cell culture 

DMEM culture medium DMEM (4.5 g/L glucose), 10% FBS, 1 mM sodium 

pyruvate 

Trypsin 1x Trypsin-EDTA in PBS 

Freezing medium 10% DMSO in FBS 

PEI 1 mg/ml polyethylenimine (Polysciences Inc, 23966) 

Protein binding 

RB100 buffer 25 mM HEPES (pH 7.5), 100 mM KOAc, 10 mM 

MgCl2, 1 mM DTT, 0.05% Triton X-100, 10% glycerol 

GSH elution buffer 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 40 mM 

reduced glutathione 

BRB80 buffer 80 mM K-PIPES (pH 6.8), 1 mM EDTA, 1 mM MgCl2, 

1% NP40, 150 mM NaCl, 10 mM NaF, 1 mM Na2VO4, 

10 mM β-Glycerophosphate, 5 mM Na₄P₂O₇ 

Lysis buffer BRB80 w/ 1x Halt Protease Inhibitor Cocktail (Thermo 

Scientific) 
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SDS-PAGE and Western Blot 

5x Laemmli buffer 250 mM Tris HCl (pH 6.8), 50% glycerol, 10% 

SDS, 25% ß-mercaptoethanol, 0.5% bromophenol 

blue 

Resolving gel buffer 1.5 M Tris HCl (pH 8.8) 

Resolving gel (7.5%) 375 mM Tris HCl (pH 8.8), 7.5% acrylamide, 0.1% 

SDS, 0.1% APS, 0.1% TEMED 

Stacking gel buffer 0.5 M Tris HCl (pH 6.8) 

Stacking gel (4%) 117 mM Tris HCl (pH 6.8), 4% acrylamide, 0.1% 

SDS, 0.05% APS, 0.3% TEMED 

10x Running buffer 250 mM Tris, 1.92 M glycine 

Running buffer 10% 10x Running buffer, 0.1% SDS 

Transfer buffer 10% 10x Running buffer, 20% methanol 

Ponceau stain 0.1% Ponceau S, 5% glacial acetic acid 

20x Tris-buffered saline 

(TBS) 

400 mM Tris, 2.742 M NaCl, pH 7.6 with HCl 

TBS-T 5% 20x TBS, 0.02% Tween 20 

Blocking buffer 5% non-fat dry milk /  5% BSA in TBS-T 

Kinase assay 

10x kinase buffer 500 mM Tris HCl, 100 mM MgCl2, 15 mM 2-

mercaptoethanol, 1.5 M NaCl 

Coomassie staining solution 0.1% Coomassie Brilliant Blue R-250, 50% 

methanol, 10% glacial acetic acid 

Destain solution 30% methanol, 10% glacial acetic acid 

Mass spectrometry 

Ammonium bicarbonate 50 mM NH4HCO3 (pH 8.5) 

Trypsin (stock) 1 μg/μl trypsin (MS grade; Thermo Scientific), 

0.1% CF3CO2H 

Trypsin (working) 1 ng/μl trypsin (stock), 50 mM NH4HCO3 (pH 8.5) 

Immunofluorescence 

Phosphate-buffered saline 

(PBS) 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4 

PBS-T PBS + 0.02% Tween 20 

PBS/BLOCK PBS + 0.2% fish gelatin 
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2.2   Methods 

2.2.1  Plasmids 

2.2.1.1  Transformation into competent cells 

Plasmids were sourced as listed in Table 2.1. Competent DH5α (Invitrogen) and 

XL10-Gold (Agilent Technologies) E. coli were stored at -80°C until required. For 

transformation of plasmid DNA, 25 μl of competent cells per reaction were thawed on 

ice. 1 μl ß-mercaptoethanol solution (Agilent Technologies) was added to each 

reaction to increase transformation efficiency and incubated for 2 min on ice (XL10-

Gold competent cells only). 0.5-2 μl plasmid DNA was added to the cells and 

incubated on ice for 30 min. Cells were heat-shocked for 30 s at 42°C and 

immediately placed on ice for 2 min. 500 μl of pre-heated (42°C) LB broth was added 

to the cells before incubated for 1 h at 37°C with shaking at 220 rpm. Cells were briefly 

centrifuged for 2 min at 500 rpm and resuspended in ~50 μl LB broth before being 

spread onto LB-antibiotic plates (100 μg/ml ampicillin or 50 μg/ml kanamycin) and 

incubated for 16 h at 37°C. 

2.2.1.2  Glycerol stocks 

After transformation into competent cells, single bacterial colonies containing the 

plasmid of interest were grown up into 1 ml starter cultures of LB broth (Sigma) 

containing the appropriate antibiotic (100 μg/ml ampicillin or 50 μg/ml kanamycin) for 

6 h at 37°C with shaking at 220 rpm. All E. coli containing Myc-LRRK2 plasmids were 

cultured in nutrient-rich Terrific Broth (TB) containing 0.4% glycerol (Fisher Scientific) 

for increased growth and higher plasmid yield. 50 μl of the starter culture was 

expanded into 5 ml LB or TB broth with antibiotic for 16 h at 37°C with shaking. 

Glycerol stocks were prepared by addition of 500 μl bacterial culture to 500 μl 50% 

glycerol in a cryogenic vial (Thermo Scientific) with mixing to produce a 25% glycerol 

stock and stored at -80°C. 

2.2.1.3  Preparation of plasmid DNA 

For plasmid propagation and purification, a stab culture from the glycerol stock 

containing the plasmid of interest was streaked out onto LB agar plates containing 

the appropriate antibiotic (100 μg/ml ampicillin or 50 μg/ml kanamycin) and cultured 

for 16 h at 37°C. Single bacterial colonies were grown up into 1 ml starter cultures of 

LB or TB broth with antibiotic for 6 h at 37°C with shaking at 220 rpm, before 50 μl of 
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the starter culture was expanded into 5 ml LB broth with antibiotic for 16 h at 37°C 

with shaking. All plasmid DNA was purified using a Nucleospin Plasmid purification 

kit (Macherey-Nagel) following the manufacturer’s protocol. Briefly, cells were 

harvested by centrifugation for 10 min at 4000 x g and bacterial pellets were 

resuspended in 250 μl Buffer A1. Cells were lysed by addition of 250 μl Buffer A2 and 

mixed by inversion, before addition of 300 μl Buffer A3 to precipitate protein and 

chromosomal DNA. The lysates were clarified by centrifugation for 10 min at 17,000 

x g and the supernatant was loaded into a binding column and centrifuged for 1 min 

at 17,000 x g to bind the plasmid DNA. The binding column membrane was washed 

with 500 μl Buffer AW and centrifuged for 1 min at 17,000 x g, followed by a further 

wash with 600 μl Buffer A4 and centrifugation for 1 min at 17,000 x g. The membrane 

was dried by centrifugation for 2 min at 17,000 x g and plasmid DNA was eluted into 

a new collection tube by incubation in 50 μl Buffer AE for 1 min at room temperature 

followed by centrifugation for 1 min at 17,000 x g. Plasmids were stored at 4°C. 

2.2.1.4  Quantification of plasmid DNA 

The concentration of 1 μl purified plasmid was determined using a NanoDrop 1000 

spectrophotometer (Thermo Scientific). 1 μl Buffer AE was used as a blank 

measurement. The ratio of absorbance at 260 nm and 280 nm was used to indicate 

sample purity, with a ratio of >1.8 indicating pure DNA. 

2.2.1.5  Cloning 

2.2.1.5.1  PCR amplification 

For cloning of the FLAG-tagged HDAC6 constructs, cDNA was generated from the 

pCMV6-HDAC6 plasmid (Origene) by PCR using Phusion High Fidelity DNA 

polymerase (NEB) with HDAC6-specific forward (F) and reverse (R) primers 

containing SalI and NotI restriction sites (Table 2.3) according to manufacturer’s 

protocol (Table 2.7). 
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Table 2.7. Phusion PCR mix and cycling conditions 

 

2.2.1.5.2  Gel extraction 

The PCR product was separated using gel electrophoresis on a 0.8% agarose in TAE 

gel (containing 1 μl ethidium bromide per 100 ml) at 100 V for 40 min, and the band 

corresponding to the correct PCR product was excised under a UV transilluminator 

and DNA extracted using a GenElute gel extraction kit (Sigma) following the 

manufacturer’s protocol. Excised bands were incubated with three gel volumes of Gel 

Solubilisation Buffer for 10 min at 55°C with intermittent vortexing to solubilise the gel 

slice. A binding column was prepared by adding 500 μl Column Preparation Solution 

and centrifuged for 1 min at 17,000 x g into a collection tube to maximise DNA binding 

to the column membrane. 1 gel volume of 100% isopropanol was added to the 

solubilised gel and mixed until homogenous, before adding the mixture to the binding 

column with empty collection tube and centrifuging for 1 min at 17,000 x g. The DNA 

bound to the column was washed with 700 μl Wash Solution and centrifuged for 1 

min at 17,000 x g before the flow-through was discarded and the column centrifuged 

again for 1 min at 17,000 x g to remove excess ethanol. Finally, bound DNA was 

eluted from the column by addition of 50 μl pre-heated (65 °C) Elution Solution and 

incubation for 1 min at room temperature, before centrifugation for 1 min at 17,000 x 

g into a fresh collection tube. Recovered DNA concentration was determined using a 

NanoDrop 1000 spectrophotometer (Thermo Scientific) as previously described. 

2.2.1.5.3  Subcloning into pCR-Blunt II-TOPO  

The extracted PCR product was ligated into a pCR-Blunt II-TOPO cloning vector 

using a Zero Blunt TOPO cloning kit (Invitrogen) according to manufacturer’s protocol 

(Table 2.8). The reaction was subsequently incubated for 10 min at room 

temperature. 

Step Temp Time  

Initiation 98°C 2 min  

Melting 98°C 20 s 
x35 

cycles 
Annealing 64°C 20 s 
Extension 72°C 30 s/kb 

Final extension 72°C 7.5 min  

Cooling 4°C Hold  

Plasmid DNA 1 μl 

5x buffer 4 μl 

10 μM dNTPS 1 μl 

50 μM MgCl2 0.5 μl 

10 μM Primer F 1 μl 

10 μM Primer R 1 μl 

Phusion enzyme 0.25 μl 

dH2O 11.25 μl 

TOTAL 20 μl 
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Table 2.8. Zero Blunt TOPO ligation mix 

 

 

 

 

2.2.1.5.4  Transformation and screening 

TOPO plasmids were transformed into XL10 Gold E. coli (Agilent Technologies) 

following the manufacturer’s protocol as previously described, plated onto LB-

kanamycin agar plates and incubated for 16 h at 37°C. The resulting colonies were 

picked using sterile inoculation loops and screened for the correct insert using colony 

PCR with 5x FIREPol Master Mix (Solis Biodyne) and M13 primers (Table 2.9). PCR 

products were run on a 1% agarose gel to identify positive clones.  

 

Table 2.9. Colony PCR mix and cycling conditions 

 

 

 

 

 

 

 

2.2.1.5.5  Restriction digestion of insert and vector linearisation 

Positive clones were grown up in 5 ml LB + kanamycin overnight at 37°C and plasmid 

DNA was purified using a Nucleospin Plasmid purification kit (Macherey-Nagel) 

following the manufacturer’s protocol as previously described. The HDAC6 insert was 

cut from the TOPO vector using FastDigest SalI and NotI restriction enzymes 

(Thermo Scientific) for 30 min at 37°C (Table 2.10). To ensure insert-compatibility, 

the pCI-neo-3xFLAG destination vector was linearised using FastDigest XhoI and 

NotI restriction enzymes (Thermo Scientific) for 30 min at 37°C (Table 2.11). Both the 

TOPO and vector digestion reactions were run on a 0.8% agarose gel at 100V for 40 

Extracted PCR product 4 μl 

Salt solution 1 μl 

TOPO vector 0.5 μl 

TOTAL 5.5 μl 

Step Temp Time  

Initiation 95°C 5 min  

Melting 95°C 40 s 
x30 

cycles 
Annealing 55°C 45 s 
Extension 72°C 60 s/kb 

Final extension 72°C 10 min  

Cooling 4°C Hold  

5x Firepol 4 μl 
10 μM M13 F 1 μl 
10 μM M13 R 1 μl 

dH2O 14 μl 

TOTAL 20 μl 
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min and the insert and linearised vector were extracted from the gel as previously 

described.  

 

Table 2.10. TOPO insert restriction digest mix 

 

 

 

 

Table 2.11. Vector linearisation mix 

 

 

 

 

 

2.2.1.5.6  Dephosphorylation of linearised vector 

To prevent re-ligation of the linearised vector, Antarctic Phosphatase (NEB) was used 

for vector dephosphorylation following the manufacturer’s protocol and incubated for 

20 min at 37°C before a further incubation of 10 min at 75°C to deactivate the enzyme 

(Table 2.12). 

 

Table 2.12. Vector dephosphorylation mix 

 

 

 

2.2.1.5.7  Ligation of insert into vector 

The HDAC6 insert was ligated into the linearised pCI-neo-3xFLAG vector using a 

Quick T4 DNA Ligation kit (NEB) following the manufacturer’s instructions with a 1:3 

molar ratio of vector to insert for efficient ligation (Table 2.13). Ligation reactions were 

incubated for 10 min at room temperature then placed on ice. 

 

2 μg TOPO with insert 4 μl 

10x FD buffer 2 μl 

FD SalI 0.5 μl 

FD NotI 0.5 μl 

dH2O 13 μl 

TOTAL 20 μl 

3 μg vector 6 μl 

10x FD buffer 2 μl 

FD XhoI 0.5 μl 

FD NotI 0.5 μl 

dH2O 11 μl 

TOTAL 20 μl 

Linearised vector 27 μl  

10x AP buffer 2.8 μl  

Antarctic phosphatase 0.2 μl  

TOTAL 30 μl  
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Table 2.13. Insert-vector ligation mix 

 

 

 

 

 

 

Final pCI-neo-3xFLAG-HDAC6 plasmids were transformed into XL10 Gold E. coli and 

grown for 16 h at 37°C on LB agar plates with the appropriate resistance antibiotic, 

followed by PCR to screen for positive clones using 5x FIREPol Master Mix (Solis 

Biodyne) with T7-EEV and T3 primers (Table 2.9). Positive clones were grown up in 

5 ml LB + ampicillin overnight at 37°C and plasmid DNA was purified using a 

Nucleospin Plasmid purification kit (Macherey-Nagel) following the manufacturer’s 

protocol as previously described. All constructs were verified by sequencing using 

T7-EEV and T3 primers to check correct orientation of the insert, and glycerol stocks 

prepared by addition of 500 μl LB culture with 500 μl 50% glycerol followed by storage 

at -80°C. 

2.2.1.6  Mutagenesis 

Point mutations in FLAG-HDAC6 and Myc-LRRK2 constructs were generated using 

site-directed mutagenesis of the respective plasmids using a QuikChange Lightning 

Site‐Directed Mutagenesis Kit (Agilent Technologies) using PCR according to the 

manufacturer's instructions (Table 2.14). Mutagenesis primer sequences are listed in 

Table 2.4.  

 

Table 2.14. Mutagenesis PCR mix and cycling conditions 

 

  

Vector 1 μl 

Insert 3 μl 

2x QL buffer 10 μl 

Quick T4 ligase 1 μl 

dH2O 5 μl 

TOTAL 20 μl 

Step Temp Time  

Initiation 95°C 2 min  

Melting 95°C 20 s 
x18 

cycles 
Annealing 60°C 10 s 
Extension 68°C 30 s/kb 

Final extension 68°C 5 min  

Cooling 4°C Hold  

25 ng/μl Plasmid DNA 1 μl 

10x reaction buffer 5 μl 

dNTP mix 1 μl 

QuikSolution 1.5 μl 

100 ng/μl Primer F 1.25 μl 

100 ng/μl Primer R 1.25 μl 

QuikChange enzyme 1 μl 

dH2O 38 μl 

TOTAL 50 μl 
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Following PCR amplification, 2 μl of Dpn I restriction enzyme was added to each 

amplification reaction and incubated for 5 min at 37°C to digest the template (non-

mutated) DNA. 2 μl of the mutagenesis PCR reaction were subsequently transformed 

into XL10 Gold E. coli (Agilent Technologies), plated onto LB-antibiotic agar plates 

and incubated for 16 h at 37°C. Two colonies per mutated construct were picked and 

grown up into 1 ml starter cultures of LB broth containing antibiotic for 6 h at 37°C 

with shaking, before expansion of 50 μl starter culture into 5 ml LB broth with antibiotic 

for 16 h at 37°C with shaking. Plasmids were purified using a Nucleospin Plasmid 

purification kit (Macherey-Nagel) following the manufacturer’s protocol as previously 

described. All constructs were verified by sequencing using the appropriate internal 

primers (Table 2.3) and glycerol stocks prepared by addition of 500 μl LB culture with 

500 μl 50% glycerol followed by storage at -80°C. 

 

2.2.2  Cell culture  

HEK293 cells (ATCC) and LRRK2-knockout mouse embryonic fibroblasts (gifted from 

Prof. K. Harvey, UCL) were cultured in Dulbecco's Modified Eagle Medium (Thermo 

Scientific) with 4.5 g/l glucose supplemented with 10% fetal bovine serum (FBS; 

Sigma) and 1% sodium pyruvate (Sigma) at 37°C with 5% CO2. Adherent cells were 

passaged twice per week and/or plated for experiments at 90%-100% confluency. 

Cells were washed once with sterile PBS and detached by incubation with trypsin-

EDTA solution (Sigma) for 2 min at 37°C to create a cell suspension followed by 

quenching with culture medium to prevent further trypsin digestion. The cell 

suspension was pipetted up and down to triturate cells and remove cell clumps before 

being added to fresh culture medium at the desired dilution for passaging or plating. 

Diluted cell suspension in culture medium was added to sterile culture flasks or plates 

(Greiner Bio-One) and incubated at 37°C with 5% CO2 for cell growth. 

2.2.2.1  Storage of cell lines 

For medium-term storage of cell lines, adherent cells at 100% confluency were 

detached using trypsin-EDTA solution as previously described and quenched with 

culture medium, before being centrifuged for 4 min at 400 x g to gently pellet the cells. 

Excess culture medium was removed and the cell pellet was resuspended in freezing 

medium (10% DMSO in FBS). The cell suspension was transferred to a cryogenic 

vial (Thermo Scientific) and cooled down to -80°C in a Mr Frosty freezing container 

(Thermo Scientific) at a rate of 1°C/minute. Cells were stored at -80°C until required. 



67 
 

2.2.2.2  Transient plasmid DNA transfection 

Cells were transiently transfected with DNA plasmids at 70-80% confluency in 24-

well, 12-well, 6-well plates or 10 cm dishes (Corning) using polyethylenimine (PEI) 

transfection reagent (Table 2.15). PEI and plasmid DNA (at a ratio of 3 μl PEI: 1 μg 

DNA) were diluted in separate microcentrifuge tubes containing 5% well volume of 

Opti-MEM reduced serum media (Invitrogen) each, before mixing and incubating for 

20 min at room temperature and adding drop-wise onto cells. Media was replaced 

after 6 hours and all cells were used in experiments 24 hours post-transfection. 

 

Table 2.15. DNA transfection with PEI 

 

 

 

 

 

 

2.2.2.3  siRNA knockdown of endogenous protein 

HEK293 cells were cultured as described previously such that they would reach 70-

80% confluency at 3 days post-knockdown. Cells were transfected with siRNA using 

Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s instructions 

(Table 2.16). 100 μM stocks of siRNA were diluted to 10 μM in dH2O, and equal 

volumes of Lipofectamine RNAiMAX and 10 μM siRNA were further diluted in 

separate microcentrifuge tubes containing 5% well volume of Opti-MEM reduced 

serum media (Invitrogen) each at a ratio of 2.4 μl per 100 ml Opti-MEM. For pooled 

siRNA, half volumes of each individual siRNA were added. Both solutions were mixed 

and incubated for 20 min at room temperature before drop-wise addition onto cells to 

give a final siRNA concentration of 6 pM per well. Media was replaced after 6 hours 

and cells were used in experiments 96 hours post-knockdown. For transient DNA 

transfection in siRNA-treated cells, DNA was transfected as previously described at 

72 hours post-knockdown. 

 

Plate 
DNA 

(μg /well) 
PEI 

(μl /well) 
Final OptiMEM 

volume (μl) 

24-well 0.5 1.5 50 

12-well 1 3 100 

6-well 2 6 200 

10 cm 10 30 1000 
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Table 2.16. siRNA transfection with RNAiMAX 

 

 

 

 

2.2.2.4  Drug treatments 

For HDAC6 deacetylase inhibition, cells were incubated with 10 μM Tubastatin A 

(Sigma) for 18 h. For LRRK2 kinase inhibition, cells were incubated with either 1 μM 

LRRK2in1 (Calbiochem), 3 μM LRRK2 Inhibitor III (HG-10-102-01; Calbiochem) or 1 

μM GSK2578215A (Tocris) for 4 h. For proteasome inhibition, cells were incubated 

with 5 μM MG132 (Sigma) for 4 h. Where cells were treated with both MG132 and 

LRRK2 kinase inhibitors for 4 h, drugs were added simultaneously. 

 

2.2.3  Immunoblotting 

2.2.3.1  Cell lysis and protein quantification 

Cells were washed once in phosphate-buffered saline (PBS), scraped into ice-cold 

lysis buffer and lysed on ice for 30 min. Lysates were cleared via centrifugation for 20 

min at 17,000 x g at 4°C. Protein concentration of cell lysates was measured via 

colorimetry using a Bradford protein assay following the manufacturer’s protocol (Bio-

Rad). The absorbance values of the samples at 595 nm were measured using a 

PheraSTAR FS plate reader (BMG Labtech) and protein concentrations calculated 

from a standard curve of bovine serum albumin (BSA) standards of known 

concentration. 

2.2.3.2  SDS-PAGE and immunoblotting 

Samples were denatured in Laemmli buffer at 95°C for 5 minutes and separated by 

SDS-PAGE on a 7.5% polyacrylamide gel at 100 V for 2 h in running buffer using a 

Mini-PROTEAN Tetra Cell gel electrophoresis system (Bio-Rad). A Precision Plus 

Protein prestained protein standard ladder (Bio-Rad) was used as a molecular weight 

marker on all gels. After separation, protein was transferred onto a 0.45 μm 

nitrocellulose (GE Healthcare) or 0.45 μm PVDF (Merck) membrane by electroblotting 

Plate 
10 μM siRNA 

(μl /well) 
RNAiMAX 
(μl /well) 

Final OptiMEM 
volume (μl) 

24-well 0.6 0.6 50 

10 cm 12 12 1000 
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overnight at 30 V in transfer buffer.  Protein transfer was checked using reversible 

Ponceau S stain. Membranes were rinsed for 1 min in ultrapure H2O followed by 

blocking for 1 hour at room temperature in 5% non-fat dry milk or 5% BSA in Tris-

buffered saline with 0.2% Tween 20 (TBST). Membranes were incubated with primary 

antibody (Table 2.5) diluted in blocking buffer for 1 hour at room temperature or 4°C 

overnight.  The membrane was washed 3 times for 10 min in TBS-T before being 

incubated with HRP-conjugated secondary antibody diluted in blocking buffer for 1 

hour at room temperature and further washed 3 times for 10 min in TBS-T. Antibody 

binding was detected using SuperSignal West Pico chemiluminescent substrate 

(Thermo Scientific) and imaged using a GBox chemiluminescence imager (Syngene).  

Alternatively, the membrane was exposed onto Amersham ECL hyperfilm (GE 

Healthcare) in an autoradiography cassette and developed using Ilford 

MULTIGRADE developer and RAPID fixer (HARMAN) for 2 minutes each in a 

darkroom.  If required, membrane was subsequently re-probed with a second primary 

antibody as previously described. 

2.2.3.3  Co-immunoprecipitation 

HEK293 cells were cultured in a 10 cm plate and co-transfected with 5 μg of each 

plasmid DNA as previously described, before being washed once with PBS and 

scraped into ice cold lysis buffer and gently inverted for 1 hour at 4°C.  Lysates were 

cleared via centrifugation at 17,000 x g for 20 min at 4°C. Protein concentrations were 

quantified using Bradford assay as previously described, and 2 mg of protein was 

incubated with 2-4 μg of primary antibody (Table 2.5) for 16 h at 4°C. The primary 

antibody was captured using 30 μl of 50% Protein G Sepharose beads (Sigma) in 

BRB80 buffer for 2 h at 4°C. The beads were gently spun down for 30 s at 3000 x g 

to avoid crushing the beads and washed 5 times in ice cold BRB80 buffer to remove 

unbound protein. Following the final wash, excess BRB80 buffer was removed using 

a gel loading tip and bound protein was eluted in 2x Laemmli buffer by boiling for 5 

minutes at 95°C. Samples were run on SDS-PAGE and immunoblotted as previously 

described. 

2.2.3.4  Densitometry analysis 

Chemiluminescent signal from immunoblots was quantified using FIJI software 

(Schindelin et al., 2012). Protein bands were selected using the rectangle selection 

tool to produce a region of interest and peak profile histograms for bands were 

produced using the plot lanes tool. Background signal was subtracted using the 
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straight-line selection tool and vertical lines of separation created between lanes to 

create closed peaks of interest corresponding to each protein band. The area under 

each closed peak in the histogram was used to represent protein level. All levels of 

protein of interest were normalised to a loading control. 

2.2.4  In vitro binding assay 

1 μg recombinant GST-tagged human LRRK2 wild-type, R1441C and G2019S 

protein (amino acids 970-2527; Invitrogen) was incubated with 1 μg recombinant His-

tagged human HDAC6 protein (EMD Millipore) in 250 μl RB100 buffer for 1 hour at 

4°C under gentle inversion.  GST-tagged proteins were captured by addition of 20 μl 

of glutathione sepharose (GE Healthcare) beads for 30 minutes at 4°C. The beads 

were gently centrifuged for 1 min at 2000 x g and washed 3 times with RB100 buffer 

for removal of unbound protein. After removal of excess RB100 buffer following the 

final wash, bound protein was eluted in 20 μl GSH elution buffer for 10 minutes at 

room temperature. 5 μl of 5x Laemmli buffer was added to the eluate and samples 

were boiled for 5 min at 95°C for protein denaturation. Samples were subsequently 

run on SDS-PAGE and immunoblotted as previously described. 

2.2.5  In vitro kinase assay 

500 ng recombinant GST-tagged human LRRK2 wild-type, R1441C and G2019S 

protein (amino acids 970-2527; Invitrogen) and 500 ng recombinant His-tagged 

human HDAC6 protein (EMD Millipore) were incubated with 57 nm 32P-ATP in 1x 

kinase buffer for 1 hour at 37°C.  Samples were denatured in Laemmli buffer at 95°C 

for 5 min and run on SDS-PAGE.  Proteins were stained in the gel with warm 

Coomassie for 20 min at room temperature followed by destaining twice for 1 h each 

at room temperature to remove background gel staining. Stained protein bands were 

imaged using the G:Box transilluminator (Syngene). The gel was dried onto Whatman 

paper in a 583 vacuum dryer (Bio-Rad) at 80°C for 1 hour until fully dehydrated. The 

dried gel was placed in a phosphor-imaging cassette with a phosphor-screen and 

exposed for 3-4 h before being imaged using a PMI autoradiograph imager (Bio-Rad). 
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2.2.6  Mass spectrometry 

2.2.6.1  Sample preparation 

400 ng GST-LRRK2 (aa 970-2527) was incubated with 1 μg His-HDAC6 and 1 mM 

ATP in 1x kinase buffer for 1 hour at 37°C. The kinase reaction was halted by addition 

of 20 mM EDTA and the samples were snap frozen in liquid nitrogen. Samples were 

boiled in NuPAGE LDS sample buffer (Thermo Scientific) for 10 min at 70°C in a 

Thermomixer (Eppendorf) at 800 rpm. 10 mM iodoacetamide was added and samples 

were incubated for 30 min at room temperature in the dark for alkylation of cysteine 

residues. Samples were run on a NuPAGE 4-12% Bis-TRIS precast gel (Thermo 

Scientific) at 150 V for 20 min with a PageRuler unstained protein ladder (Thermo 

Scientific). The gel was fixed in 40% methanol and 2% acetic acid for 30 min at room 

temperature before being stained with Brilliant Blue G Colloidal Coomassie (Sigma) 

in 20% methanol for 1 h at room temperature to stain protein bands. The gel was 

destained in 25% methanol for 1 h and the HDAC6 band of interest was cut out for 

further processing.  

2.2.6.2  In gel digestion 

The gel slice was incubated with 50% acetonitrile/50mM ammonium bicarbonate for 

2 h at room temperature or 4°C overnight with gentle shaking at 600 rpm in a 

Thermomixer (Eppendorf). Liquid was removed and the process was repeated 4-5 

times until the gel slices were colourless. When destaining was complete, the gel 

slices were incubated in 100% acetonitrile for 15 min at room temperature to shrink 

the gel pieces before all liquid was removed. For trypsin protein digestion, the dry gel 

slices were incubated in 1 ng/μl trypsin (Thermo Scientific) in 50 mM ammonium 

bicarbonate for 1 h at 37°C with shaking at 600 rpm in a Thermomixer followed by 

incubation for 16 h at room temperature. For peptide extraction, the gel slices were 

incubated with 100% acetonitrile for 15 min at 37°C with shaking at 600 rpm in a 

Thermomixer, before transfer of the supernatant to a new 1.5 ml peptide collection 

tube and incubation of the gel slices in 0.5% formic acid for 15 min at 37°C with 

shaking at 600 rpm in a Thermomixer. The gel slices were further incubated with 

100% acetonitrile for 15 min at 37°C with shaking at 600 rpm in a Thermomixer and 

the supernatant was removed and added to the previous peptide collection tube. This 

process was repeated once with 0.5% formic acid followed by two times with 100% 

acetonitrile, and the final peptide collection tube was dehydrated in a SpeedVac 
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(Thermo Scientific) for 16 h at room temperature. The resulting peptides were stored 

at -20°C. 

2.2.6.3  Analysis 

Samples were analysed using LC-MS/MS on an Ultimate 3000 RSLC Nano LC 

System (Dionex) coupled to an LTQ Orbitrap Elite hybrid mass spectrometer (Thermo 

Scientific) equipped with an Easy-Spray (Thermo Scientific) ion source. Peptides 

were desalted online using an Acclaim PepMap100 capillary trap column (Thermo 

Scientific) and separated using 120 min RP gradient (4-30% acetonitrile/0.1% formic 

acid) on an Acclaim PepMap100 RSLC C18 analytical column (Thermo Scientific) 

with a flow rate of 0.25 μl/min. The mass spectrometer was operated in standard data 

dependent acquisition mode controlled by Xcalibur software (Thermo Scientific). The 

instrument was operated with a cycle of one MS (in the Orbitrap) acquired at a 

resolution of 60,000 at m/z 400, with the top 20 most abundant multiply-charged (2+ 

and higher) ions in each chromatographic window being subjected to CID 

fragmentation in the linear ion trap. An FTMS target value of 1e6 and an ion trap MSn 

target value of 5000 were used. Dynamic exclusion was enabled with a repeat 

duration of 30 s, an exclusion list of 500 and an exclusion duration of 60 s. Lock mass 

of 401.922 was enabled for all experiments.  

Data was analysed using MaxQuant software (Cox & Mann, 2008). Data was 

searched against a UniProt human sequence database using the following search 

parameters: trypsin with a maximum of 2 missed cleavages, 7 ppm for MS mass 

tolerance, 0.5 Da for MS/MS mass tolerance, with acetyl (Protein N-term), phospho 

(STY) and oxidation (M) as variable modifications and carbamidomethyl (C) as a fixed 

modification. A protein FDR of 0.01 and a peptide FDR of 0.01 were used for 

identification level cut offs and high confidence phosphorylation sites were defined 

using a PEP cut-off of 0.01. Class I phosphorylation sites were defined with a 

localization probability of >0.75 and a score difference of >5. The ratio of intensity 

scores for phosphorylation sites in each experimental condition was calculated to 

show fold-increase compared to control samples. 

2.2.7  HDAC6 activity assay 

In vitro HDAC6 deacetylase activity was measured using a FLUOR DE LYS HDAC6 

fluorometric drug discovery kit according to the manufacturer’s protocol (Enzo Life 

Sciences) with the addition of 250 ng GST-tagged human LRRK2 wild-type, R1441C 
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or G2019S protein (amino acids 970-2527; Invitrogen) and 200 μM ATP. Samples 

were incubated with 5 μM acetylated substrate in Assay Buffer II for 45 min at room 

temperature in a half-volume white 96-well plate (Enzo Life Sciences), followed by 

addition of 1 μM TSA in Developer for 45 min at room temperature to halt HDAC6 

activity and produce fluorescent signal. A PheraSTAR FS plate reader (BMG Labtech) 

was used to measure emission at 460 nm. All samples were run in triplicate and 

averaged before normalisation to HDAC6-only control for each independent 

experiment. 

2.2.8  Immunofluorescence microscopy 

2.2.8.1  Staining 

Cells were grown on 13mm circular glass coverslips (Scientific Laboratory Supplies) 

in a 24-well plate (Sigma) and transfected at 60-80% confluence as previously 

described. At 24 h post-transfection, cells were fixed in 3.7% formaldehyde in PBS 

for 20 min at room temperature, washed twice with PBS and quenched in 0.05 M 

NH4Cl for 15 min at room temperature. Cells were then permeabilised with 0.2% 

Triton X-100 in PBS for 3 minutes and washed once with PBS, followed by blocking 

in PBS with 0.2% fish gelatin (PBS/BLOCK) for 20 minutes at room temperature to 

reduce non-specific antibody binding. The coverslips were incubated with 30 μl of the 

primary antibody (Table 2.5) diluted in PBS/BLOCK on parafilm in a damp box for 1 

h at room temperature, before 3 washes with PBS/BLOCK and incubation with diluted 

secondary antibody in PBS/BLOCK with 1:5000 of 10 μg/μl Hoechst 33342 (Thermo 

Scientific) for 1 hour at room temperature. Cells were washed 3 times with 

PBS/BLOCK and mounted onto glass slides (Fisherbrand) with fluorescence 

mounting medium (Dako).  

2.2.8.2  Microscopy 

Images were recorded using a 63x Plan-Apochromate 1.4 NA oil objective on a Zeiss 

Axioplan 2 microscope fitted with a Retiga R3 CCD camera using MicroManager 

software (Edelstein et al., 2014), or a 63x HCX PL APO 1.4 NA oil objective on a 

Leica TCS SP5 confocal microscope using LAS AF software (Leica Microsystems). 

All illumination, camera and acquisition settings remained constant during 

experiments to ensure comparability. 
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2.2.8.3  Quantification of tubulin acetylation 

All image analysis was performed using FIJI software (Schindelin et al., 2012). 

Tubulin acetylation was quantified by calculating the mean gray value of signal 

intensity in the acetylated tubulin channel for a polygonal selection of cell area, where 

possible based on fluorescence in the appropriate channel indicating cell transfection. 

For each independent experiment, the individual raw acetylated tubulin intensity 

values from transfected cells were normalised to the average acetylated tubulin 

intensity of empty vector control-transfected cells to allow comparison between 

experiments. 

2.2.8.4  Aggresome scoring 

Aggresome counts were performed in FIJI software (Schindelin et al., 2012) by 

quantifying the number of GFP-CFTR-ΔF508 or GFP-250-expressing cells exhibiting 

co-localisation of the GFP signal with vimentin at a single, perinuclear aggresome 

structure. The percentage of aggresome-containing cells was calculated from the 

total number of GFP-CFTR-ΔF508 or GFP-250-expressing cells for each 

experimental condition. 

 

2.2.9  Statistical analysis 

All calculations were performed using Excel (Microsoft Corporation) and statistical 

analysis was performed in Prism 7 (GraphPad Software Inc.). Statistical significance 

between groups was determined by one-way ANOVA or t-test as indicated. 
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3     HDAC6 is a substrate of LRRK2 

 

3.1   Introduction 

Evidence suggests that LRRK2 plays a role in the regulation of microtubule 

acetylation. Embryonic fibroblasts from LRRK2 knockout mice show increased levels 

of α-tubulin acetylation at lysine-40 compared to fibroblasts from wild-type littermates 

(Law et al., 2014). PD-associated LRRK2 GTPase mutants show an abnormal 

interaction with deacetylated microtubules, reduce the axonal transport of 

mitochondria and cause locomotor deficits in a transgenic Drosophila model (Godena 

et al., 2014). These abnormal phenotypes are reversed by increasing microtubule 

acetylation using inhibitors of HDAC6 and SIRT2 deacetylase activity (Godena et al., 

2014). In addition, peripheral cells from sporadic and G2019S patients show 

decreased levels of tubulin acetylation compared to peripheral cells from control 

subjects (Esteves et al., 2015). Disruption of microtubule acetylation by mutant 

LRRK2 may therefore be a pathogenic event in PD. 

LRRK2 itself does not possess acetyltransferase or deacetylase activity. Acetylation 

of α-tubulin at lysine-40 is mediated by the acetyltransferase αTAT1 (Shida et al., 

2010; Akella et al., 2010), whereas deacetylation occurs via HDAC6 or SIRT2 

(Hubbert et al., 2002; North et al., 2003). The role of SIRT2 in regulating tubulin 

acetylation in the mammalian central nervous system remains controversial and it 

may preferentially deacetylate a subset of perinuclear-localised microtubules 

(Bobrowska et al., 2012; Taes et al., 2013; Skoge and Ziegler, 2016). Therefore, 

HDAC6 is considered to be the primary cytoplasmic tubulin deacetylase in neurons.  

HDAC6 is a known phosphoprotein and phosphorylation may regulate its deacetylase 

activity (Brush et al., 2004; Linding et al., 2007; Chen et al., 2010). Furthermore, 

LRRK2 serine/threonine kinase activity is dysregulated in disease (West et al., 2005).  

This chapter therefore aims to establish if LRRK2 regulates HDAC6 activity by firstly 

testing if LRRK2 interacts with HDAC6 using co-immunoprecipitation experiments 

and in vitro binding assays. Furthermore, LRRK2 phosphorylation of HDAC6 is 

investigated using an in vitro kinase assay, followed by mass spectrometry analysis 

to identify potential target phospho-sites.  Finally, HDAC6 phospho-sites identified in 

vitro are validated in cells using a phospho-specific antibody. 
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3.2   Results 

3.2.1  LRRK2 interacts with HDAC6 

To investigate if there is an interaction between LRRK2 and HDAC6, Myc-tagged 

LRRK2 was co-expressed with HDAC6 in HEK293 cells. Cells were lysed 24 hours 

post-transfection to allow exogenous protein expression and Myc-LRRK2 was 

immunoprecipitated using an anti-Myc antibody. Immunoprecipitates were subjected 

to SDS-PAGE and immunoblot for protein detection. HDAC6 was found to efficiently 

co-immunoprecipitate with Myc-LRRK2, therefore showing an interaction between 

LRRK2 and HDAC6 in HEK293 cells (Figure 3.1).  

Whilst providing a good measure of whether two proteins interact in a cellular 

environment, co-immunoprecipitation does not necessarily indicate that an interaction 

is direct as proteins can co-immunoprecipitate as part of a complex with other 

interacting proteins. Therefore, to investigate if LRRK2 directly binds to HDAC6, an 

in vitro pull-down assay was performed using recombinant proteins. Recombinant 

GST-tagged human LRRK2 consisting of amino acids 970 to 2527 (N-terminal 

truncated as shown in Figure 3.2a) or a GST control was incubated with full-length 

human His-tagged HDAC6. GST-tagged proteins were pulled down using glutathione 

(GSH) beads. Bound GST-tagged protein was eluted using excess glutathione and 

samples were run on SDS-PAGE followed by immunoblot for protein detection. His-

tagged HDAC6 was found to pull down with GST-tagged LRRK2 but not with the GST-

only control, hence LRRK2 and HDAC6 interact in vitro (Figure 3.2a). As both HDAC6 

and LRRK2 directly bind to β-tubulin (Zhang et al., 2003; Law et al., 2014), the 

presence of tubulin dimers in the GST-LRRK2 or His-HDAC6 recombinant protein 

samples could result in an indirect interaction between these two proteins after GST 

pull-down. To exclude this possibility, the presence of tubulin dimers in recombinant 

protein samples was checked using an anti-α-tubulin antibody. HEK293 cell lysate 

was used as a positive control for presence of tubulin. No tubulin was detected in 

either GST-LRRK2 or His-HDAC6 samples (Figure 3.2b). Taken together, the results 

from Figure 3.1 and Figure 3.2 show that there is an interaction between LRRK2 and 

HDAC6 in cells and that this interaction is direct in vitro.  
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Figure 3.1. HDAC6 interacts with Myc-LRRK2 in HEK293 

cells.  HEK293 cells were co-transfected with Myc-LRRK2 or 

HDAC6 either with empty vector or together and lysed 24 h 

post-transfection. Anti-Myc antibody was used to 

immunoprecipitate Myc-LRRK2 along with interacting 

partners before protein separation by SDS-PAGE and 

immunoblotting with anti-Myc and anti-HDAC6 antibodies. 
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Figure 3.2. His-HDAC6 directly interacts with GST-LRRK2 in vitro. 

a) 1 μg full-length human His-HDAC6 was incubated with 1 μg human 

GST-tagged LRRK2 (aa 970-2527 as indicated).  GST protein was 

used as a negative binding control. GSH beads were used to isolate 

GST-LRRK2 along with LRRK2 interacting partners.  Middle panel is 

membrane after probing with anti-HDAC6 antibody. Upper panel is 

membrane after re-probing with anti-LRRK2 antibody (MJFF2), with 

HDAC6 signal still visible (*). Lower panel is Ponceau-S stained 

membrane to show presence of GST control. b) 1 μg His-HDAC6 or 

GST-LRRK2 variants were tested for presence of tubulin using an anti-

tubulin antibody. 10 μg HEK293 cell lysate was used as positive 

control. 
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3.2.2  The LRRK2 Roc-COR tandem domain interacts with the HDAC6 

deacetylase domains 

As described in Chapter 1, LRRK2 is a 286 kDa, multi-domain protein which includes 

N-terminal armadillo (ARM) and ankyrin (ANK) repeat domains, a leucine-rich repeat 

(LRR) domain, a Ras of complex (Roc) GTPase domain and C-terminal of Roc (COR) 

domain, kinase domain, and a C-terminal WD40 domain (Figure 1.1) (Mills et al., 

2012). HDAC6 is a 131 kDa protein which consists of two catalytic deacetylase 

domains, HD1 and HD2, and a C-terminal zinc finger domain (ZnF-UBP) which binds 

ubiquitinated proteins (Seigneurin-Berny et al., 2001). As shown in Figure 3.2, the 

interaction between LRRK2 and HDAC6 does not require the N-terminal amino acids 

1 to 969 of LRRK2 which contain the ARM and ANK repeat domains as this region is 

truncated in the recombinant GST-LRRK2 protein. To further characterise the 

interaction between LRRK2 and HDAC6, tagged constructs containing multiple or 

individual domains from either protein were expressed in HEK293 cells. Firstly, Myc-

tagged LRRK2 constructs comprising the Roc-COR, kinase and WD40 (RCKW) 

domains, Roc-COR and kinase (RCK) domains, Roc-COR domains, Roc domain, 

COR domain, or kinase domain (Figure 3.3a) were co-expressed with full-length 

HDAC6 or empty vector as a control. Cells were lysed 24 hours post-transfection and 

Myc-LRRK2 was immunoprecipitated using an anti-Myc antibody. The 

immunoprecipitates were subjected to SDS-PAGE followed by immunoblot to detect 

the Myc-LRRK2 constructs and any interacting HDAC6. HDAC6 co-

immunoprecipitated efficiently with Myc-LRRK2-RCKW and RCK constructs, 

indicating that the interaction with HDAC6 does not require the N-terminal LRR or the 

C-terminal WD40 domain (Figure 3.3b). HDAC6 co-immunoprecipitated to a far 

weaker extent with the LRRK2 COR domain alone compared to with the LRRK2 RCK 

construct and did not co-immunoprecipitate at all with the LRRK2 kinase domain 

(Figure 3.3b). Expression of further Myc-LRRK2 domains showed that HDAC6 co-

immunoprecipitated efficiently with the LRRK2 Roc domain alone, however the Roc-

COR domain showed a weak interaction with HDAC6 (Figure 3.3c). These results 

indicate that the interaction between LRRK2 and HDAC6 is primarily mediated by the 

Roc domain of LRRK2, with a weak interaction occurring between the LRRK2 COR 

domain and HDAC6.  
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Figure 3.3. LRRK2 Roc-COR domain interacts with HDAC6. a) Myc-LRRK2-

RCKW, RCK, Roc-COR, Roc, COR and kinase domain constructs were generated 

as indicated. b) HEK293 cells were co-transfected with Myc-LRRK2-RCKW, RCK, 

COR or kinase domain constructs (b) or Myc-LRRK2-RCK, Roc-COR, Roc or COR 

domain constructs (c) with either empty vector or HDAC6. Cells were lysed 24 h post-

transfection and Myc-LRRK2 was immunoprecipitated using anti-Myc antibody. 

Following SDS-PAGE separation, proteins were immunoblotted using anti-HDAC6 

and anti-Myc antibodies. 
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To identify the HDAC6 domains which mediate the interaction with LRRK2, the 

reverse experiment was performed with FLAG-tagged HDAC6 constructs comprising 

full-length HDAC6, the HD1 and HD2 deacetylase domains, HD1 domain, or the HD2 

domain (Figure 3.4a). These FLAG-HDAC6 constructs were co-expressed with empty 

vector or Myc-LRRK2-RCK as the LRRK2 RCK region was shown to interact strongly 

with HDAC6 in Figure 3.3. Cells were lysed 24 hours post-transfection and FLAG-

HDAC6 constructs were immunoprecipitated using an anti-FLAG antibody, before 

separation using SDS-PAGE and protein detected on immunoblot. Myc-LRRK2-RCK 

co-immunoprecipitated efficiently with full-length FLAG-HDAC6 as expected (Figure 

3.4b). Myc-LRRK2-RCK also co-immunoprecipitated with the HDAC6 HD1+2 

construct which contained both deacetylase domains of HDAC6 but not the C-

terminal ZnF-UBP domain, showing that ubiquitin-binding ZnF-UBF domain is not 

required for the interaction with LRRK2. Furthermore, Myc-LRRK2-RCK co-

immunoprecipitated with both the HD1 and HD2 domains of HDAC6 individually. 

These results show that both the HD1 and HD2 deacetylase domains of HDAC6 

mediate the interaction with LRRK2-RCK and that the C-terminal ZnF-UBP domain is 

not required. Therefore, the interaction between LRRK2 and HDAC6 interaction is 

independent of the ubiquitin-binding capacity of HDAC6. Taken together, the results 

from Figure 3.3 and Figure 3.4 indicate that the LRRK2 Roc-COR domain, and 

primarily the Roc domain, interacts with both deacetylase domains of HDAC6.   
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Figure 3.4. HDAC6 deacetylase domains interact with 

LRRK2-RCK domain. a) FLAG-HDAC6 full-length, HD1+2, 

HD1 or HD2 domain constructs were generated as 

indicated. b) HEK293 cells were co-transfected with FLAG-

HDAC6 full-length, HD1+2, HD1 or HD2 domain constructs 

with either empty vector or Myc-LRRK2-RCK. Cells were 

lysed 24 h post-transfection and FLAG-HDAC6 was 

immunoprecipitated using anti-FLAG antibody. Following 

SDS-PAGE separation, proteins were immunoblotted using 

anti-Myc and anti-FLAG antibodies. 
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3.2.3  Pathogenic LRRK2 mutations alter LRRK2/HDAC6 complex 

formation 

Pathogenic mutations in LRRK2 cluster within the Roc-COR and kinase domains and 

alter the catalytic GTPase and kinase activity of LRRK2. The R1441C mutation in the 

Roc domain and Y1699C mutation in the COR domain decrease the GTPase activity 

of LRRK2, whereas the G2019S mutation in the kinase domain increases its kinase 

activity (West et al., 2005; Greggio et al., 2006; Lewis et al., 2007; Daniëls et al., 

2011). The R1441C mutation has been shown to increase the interaction between 

LRRK2 and β-tubulin which is mediated by the Roc domain (Law et al., 2014). 

Conversely, mutations which mimic autophosphorylation of the LRRK2 Roc domain 

and act as a proxy for increased LRRK2 kinase activity, T1343D and T1491D, show 

decreased β-tubulin binding domain (Law et al., 2014). These results suggest that the 

GTPase and kinase activity of LRRK2 regulates protein binding to the LRRK2 Roc 

domain.  

As the interaction between LRRK2 and HDAC6 is mediated by the Roc-COR GTPase 

domain (Figure 3.3), the requirement for LRRK2 GTPase and kinase activity for the 

interaction with HDAC6 was tested by co-immunoprecipitation using GTP binding-

deficient K1347A (Lewis et al., 2007) or kinase-dead D1994A (West et al., 2007) 

mutants. In addition, the effects of pathogenic mutations in the LRRK2 Roc-COR 

domain (R1441C and Y1699C) and kinase domain (G2019S) were investigated to 

determine if they alter the interaction with HDAC6. Myc-tagged LRRK2 wild-type, 

K1347A, D1994A or pathogenic R1441C, Y1699C and G2019S mutants were co-

expressed with HDAC6 in HEK293 cells. Following cell lysis at 24 hours post-

transfection, the Myc-LRRK2 variants were immunoprecipitated from the lysate using 

an anti-Myc antibody. The resulting immunoprecipitates were separated using SDS-

PAGE and Myc-LRRK2 and HDAC6 were detected on immunoblot (Figure 3.5a). 

HDAC6 showed increased co-immunoprecipitation with LRRK2 K1347A and D1994A 

compared to wild-type LRRK2, indicating that both LRRK2 GTP binding and kinase 

activity regulate the interaction with HDAC6 (Figure 3.5b). HDAC6 showed increased 

co-immunoprecipitation with the pathogenic LRRK2 Y1699C mutant but not the 

R1441C mutant, highlighting differing effects of these mutations on the interaction 

with HDAC6 despite both mutations being reported to lower the GTPase activity of 

LRRK2 (Lewis et al., 2007; Daniëls et al., 2011). In contrast, HDAC6 showed 

decreased co-immunoprecipitation with LRRK2 G2019S (Figure 3.5b). The opposing 

effects of kinase-dead D1994A and G2019S mutations on the co-immunoprecipitation 
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of HDAC6 suggests that elevated LRRK2 kinase activity reduces the interaction 

between LRRK2 and HDAC6. Together, these results suggest that both the GTPase 

and kinase activities of LRRK2 mediate its interaction with HDAC6 in cells and the 

strength of this interaction is altered by both functional and pathogenic mutations in 

the catalytic domains of LRRK2.  

 

  

Figure 3.5. LRRK2 mutations affect binding to HDAC6. a) HEK293 cells were co-

transfected with empty vector or Myc-LRRK2 wild-type, R1441C, Y1699C, K1347A, 

G2019S and D1994A variants with HDAC6. Cells were lysed 24 h post-transfection 

and Myc-LRRK2 was immunoprecipitated using anti-Myc antibody. Following SDS-

PAGE separation, proteins were visualised using anti-myc antibody (upper panels) 

and anti-HDAC6 antibody (lower panels). * indicates location of removed lane due to 

unrelated sample loading. b) Quantification of relative HDAC6 to Myc-LRRK2 levels 

in immunoprecipitated samples (data shown as mean ± SEM; one-way ANOVA with 

Fisher’s LSD test, ns = non-significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001; 

N=5 experiments (WT, R1441C, G2019S), N=4 (Y1699C, D1994A), N=3 (K1347A)). 
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3.2.4  LRRK2 phosphorylates HDAC6 in vitro at serine-22 and serine-

689 

HDAC6 is a known phosphoprotein (Brush et al., 2004; Linding et al., 2007) and 

phosphorylation may regulate its function.  Phosphorylation of HDAC6 at serine-22 

correlates with increased deacetylase activity in rat hippocampal neurons and is 

potentially mediated by the kinase GSK3β (Chen et al., 2010). Similarly, 

phosphorylation of HDAC6 serine-458 is stimulated by casein kinase 2 (CK2) and 

phosphorylation of serine-1035 by extracellular signal-regulated kinase (ERK), both 

of which increase deacetylase activity (Watabe and Nakaki, 2011; Williams et al., 

2013). Conversely, phosphorylation of HDAC6 tyrosine-570 in the second 

deacetylase domain HD2 by epidermal growth factor receptor (EGFR) inhibits 

deacetylase activity (Deribe et al., 2009). Therefore, phosphorylation of HDAC6 by 

LRRK2 could provide a mechanism to regulate its function. 

To determine if HDAC6 could be phosphorylated by LRRK2 in vitro, a kinase assay 

with recombinant protein was performed. GST-LRRK2 (amino acids 970-2527) was 

incubated with two separate manufacturer lots of His-HDAC6 and radiolabelled 32P-

ATP. Phosphorylation events in the presence of 32P-ATP transfer 32P onto substrate 

proteins and therefore allow detection of phosphorylated proteins. Following SDS-

PAGE separation, total protein was detected using a Coomassie protein stain (Figure 

3.6a) and 32P incorporation was detected by radiography. As expected, LRRK2 

showed a high level of autophosphorylation when incubated with 32P-ATP (Figure 

3.6b; Webber et al., 2011). HDAC6 showed increased 32P signal in the presence of 

LRRK2, indicating HDAC6 was phosphorylated by LRRK2 (Figure 3.6b). 

Interestingly, LRRK2 autophosphorylation was markedly increased in the presence 

of HDAC6 which suggests that HDAC6 may stimulate the kinase activity of LRRK2.  

LRRK2 is not known to undergo acetylation and therefore the mechanism which 

promotes this increase in autophosphorylation requires further investigation. 

To further characterise the phosphorylation of HDAC6 by LRRK2, mass spectrometry 

analysis was performed to identify specific LRRK2-mediated phosphosites on 

HDAC6. His-HDAC6 was incubated with GST-LRRK2 and unlabelled ATP, with His-

HDAC6-only samples used as a control for baseline levels of HDAC6 

phosphorylation. Following separation by SDS-PAGE, proteins were stained with 

Coomassie and the HDAC6 band of interest was extracted and digested with trypsin 

to create peptide fragments. Peptides were subsequently analysed using liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). The intensities of two 
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high-confidence HDAC6 phosphorylation sites were found to be increased in the 

presence of LRRK2; serine-22 (10.17 fold-increase versus HDAC6-only control; 

Figure 3.7a) and serine-689 (3.22 fold-increase versus HDAC6-only control; Figure 

3.7b). Taken together, these results indicate that HDAC6 is phosphorylated in vitro 

by LRRK2 at serine-22 in the N-terminus and serine-689 in the C-terminal 

deacetylase domain HD2. 

  

Figure 3.6. LRRK2 phosphorylates HDAC6 in vitro. 500 ng GST-

LRRK2 (aa 970-2527) was incubated with 500 ng His-HDAC6 and 57 nm 

32P-ATP for 1 h at 37°C. Following separation with SDS-PAGE, proteins 

were visualised using Coomassie staining (left panel) and incorporation 

of 32P onto HDAC6 and LRRK2 was detected using a phosphor screen 

(right panel). 
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Figure 3.7. LRRK2 phosphorylates HDAC6 at serine-22 and serine-689 in vitro. 

400 ng GST-LRRK2 (aa 970-2527) was incubated with 1 μg His-HDAC6 and 1 mM 

ATP. Following separation on SDS-PAGE, proteins were digested using trypsin and 

peptide fragments analysed using LC-MS/MS. High-confidence HDAC6 

phosphorylation sites were identified at serine-22 (a) and serine-689 (b) after 

incubation with LRRK2. Sample analysis performed in collaboration with Dr M. Collins 

(University of Sheffield). 
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3.2.5  LRRK2 increases HDAC6 phosphorylation at serine-22  

Phosphorylation of HDAC6 at serine-22 has been studied in rat hippocampal neurons 

using the commercial antibody ab61058 (Abcam) for immunolocalisation experiments 

(Chen et al., 2010). The specificity of this antibody for detection of HDAC6 

phosphorylated at serine-22 on western blot was tested in view of providing a tool for 

the detection of LRRK2-mediated phosphorylation of HDAC6 serine-22 in cells. To 

check specificity of this antibody, HEK293 cells were transfected with human FLAG-

HDAC6 wild-type or a mutant with serine-22 mutated to alanine. A serine to alanine 

mutation prevents phosphorylation at a specific site whilst retaining the same overall 

charge as the wild-type protein (Egelhoff et al., 1993). Cells were lysed 24 hours post-

transfection and FLAG-HDAC6 constructs were immunoprecipitated using an anti-

FLAG antibody to enrich the levels of phosphorylated HDAC6 for detection on 

immunoblot. Phospho-serine-22 was detected after immunoprecipitation for wild-type 

HDAC6 but not the S22A mutant (Figure 3.8), showing that the phospho-antibody is 

specific for HDAC6 serine-22.   

Figure 3.8. HDAC6 phospho-serine 22 antibody is 

site-specific. HEK293 cells were transfected with 

empty vector, FLAG-HDAC6 or FLAG-HDAC6-S22A 

and lysed 24h post-transfection before 

immunoprecipitation using anti-FLAG antibody. 

Lysates were run on SDS-PAGE and immunoblot. 

Anti-HDAC6 antibody was used for total HDAC6 

protein detection. HDAC6 phospho-serine-22 was 

detected using ab61058 (Abcam). 



89 
 

Using the phospho-specific antibody for HDAC6 serine-22 validated in Figure 3.8, the 

effect of LRRK2 overexpression on levels of FLAG-HDAC6 phosphorylation was 

investigated in HEK293 cells. FLAG-HDAC6 was co-expressed with empty vector or 

Myc-LRRK2 and kinase-dead LRRK2 D1994A was used as a negative control. In 

addition, the pathogenic LRRK2 G2019S mutant was included. LRRK2 G2019S has 

been well-described to possess elevated kinase activity compared to wild-type 

LRRK2 and therefore may cause increased HDAC6 phosphorylation (West et al., 

2005; Greggio et al., 2006). Cells were lysed 24 hours post-transfection and FLAG-

HDAC6 was immunoprecipitated using an anti-FLAG antibody. Following separation 

using SDS-PAGE, levels of phospho-HDAC6 serine-22, total FLAG-HDAC6 and Myc-

LRRK2 were detected on immunoblot. The level of immunoprecipitated FLAG-

HDAC6 phosphorylated at serine-22 was increased ~1.4 to 1.5-fold when co-

expressed with Myc-LRRK2 wild-type and G2019S compared to the FLAG-HDAC6-

only control (Figure 3.9). The kinase-dead LRRK2 D1994A mutant showed no change 

in HDAC6 serine-22 phosphorylation. These results provide evidence for LRRK2-

mediated phosphorylation of HDAC6 at serine-22 in HEK293 cells.  

To confirm that serine-22 phosphorylation was not influenced by FLAG-HDAC6 

overexpression, endogenous HDAC6 phosphorylation at serine-22 was investigated 

after Myc-LRRK2 overexpression. Myc-LRRK2 or empty vector were expressed in 

HEK293 cells and following cell lysis at 24 hours post-transfection, endogenous 

HDAC6 was immunoprecipitated using an anti-HDAC6 antibody. As before, proteins 

were separated using SDS-PAGE and detected on immunoblot. Endogenous levels 

of phosphorylated HDAC6 at serine-22 were detected after immunoprecipitation and 

showed a ~1.25 fold-increase after expression of Myc-LRRK2 compared to the empty 

vector control (Figure 3.10). This increase in serine-22 phosphorylation after Myc-

LRRK2 expression was likely an underestimation due to the incomplete transfection 

efficiency of Myc-LRRK2 in all cells. Taken together, the results from Figure 3.9 and 

Figure 3.10 show that expression of wild-type LRRK2 but not kinase-dead LRRK2 

increases levels of HDAC6 serine-22 phosphorylation, therefore indicating that 

LRRK2 phosphorylates HDAC6 at serine-22 in cells. 
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Figure 3.9. LRRK2 increases FLAG-HDAC6-S22 

phosphorylation in HEK293 cells. a) HEK293 cells were co-

transfected with empty vector, Myc-LRRK2-WT, Myc-LRRK2-

G2019S or Myc-LRRK2-D1994A with FLAG-HDAC6. Cells 

were lysed 24h post-transfection and immunoprecipitated using 

anti-FLAG antibody. HDAC6 phospho-serine 22 was detected 

using ab61058 (Abcam). b) Quantification of the ratio of pS22 

to total FLAG-HDAC6 in IP samples normalised to FLAG-

HDAC6-only control from four independent experiments (data 

shown as mean ± SEM; one-way ANOVA with Fisher’s LSD 

test, * = P ≤ 0.05, **= P ≤ 0.01, N=4). 
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Figure 3.10. LRRK2 increases endogenous HDAC6-S22 

phosphorylation in HEK293 cells. a) HEK293 cells were 

transfected with empty vector or Myc-LRRK2. Cells were lysed 24h 

post-transfection and immunoprecipitated using anti-HDAC6 

antibody. Following SDS-PAGE separation, proteins were 

immunoblotted using anti-Myc and anti-HDAC6 antibodies. HDAC6 

phospho-serine 22 was detected using ab61058 (Abcam). b) 

Quantification of the ratio of pS22 to total HDAC6 in IP samples 

normalised to empty vector control from three independent 

experiments (data shown as mean ± SEM; student’s t-test, * = P ≤ 

0.05, N=3). 
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3.3   Discussion 

Increased tubulin acetylation is a key feature of both LRRK2 knockout and HDAC6 

knockout mice, suggesting that LRRK2 and HDAC6 may function in a common 

pathway for the regulation of tubulin acetylation (Zhang et al., 2008; Law et al., 2014). 

In this chapter, LRRK2 was shown to interact with HDAC6 in HEK293 cells through 

co-immunoprecipitation (Figure 3.1) and this interaction was confirmed to be direct in 

an in vitro pull-down assay using recombinant LRRK2 and HDAC6 protein (Figure 

3.2). Further characterisation showed that HDAC6 interacts with the Roc-COR 

GTPase domain of LRRK2, suggesting the involvement of LRRK2 GTPase function 

or GTP binding in the interaction between LRRK2 and HDAC6 (Figure 3.3). In support 

of this, functional and pathogenic LRRK2 mutations in the GTPase domain which 

disrupt LRRK2 GTPase activity were found to affect the interaction with HDAC6 

(Figure 3.5). The pathogenic Y1699C mutation in the COR domain and the GTP-

binding deficient K1347A mutant in the Roc domain both increased HDAC6 binding 

(Figure 3.5). The Y1699C mutation is thought to strengthen the intra-molecular 

interaction between the Roc and COR domains of LRRK2 and weaken dimer 

formation to reduce the GTPase activity of LRRK2, whereas the K1347A mutation 

prevents GTP binding to the GTP γ-phosphate coordinating motif  (Lewis et al., 2007; 

Daniëls et al., 2011; Taymans et al., 2011). These results suggest that LRRK2 

GTPase function negatively regulates the interaction with HDAC6. However, the 

pathogenic LRRK2 R1441C mutation in the Roc domain had no effect on HDAC6 

binding despite disrupting the GTPase activity of LRRK2 (Lewis et al., 2007). The 

reasons for this disparity are not clear but may reflect differences in the effect of these 

mutations on LRRK2 dimer structure despite a common disruption of GTPase activity. 

Both Y1699C and K1347A mutations disrupt the dimerisation of LRRK2, whereas 

R1441C does not appear to affect dimer formation (Sen et al., 2009; Daniëls et al., 

2011; Biosa et al., 2013). LRRK2 dimers show increased membrane localisation 

whereas LRRK2 monomers are primarily cytosolic (Berger et al., 2010). HDAC6 

exists predominantly in the cytoplasm as a microtubule deacetylase (Hubbert et al., 

2002; Bertos et al., 2004). Therefore, reduced LRRK2 dimer formation as a result of 

the Y1699C and K1347A mutations may increase the binding of LRRK2 to HDAC6 in 

the cytoplasm. The kinase activity of LRRK2 may also regulate its interaction with 

HDAC6. The G2019S mutation in the LRRK2 kinase domain reduced the interaction 

between LRRK2 and HDAC6 (Figure 3.5). The G2019S mutation has been 

consistently shown to increase LRRK2 kinase activity (West et al., 2005; Greggio et 

al., 2006; Jaleel et al., 2007). Conversely, the kinase-dead D1994A mutation in 
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LRRK2 increased the interaction with HDAC6. These results suggest that LRRK2 

kinase activity acts to negatively regulate the interaction with HDAC6. In the context 

of the LRRK2 activation model described in Chapter 1, increased LRRK2 kinase 

activity correlates with increased dimer formation (Gilsbach and Kortholt, 2014). The 

G2019S mutation increases LRRK2 dimer formation and the D1994A mutation 

disrupts dimer formation compared to wild-type LRRK2 (Sen et al., 2009). Therefore, 

increased LRRK2 dimer formation caused by the G2019S mutation may reduce the 

interaction with HDAC6. Together, these results suggest that the dimer status of 

LRRK2 may be important for the interaction between LRRK2 and HDAC6 and both 

pathogenic and functional LRRK2 mutations which alter the propensity of LRRK2 to 

dimerise subsequently affect this interaction.  

Further characterisation of the interaction between LRRK2 and HDAC6 showed that 

both deacetylase domains of HDAC6 (HD1 and HD2) mediate the interaction with 

LRRK2 (Figure 3.4). LRRK2 directly interacts with ß-tubulin via its Roc domain and 

this interaction is decreased by the pathogenic G2019S mutation after co-

immunoprecipitation and increased by the pathogenic R1441C mutation in a yeast 2-

hybrid (Y2H) assay (Law et al., 2014). HDAC6 also binds to β-tubulin and this 

interaction is mediated by both its deacetylase domains (Zhang et al., 2003). It is 

therefore a possibility that LRRK2 and HDAC6 form a complex with ß-tubulin at the 

microtubule to regulate α-tubulin acetylation. Evidence shows that the two 

deacetylase domains have distinct roles in the overall activity of HDAC6. In vitro, the 

first deacetylase domain is not catalytically active alone and deacetylase activity is 

conferred by the C-terminal deacetylase domain (Zou et al., 2006). Furthermore, both 

deacetylase domains are required for full deacetylase activity both in vitro and in vivo 

but selectively interact with different substrates (Zhang et al., 2006). The majority of 

HDAC6 inhibitors which abolish tubulin deacetylase activity target the second 

deacetylase domain, suggesting that the C-terminal deacetylase confers tubulin 

deacetylation activity whilst the N-terminal domain recruits tubulin substrates 

(Haggarty et al., 2003). Hence, the interaction of LRRK2 with the HDAC6 deacetylase 

domains raised the possibility that LRRK2 regulates HDAC6 deacetylase activity via 

phosphorylation of these domains. LRRK2-mediated phosphorylation of HDAC6 was 

therefore investigated in Figure 3.6 to Figure 3.10. 

Using mass spectrometry, wild-type LRRK2 was found to phosphorylate human 

HDAC6 in vitro at serine-22 and serine-689 (Figure 3.7). Use of an HDAC6 serine-22 

phospho-specific antibody confirmed that this residue is phosphorylated by LRRK2 in 

cells for both overexpressed and endogenous HDAC6 (Figure 3.9 and Figure 3.10). 
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Serine-22 is situated at the N-terminus of HDAC6 in a region containing a nuclear 

localisation signal (NLS) (Bertos et al., 2004). Phosphorylation of the NLS of other 

members of the histone deacetylase (HDAC) family of proteins such as HDAC5 

regulates their nuclear import (Greco et al., 2011). However, evidence suggests that 

HDAC6 nuclear import is regulated by acetylation rather than phosphorylation (Liu et 

al., 2012b). Phosphorylation of HDAC6 at serine-22 correlates with increased HDAC6 

deacetylase activity in hippocampal neurons (Chen et al., 2010). Therefore, LRRK2-

mediated phosphorylation of HDAC6 serine-22 may stimulate HDAC6 deacetylase 

activity. Serine-689 is a novel HDAC6 phosphosite situated within the second 

deacetylase domain of HDAC6. As a novel phosphosite, no phospho-specific 

antibodies are commercially available for HDAC6 serine-689 and hence a custom 

antibody is being optimised at the time of writing. This will be used to confirm that 

LRRK2 phosphorylates HDAC6 at serine-689 in cells and aid further study of its 

relevance to HDAC6 function. Given that the HD2 domain confers HDAC6 tubulin 

deacetylase activity, phosphorylation of this domain may regulate deacetylase 

activity. Indeed, phosphorylation of tyrosine-570 inversely correlates with deacetylase 

activity (Deribe et al., 2009). Therefore, phosphorylation of HDAC6 serine-689 by 

LRRK2 may regulate the deacetylase activity of HDAC6, and this will be investigated 

in Chapter 5. 

HDAC6 has an important role in the cellular degradation of ubiquitinated proteins 

(Boyault et al., 2007). In response to misfolded protein, HDAC6 mediates the 

formation of aggresome structures and is also involved in autophagic clearance 

(Kawaguchi et al., 2003; Lee et al., 2010). This is of great significance in 

neurodegenerative diseases such as PD of which a hallmark pathology is 

accumulation of aggregated protein. Indeed, HDAC6 is a component of Lewy bodies 

in PD patients (Kawaguchi et al., 2003). The next chapter will focus on the role of 

HDAC6 in aggresome formation and how the interaction between LRRK2 and HDAC6 

may regulate this pathway, as well as investigating a functional role for the LRRK2 

phosphorylation sites within HDAC6. 
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4     LRRK2 regulates HDAC6-mediated aggresome 
formation 

 

4.1   Introduction 

In Chapter 3, LRRK2 was shown to directly interact with and phosphorylate the Class 

IIb histone deacetylase HDAC6. HDAC6 coordinates the cellular degradation of 

ubiquitinated proteins in the cytoplasm by aiding their progression down degradation 

pathways (Boyault et al., 2007). Under normal cellular conditions, many proteins are 

ubiquitinated to allow their recognition by the proteasome for degradation (reviewed 

by Glickman and Ciechanover, 2002). If the proteasome becomes damaged or 

overwhelmed, HDAC6 binds poly-ubiquitinated proteins via its C-terminal ZnF-UBP 

ubiquitin-binding domain and recruits them to cytoplasmic dynein motors for transport 

along the microtubule network to a single, perinuclear structure at the microtubule-

organising centre (MTOC) called the aggresome for subsequent removal by 

autophagy (Johnston et al., 1998; Kawaguchi et al., 2003). These ubiquitin-rich 

structures are surrounded by a cage consisting of the intermediate filament vimentin 

(Johnston et al., 1998). In neurons, microtubules are not associated with a central 

MTOC and multiple inclusion bodies can occur in the neuronal cytoplasm (Yu and 

Baas, 1994; Kopito, 2000). Furthermore, neuronal aggresomes are encapsulated by 

a cage consisting of neurofilaments rather than vimentin (Taylor et al., 2003). HDAC6 

promotes aggresome formation over proteasomal degradation via its interaction with 

the proteasomal promoter chaperone VCP/p97, thereby acting at a crossroads for 

determining the fate of misfolded protein (Boyault et al., 2006).  

LRRK2 has been shown to co-localise with aggresomes after proteasomal inhibition 

and may have a role in aggresome formation (Waxman et al., 2009; Bang et al., 

2016). Given that LRRK2 interacts with HDAC6, and HDAC6 has a well-described 

role in formation of ubiquitin-positive aggresomes, the regulation of HDAC6-mediated 

aggresome formation by LRRK2 is investigated in this chapter. The relevance of the 

LRRK2-mediated phosphorylation of HDAC6 at serine-22 and serine-689 described 

in Chapter 3 is studied to investigate if phosphorylation of HDAC6 regulates its 

function in ubiquitinated aggresome formation. Furthermore, the effects of pathogenic 

LRRK2 mutations on HDAC6-mediated aggresome formation are investigated to 

determine if this is a mechanism which may be disrupted in disease. 
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4.2   Results 

4.2.1  LRRK2 is required for HDAC6-dependent aggresome formation  

Aggresome formation was first described using a mutant form of the transmembrane 

protein cystic fibrosis transmembrane conductance regulator (CFTR) which causes 

the autosomal recessive disease cystic fibrosis. CFTR is a cAMP-activated chloride 

ion channel which regulates fluid transport in epithelial cells (Denning et al., 1992). 

The pathogenic ΔF508 mutation prevents the correct folding and membrane 

localisation of CFTR and leads to its ubiquitination and proteasomal degradation 

(Ward and Kopito, 1994; Jensen et al., 1995). Upon proteasomal inhibition, green 

fluorescent protein (GFP)-tagged CFTR-ΔF508 forms aggresome structures 

encapsulated by a vimentin cage at the MTOC (Johnston et al., 1998). Formation of 

GFP-CFTR-ΔF508 aggresomes is HDAC6-dependent and occurs via binding of 

HDAC6 to poly-ubiquitin chains on GFP-CFTR-ΔF508 (Kawaguchi et al., 2003).  

Expression of the cytosolic protein chimera GFP-250 also results in aggresome 

formation (García-Mata et al., 1999). GFP-250 consists of the first N-terminal 250 

amino acids of the cytosolic protein p115 fused at its N-terminus to full length GFP. 

Unlike GFP-CFTR-ΔF508, aggresomes formed by GFP-250 are not poly-

ubiquitinated and can form without proteasomal inhibition in an HDAC6-independent 

mechanism which requires the chaperone Bcl-2-associated athanogene 3 (BAG3) 

(Gamerdinger et al., 2011). Therefore, GFP-CFTR-ΔF508 and GFP-250 can be used 

as aggresome markers to investigate both ubiquitin/HDAC6 dependent and 

independent aggresome formation. To promote aggresome formation, cells can be 

treated with small molecule proteasome inhibitors to prevent proteasomal 

degradation of cytoplasmic proteins and stimulate the aggresome response 

(Johnston et al., 1998). MG132 is a potent, reversible peptide inhibitor which blocks 

the proteolytic activity of the 26S proteasome complex and promotes aggresome 

formation (Lee and Goldberg, 1998; Kawaguchi et al., 2003).  

To generate a loss-of-function model for studying the role of LRRK2 in aggresome 

formation, two siRNAs were obtained which target human LRRK2 and show 

successful knockdown of endogenous LRRK2 protein (Häbig et al., 2007; Alegre-

Abarrategui et al., 2009). These were designated LRRK2 siRNA #1 and #2, 

respectively (Table 2.2). To test the efficiency of these siRNAs, HEK293 cells were 

transfected with LRRK2 siRNA #1 and siRNA #2 individually and together (LRRK2 

siRNA pool). Non-targeting siRNA was used as a negative control. Cells were 
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harvested 96 hours post-knockdown and LRRK2 was immunoprecipitated using the 

anti-LRRK2 (UDD3) antibody to aid the detection of endogenous LRRK2 which is not 

highly expressed. Following separation on SDS-PAGE, proteins were detected using 

anti-LRRK2 and anti-tubulin antibodies on immunoblot. Endogenous LRRK2 was 

detected after immunoprecipitation in the non-transfected and non-targeting control-

treated samples (Figure 4.1a). Treatment with both LRRK2 siRNAs #1 and #2 as well 

as the siRNA pool reduced the amount of immunoprecipitated LRRK2 by around 80% 

compared to treatment with the non-targeting control. LRRK2 knockdown using pool 

siRNA was further verified using immunofluorescence in HEK293 cells. Following 

treatment with non-targeting control or LRRK2 pool siRNA, cells were fixed at 96 

hours-post knockdown and stained with the anti-LRRK2 antibody UDD3 or the anti-

LRRK2-phospho-S935 antibody UDD2 (Figure 4.1b). For both anti-LRRK2 antibodies 

used, a marked reduction in staining was seen after LRRK2 siRNA knockdown 

compared to the non-targeting control (NTC) siRNA. Together, these results indicate 

that endogenous LRRK2 protein expression in HEK293 cells is significantly reduced 

after treatment with LRRK2 siRNA. 
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Figure 4.1. LRRK2 siRNA knockdown in HEK293 cells. a) HEK293 cells were 

transfected with either NTC, LRRK2 #1, LRRK2 #2 or both LRRK2 #1 and #2 (pool) 

siRNA. Cells were lysed at 72h post-knockdown and LRRK2 was immunoprecipitated 

using anti-LRRK2 (UDD3) antibody. Following SDS-PAGE separation, proteins were 

visualised on immunoblot using anti-LRRK2 (UDD3) and anti-tubulin antibodies. 

Graph shows quantification of immunoprecipitated LRRK2 in siRNA-transfected 

samples normalised to NTC from three independent experiments (data shown as 

mean ± SEM; One-way ANOVA with Fisher’s LSD test, ns = non-significant, ** = P ≤ 

0.01, N=3). b) HEK293 cells were transfected with either non-targeting control (NTC) 

or LRRK2 pool siRNA and fixed at 72 hours post-knockdown before immunostaining 

with anti-LRRK2 UDD3 or UDD2 antibodies. Scale bar, 20 μm. 
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To investigate the role of LRRK2 in aggresome formation, cells were treated with non-

targeting control (NTC) or LRRK2 pool siRNA and transfected with GFP-CFTR-

ΔF508 or GFP-250. Cells were treated with MG132 to inhibit the proteasome and 

fixed at 24 hours post-transfection before being immunostained with anti-LRRK2, 

anti-HDAC6 and anti-vimentin antibodies. Aggresome-containing cells were scored 

from the co-localisation of GFP and vimentin at a single, perinuclear structure. 

Knockdown of endogenous LRRK2 was confirmed through staining of NTC and 

LRRK2 siRNA-treated cells with anti-LRRK2 (UDD3) and anti-LRRK2-pS935 (UDD2) 

antibodies. LRRK2 staining was markedly decreased after treatment with LRRK2 

siRNA for both antibodies which indicated knockdown of endogenous LRRK2 protein 

(Figure 4.2e). NTC siRNA-treated cells showed diffuse, cytoplasmic expression of 

GFP-CFTR-ΔF508 under basal conditions with aggresome formation in less than 5% 

of cells (Figure 4.2a-b). After treatment with MG132, clear vimentin-positive 

perinuclear aggresomes formed in ~40% of NTC cells. As expected, HDAC6 co-

localised with GFP-CFTR-ΔF508 and vimentin at the aggresome. LRRK2 siRNA cells 

showed no increase in GFP-CFTR-ΔF508 aggresome formation after MG132 

treatment compared to untreated cells (Figure 4.2b). HDAC6 also did not localise to 

the aggresome in LRRK2 siRNA-treated cells.  

GFP-250 showed a diffuse, cytoplasmic expression in NTC-treated cells with 

vimentin-positive aggresome formation in ~25% of cells without proteasomal 

inhibition (Figure 4.2c-d). LRRK2 siRNA-treated cells also formed aggresomes in 

~25% of cells without proteasomal inhibition.  After MG132 treatment, both NTC and 

LRRK2 siRNA-treated cells formed GFP-250 aggresomes in ~45% of cells, showing 

that LRRK2 siRNA did not affect GFP-250 aggresome formation (Figure 4.2d). As 

expected, GFP-250 aggresomes were HDAC6-negative. These results show that 

LRRK2 is required for the formation of HDAC6-dependent GFP-CFTR-ΔF508 

aggresomes in HEK293 cells but not for HDAC6-independent GFP-250 aggresome 

formation.  
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Figure 4.2. LRRK2 is required for HDAC6-dependent aggresome formation. 

Non-targeting (NTC) or LRRK2 pool siRNA knockdown HEK293 cells were 

transfected with either GFP-CFTR-ΔF508 (a) or GFP-250 (c) (green), followed at 

twenty hours post-transfection by treatment with 5 μM MG132 for 4h. Cells were 

subsequently fixed and immunostained with anti-HDAC6 (red) and anti-vimentin 

(white) antibodies. Scale bar, 10 μm. The percentage of NTC and LRRK2 pool siRNA 

cells containing vimentin-positive GFP-CFTR-ΔF508 (b) and GFP-250 (d) 

aggresomes was quantified with and without MG132 treatment from three 

independent experiments (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, **= P ≤ 0.01, **** = P ≤ 0.0001; N(cells) = CFTR/NTC/untreated: 

210; CFTR/NTC/MG132: 218; CFTR/LRRK2/untreated: 181; CFTR/LRRK2/MG132: 

220; 250/NTC/untreated: 222; 250/NTC/MG132: 192; 250/LRRK2/untreated: 222; 

250/LRRK2/MG132: 194). e) Staining with anti-LRRK2 UDD3 and UDD2 antibodies 

for confirmation of LRRK2 siRNA knockdown. Scale bar, 20 μm. 
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To corroborate the finding that LRRK2 is required for the formation of HDAC6-

dependent aggresomes (Figure 4.2), GFP-CFTR-ΔF508 aggresome formation was 

studied in embryonic fibroblasts from LRRK2 knockout mice. LRRK2 knockout 

fibroblasts were co-transfected with GFP-CFTR-ΔF508 and Myc-LRRK2 or empty 

vector and treated with MG132 to inhibit proteasome function and promote 

aggresome formation. Cells were fixed at 24 hours-post transfection and 

immunostained with an anti-Myc antibody for identification of cells co-expressing 

Myc-LRRK2 with GFP-CFTR-ΔF508. Empty vector-transfected LRRK2-knockout 

cells treated with MG132 formed single, perinuclear aggresomes in only ~5% of cells 

(Figure 4.3), showing a similar phenotype to that observed after LRRK2 knockdown 

(Figure 4.2). In contrast, LRRK2 knockout cells expressing Myc-LRRK2 formed GFP-

CFTR-ΔF508 aggresomes in ~25% of cells. In addition, Myc-LRRK2 co-localised at 

the GFP-CFTR-ΔF508 aggresome after treatment with MG132.  

These results indicate that LRRK2 is required for GFP-CFTR-ΔF508 aggresome 

formation. As previously described, GFP-CFTR-ΔF508 aggresomes are formed in an 

HDAC6-dependent manner (Kawaguchi et al., 2003). To further test the requirement 

for HDAC6 for LRRK2-mediated GFP-CFTR-ΔF508 aggresome formation, cells were 

treated with the HDAC6 inhibitor Tubastatin A in combination with MG132. As for cells 

treated with MG132 only, treatment with MG132 and Tubastatin A showed GFP-

CFTR-ΔF508 aggresome formation in less than 5% of LRRK2-knockout cells 

transfected with empty vector (Figure 4.3). Treatment with MG132 and Tubastatin A 

in cells co-expressing Myc-LRRK2 prevented an increase in the number of cells 

displaying GFP-CFTR-ΔF508 aggresomes compared to empty vector transfected 

cells, and Myc-LRRK2 showed a strong localisation with non-aggresome-associated 

GFP-CFTR-ΔF508. This suggests that HDAC6 is required for the role of LRRK2 in 

GFP-CFTR-ΔF508 aggresome formation. 

Taken together, the results from Figure 4.2 and Figure 4.3 show that LRRK2 is 

required for the formation of GFP-CFTR-ΔF508 aggresomes in cells in an HDAC6-

dependent manner. This suggests that LRRK2 may act in a common pathway with 

HDAC6 to promote ubiquitinated protein aggresome formation.  
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Figure 4.3. LRRK2-dependent GFP-CFTR-ΔF508 aggresome formation 

requires HDAC6.  a) LRRK2-knockout mouse embryonic fibroblasts were co-

transfected with GFP-CFTR-ΔF508 (green) and Myc-LRRK2 (red) or empty 

vector. Cells were treated with 5 μM MG132 for 4 h alone or together with 10 

μM Tubastatin A, before fixation and immunostaining with an anti-Myc antibody 

and Hoechst 33342 (blue). Scale bar, 10 μm. b) Quantification of cells 

containing GFP-CFTR-ΔF508 aggresomes after MG132 treatment from three 

independent experiments (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, ns = non-significant, **** = P ≤ 0.0001; N (cells) = 

empty/untreated: 120; LRRK2/untreated: 113; empty/MG132: 135; 

LRRK2/MG132: 108; empty/MG132+TubA: 135; LRRK2/MG132+TubA = 110). 
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4.2.2  GFP-CFTR-ΔF508 aggresome formation requires LRRK2 kinase 

activity 

To investigate if the kinase activity of LRRK2 is important for HDAC6-dependent 

aggresome formation, the ability of wild-type and kinase-dead LRRK2 to rescue the 

defect in GFP-CFTR-ΔF508 aggresome formation caused by knockdown of LRRK2 

(Figure 4.2) was compared. HEK293 cells were treated with NTC or LRRK2 siRNA 

before co-transfection of GFP-CFTR-ΔF508 with Myc-LRRK2 wild-type or kinase-

dead D1994A constructs. Cells were treated with MG132 to inhibit the proteasome 

and fixed at 24 hours post-transfection before being immunostained with anti-Myc, 

anti-HDAC6 and anti-vimentin antibodies as markers of aggresome formation (Figure 

4.4a). NTC cells treated with MG132 formed vimentin-positive GFP-CFTR-ΔF508 

aggresomes in ~30% of cells and aggresome formation was prevented by knockdown 

of LRRK2 (Figure 4.4b). As expected, expression of wild-type LRRK2 rescued the 

defect in aggresome formation caused by LRRK2 knockdown back to control levels, 

and Myc-LRRK2 co-localised with GFP-CFTR-ΔF508 and vimentin at the aggresome.  

Importantly, expression of the kinase-dead LRRK2 D1994A mutant did not rescue 

GFP-CFTR-ΔF508 aggresome formation after LRRK2-knockdown (Figure 4.4b). 

Unlike wild-type LRRK2, LRRK2 D1994A did not form a single aggresome structure, 

predominantly co-localised with GFP-CFTR-ΔF508 which was aggregated in the 

cytoplasm and suggesting that aggregate transport was disrupted. In addition, 

vimentin did not redistribute into an aggresome cage surrounding GFP-CFTR-ΔF508.  

Therefore, the results from Figure 4.4 suggest that HDAC6-dependent GFP-CFTR-

ΔF508 aggresome formation requires LRRK2 kinase activity. In cells expressing 

kinase-dead LRRK2, HDAC6 did not localise to the aggresome and colocalised with 

aggregated GFP-CFTR-ΔF508 in the cytoplasm after proteasomal inhibition (Figure 

4.4a). This suggests that LRRK2 kinase activity may be required to stimulate the 

transport of HDAC6/GFP-CFTR-ΔF508 complexes along microtubules to the 

aggresome. 
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Figure 4.4. LRRK2 kinase activity is required for GFP-CFTR-ΔF508 aggresome 

formation. Non-targeting (NTC) or LRRK2 pool siRNA knockdown HEK293 cells 

were co-transfected with GFP-CFTR-ΔF508 (green) and Myc-LRRK2 wild-type or 

D1994A (yellow), followed by treatment with 5 μM MG132 for 4 h at 20 h post-

transfection. Cells were subsequently fixed and immunostained with anti-Myc, 
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anti-HDAC6 (red) and anti-vimentin (white) antibodies (a). Scale bar, 10 μm. (b) The 

percentage of NTC and LRRK2 pool siRNA cells containing vimentin-positive GFP-

CFTR-ΔF508 aggresomes was quantified with and without MG132 treatment from 

three independent experiments (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, ns = non-significant, **** = P ≤ 0.0001 versus NTC; N(cells) = 

NTC/empty/untreated: 156; NTC/empty/MG132: 156; LRRK2 pool/empty/MG132: 

140; LRRK2 pool/WT/MG132: 100; LRRK2 pool/D1994A/MG132: 117). 
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4.2.3  Phosphorylation of HDAC6 serine-22 is required for 

GFP-CFTR-ΔF508 aggresome formation 

The results from this chapter so far suggest that HDAC6 acts downstream of LRRK2 

in the GFP-CFTR-ΔF508 aggresome formation pathway. To test the ability of HDAC6 

to rescue defects in aggresome formation caused by LRRK2 knockdown, FLAG-

HDAC6 was co-transfected with GFP-CFTR-ΔF508 in HEK293 cells treated with NTC 

or LRRK2 siRNA. C-terminal truncated HDAC6 missing the ZnF-UBP ubiquitin-

binding domain (dUB) was used as a negative control for the rescue of aggresome 

formation. Following MG132 treatment to inhibit the proteasome, cells were fixed at 

24 hours post-transfection and immunostained using anti-FLAG and anti-vimentin 

antibodies to identify aggresomes (Figure 4.5a). Quantification of cells with vimentin-

positive GFP-CFTR-ΔF508 aggresomes showed aggresome formation in ~30% of 

NTC cells treated with MG132, and aggresome formation was prevented by LRRK2-

knockdown (Figure 4.5b). Importantly, overexpression of wild-type HDAC6 caused a 

partial rescue of GFP-CFTR-ΔF508 aggresome formation in ~15% of cells after 

LRRK2-knockdown. As expected, the HDAC6-dUB construct did not rescue 

aggresome formation as it is unable to bind ubiquitinated GFP-CFTR-ΔF508 for 

transport to the aggresome. These results indicate that defects in HDAC6-dependent 

aggresome formation caused by LRRK2 knockdown can be rescued by 

overexpression of HDAC6, suggesting that HDAC6 acts downstream of LRRK2. 

As described in Chapter 3, LRRK2 phosphorylates HDAC6 at serine-22 and serine-

689 in vitro. To study the effects of phosphorylation at these sites on the function of 

HDAC6 in aggresome formation, constructs were generated where HDAC6 serine-22 

or serine-689 were mutated to prevent or mimic their phosphorylation. Mutating a 

serine residue to alanine prevents phosphorylation of this site whilst retaining overall 

protein charge, whereas mutating a serine residue to glutamic acid can mimic 

phospho-serine (Egelhoff et al., 1993; Maciejewski et al., 1995). FLAG-HDAC6-S22A, 

S22E, S689A or S689E constructs were expressed cells treated with LRRK2 siRNA 

and compared to wild-type HDAC6 in their ability to rescue the defect in GFP-CFTR-

ΔF508 aggresome formation caused by LRRK2. HDAC6-S22A did not rescue the 

defect in GFP-CFTR-ΔF508 aggresome formation, in contrast to the partial rescue 

seen from expression of wild-type HDAC6 (Figure 4.5). This indicates that 

phosphorylation of HDAC6 at serine-22 is required for the function of HDAC6 in 

mediating aggresome formation. In support of this, HDAC6-S22E rescued GFP-

CFTR-ΔF508 aggresome formation after LRRK2 knockdown to NTC control levels, 
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with aggresome formation in ~30% of cells (Figure 4.5b). The number of cells with 

GFP-CFTR-ΔF508 aggresomes increased with expression of HDAC6-S22E 

compared to expression of wild-type HDAC6, indicating that mimicking serine-22 

phosphorylation promotes aggresome formation after LRRK2 knockdown. In contrast, 

there was no change in the number of cells with GFP-CFTR-ΔF508 aggresomes 

between cells co-expressing HDAC6 S689A or S689E mutants compared to cells co-

expressing wild-type HDAC6, indicating that phosphorylation of HDAC6 serine-689 

has no effect on the function of HDAC6 in aggresome formation. 

Taken together, these results show that overexpression of HDAC6 can partially 

rescue the defect in GFP-CFTR-ΔF508 aggresome formation after LRRK2 

knockdown in HEK293 cells, providing evidence that HDAC6 acts downstream of 

LRRK2 to regulate the formation of polyubiquitinated aggresomes. Importantly, 

phosphorylation of HDAC6 at serine-22 is crucial for its function in aggresome 

formation and suggests that LRRK2-mediated phosphorylation of HDAC6 at serine-

22 may regulate aggresome formation.  
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Figure 4.5. Phosphorylation of HDAC6-S22 is required for GFP-CFTR-ΔF508 

aggresome formation. Non-targeting (NTC) or LRRK2 pool siRNA knockdown 

HEK293 cells were co-transfected with GFP-CFTR-ΔF508 (green) and FLAG-

HDAC6-WT, dUb, S22A, S22E, S689A or S689E (red), followed by treatment with 5 

μM MG132 for 4h at twenty hours post-transfection. Cells were subsequently fixed 

and immunostained with anti-FLAG, and anti-vimentin (white) antibodies (a). Scale 

bar, 10 μm. (b) The percentage of NTC and LRRK2 pool siRNA cells containing 
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vimentin-positive GFP-CFTR-ΔF508 aggresomes with each FLAG-HDAC6 construct 

was quantified with and without MG132 treatment from three independent 

experiments (data shown as mean ± SEM; One-way ANOVA with Fishers LSD test, 

ns = non-significant, **** = P ≤ 0.0001, versus NTC; N(cells) = NTC/empty/untreated: 

200; NTC/empty/MG132: 184; LRRK2 pool/empty/MG132: 191; LRRK2 

pool/WT/MG132: 198; LRRK2 pool/dUb/MG132: 162; LRRK2 pool/S22A/MG132: 

177; LRRK2 pool/S22E/MG132: 157; LRRK2 pool/S689A/MG132: 145; LRRK2 

pool/S689E/MG132: 109). 
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4.2.4  LRRK2 G2019S disrupts aggresome formation 

The results in this chapter point to a model whereby LRRK2 phosphorylates HDAC6 

at serine-22 to promote the transport of ubiquitinated aggregates to the aggresome. 

Given the importance of LRRK2 kinase activity in this mechanism (Figure 4.4), 

mutations in LRRK2 which dysregulate its kinase activity might be predicted to affect 

HDAC6-dependent aggresome formation. The pathogenic LRRK2 G2019S mutation 

elevates LRRK2 kinase activity (Greggio et al., 2006; West et al., 2007). The effects 

of the LRRK2 G2019S mutation on HDAC6-dependent aggresome were therefore 

investigated. 

GFP-CFTR-ΔF508 was co-expressed with Myc-LRRK2 wild-type or G2019S in 

HEK293 cells following treatment with NTC or LRRK2 siRNA. Cells were treated with 

MG132 to inhibit the proteasome and fixed at 24 hours post-transfection, before being 

immunostained using anti-Myc, anti-HDAC6 and anti-vimentin antibodies for 

identification of aggresomes. As shown in Figure 4.4, expression of Myc-LRRK2 wild-

type fully rescued the defect in GFP-CFTR-ΔF508 aggresome formation caused by 

LRRK2 knockdown, with aggresomes formed in ~30% of cells (Figure 4.6). In 

contrast, expression of Myc-LRRK2 G2019S partially rescued the defect in 

aggresome formation in ~15% of cells, suggesting that the G2019S mutant LRRK2 

cannot support GFP-CFTR-ΔF508 aggresome formation to the same level as wild-

type LRRK2. In Myc-LRRK2 G2019S-expressing cells with no aggresome formation, 

LRRK2 G2019S strongly co-localised with aggregated GFP-CFTR-ΔF508 and 

HDAC6 in the cytoplasm after proteasomal inhibition (Figure 4.6a). Interestingly, a 

perinuclear vimentin cage was detected in many LRRK2 G2019S-expressing cells 

despite the lack of a single, perinuclear GFP-CFTR-ΔF508 aggresome structure. This 

may reflect failed or incomplete aggresome formation in cells expressing LRRK2 

G2019S. These results suggest that the G2019S mutation in LRRK2 disrupts the 

ability of LRRK2 to support HDAC6-dependent aggresome formation and may 

provide a possible pathogenic mechanism of LRRK2 G2019S-mediated toxicity. 
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Figure 4.6. LRRK2 G2019S cannot fully support GFP-CFTR-ΔF508 aggresome 

formation. Non-targeting (NTC) or LRRK2 pool siRNA knockdown HEK293 cells 

were co-transfected with GFP-CFTR-ΔF508 (green) and Myc-LRRK2 wild-type or 

G2019S (yellow), followed by treatment with 5 μM MG132 for 4 h at 20 h post-

transfection. Cells were subsequently fixed and immunostained with anti-Myc, anti-
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HDAC6 (red) and anti-vimentin (white) antibodies (a). Scale bar, 10 μm. (b) The 

percentage of NTC and LRRK2 pool siRNA cells containing vimentin-positive GFP-

CFTR-ΔF508 aggresomes was quantified with and without MG132 treatment from 

three independent experiments (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, ns = non-significant, *** = P ≤ 0.001,  **** = P ≤ 0.0001 versus 

LRRK2 knockdown-only control; N(cells) = NTC/empty/untreated: 156; 

NTC/empty/MG132: 156; LRRK2 pool/empty/MG132: 140; LRRK2 pool/WT/MG132: 

100; LRRK2 pool/G2019S/MG132: 101). NB: Dataset is the same as Figure 4.4 for 

all conditions except LRRK2 G2019S. 

  



114 
 

4.2.5  LRRK2 localises to the aggresome independently of HDAC6 

As a key regulator of polyubiquitinated aggresome formation, HDAC6 is a component 

of aggresomes formed by polyubiquitinated proteins such as GFP-CFTR-ΔF508 but 

not those formed by non-ubiquitinated proteins such as GFP-250 (Kawaguchi et al., 

2003). In LRRK2-knockout mouse fibroblasts, overexpressed Myc-LRRK2 co-

localised with GFP-CFTR-ΔF508 at the aggresome after treatment with MG132 

(Figure 4.3). Localisation of LRRK2 at the aggresome has been previously described 

in HEK293T and COS-7 cells and this is facilitated by proteasomal inhibition 

(Waxman et al., 2009).  

To characterise LRRK2 localisation at the aggresome and to test if it requires HDAC6, 

NTC and HDAC6 siRNA-treated HEK293 cells were co-transfected with GFP-CFTR-

ΔF508 or GFP-250 and Myc-LRRK2. Cells were treated with MG132 to promote 

aggresome formation before being fixed at 24 hours post-transfection and 

immunostained with anti-Myc and anti-HDAC6 antibodies. In NTC-treated cells, 

MG132 treatment promoted the formation of a single GFP-CFTR-ΔF508 aggresome 

which co-localised with both Myc-LRRK2 and HDAC6 (Figure 4.7a). HDAC6 

knockdown prevented GFP-CFTR-ΔF508 aggresome formation after MG132 

treatment, however Myc-LRRK2 still localised to a juxtanuclear structure resembling 

an aggresome. This indicates that LRRK2 localises to the aggresome independently 

of HDAC6. Consistent with the HDAC6-independent formation of GFP-250 

aggresomes, MG132 treatment promoted the formation of GFP-250 aggresomes in 

both NTC and HDAC6 knockdown cells (Figure 4.7b). Myc-LRRK2 co-localised with 

GFP-250 aggresomes in NTC and HDAC6 knockdown cells.  

These results indicate that LRRK2 localises to aggresomes independently of HDAC6. 

Under basal conditions, LRRK2 is degraded by the proteasome (Wang et al., 2008). 

After proteasomal inhibition LRRK2 is recruited to the aggresome for degradation 

(Waxman et al., 2009). Therefore, the results from Figure 4.7 suggest that LRRK2 

may be a substrate of the GFP-250 aggresome pathway independently of its role in 

HDAC6-mediated aggresome formation. 
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Figure 4.7. LRRK2 localisation at the aggresome is HDAC6-independent. 

Non-targeting control (NTC) or HDAC6 siRNA-treated HEK293 cells were co-

transfected with GFP-CFTR-ΔF508 (a; green) or GFP-250 (b; green) and Myc-

LRRK2 and treated with 5 μM MG132 for 4 h at 20 h post-transfection, before 

fixation and immunostaining with anti-Myc (yellow) and anti-HDAC6 (red) 

antibodies. Scale bar, 10 μm. 
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4.3   Discussion 

HDAC6 is a key player in aggresome formation by binding ubiquitinated misfolded 

protein in the cytoplasm and recruiting it to the motor protein cytoplasmic dynein for 

transport along microtubules to the aggresome (Kawaguchi et al., 2003). In this 

chapter, a role for LRRK2 in regulating aggresome formation through its interaction 

with HDAC6 was investigated. Firstly, LRRK2 was shown to be required for the 

formation of HDAC6-dependent aggresomes of the polyubiquitinated protein GFP-

CFTR-ΔF508 but not for HDAC6-independent non-ubiquitinated GFP-250 

aggresome formation (Figure 4.2). The ability of LRRK2 to promote GFP-CFTR-

ΔF508 aggresome formation was shown to be HDAC6-dependent (Figure 4.3). These 

results indicated that LRRK2 has a specific role in HDAC6-dependent aggresome 

formation and suggests that LRRK2 and HDAC6 act in the same aggresome pathway. 

Further investigation of the role of LRRK2 in the HDAC6-dependent aggresome 

pathway revealed that LRRK2 kinase activity is specifically required for GFP-CFTR-

ΔF508 aggresome formation (Figure 4.4). This suggests that LRRK2 may 

phosphorylate HDAC6 to promote GFP-CFTR-ΔF508 aggresome formation. 

Furthermore, genetic ablation of LRRK2 kinase activity prevented HDAC6 from 

localising to aggresomes and it remained co-localised with GFP-CFTR-ΔF508 

aggregates in the cytoplasm. These observations suggest that LRRK2 kinase activity 

does not affect the recognition and binding of HDAC6 to ubiquitinated GFP-CFTR-

ΔF508 but rather may promote the transport of GFP-CFTR-ΔF508/HDAC6 

complexes to the aggresome along the microtubule network. Aggresomes rely on 

microtubule transport for their formation and this is blocked by microtubule 

polymerisation inhibitors such as nocodazole which destabilise the microtubule 

network (Johnston et al., 1998). Results from Chapter 5 will show that inhibition of 

LRRK2 kinase activity does not grossly disrupt microtubule network structure, 

therefore LRRK2 kinase inhibition likely disrupts GFP-CFTR-ΔF508 aggresome 

formation through prevention of transport initiation rather than disruption of the 

microtubule network. 

These results suggest that LRRK2 phosphorylates HDAC6 to regulate its function in 

the formation of ubiquitinated protein aggresomes. In support of LRRK2 and HDAC6 

functioning in a common pathway, GFP-CFTR-ΔF508 aggresome formation 

disrupted by LRRK2 knockdown was partially rescued by overexpression of wild-type 

HDAC6 (Figure 4.5). Whilst this partial rescue of aggresome formation likely occurred 

due to the dominant effect of HDAC6 overexpression, a full rescue to control levels 
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was not observed and indicates that LRRK2-mediated phosphorylation of HDAC6 

may be required. Expression of phospho-mutant HDAC6 showed that 

phosphorylation of HDAC6 serine-22 is crucial for GFP-CFTR-ΔF508 aggresome 

formation (Figure 4.5). The phospho-dead HDAC6 S22A mutant retained co-

localisation with GFP-CFTR-ΔF508 in the cytoplasm with a phenotype resembling 

that of kinase-dead LRRK2 (Figure 4.4). This indicates that serine-22 phosphorylation 

does not affect the binding of HDAC6 to ubiquitinated aggregates. Alternatively, 

LRRK2-mediated phosphorylation of HDAC6 serine-22 may be required for the 

binding of HDAC6 to cytoplasmic dynein for transport of GFP-CFTR-ΔF508 

aggregates to the aggresome. This could be tested through co-immunoprecipitation 

experiments using HDAC6 phospho-mutant constructs to determine the effect of 

serine-22 phosphorylation on cytoplasmic dynein binding.  

Intracellular accumulation of aggregated protein in Lewy bodies is a pathological 

hallmark of PD and Lewy bodies share many characteristics with aggresomes (Forno, 

1996; Kopito, 2000; McNaught et al., 2002). Importantly, HDAC6 is a component of 

Lewy bodies in PD patients and Lewy bodies may be formed through an aggresome-

like mechanism (Kawaguchi et al., 2003). Therefore, pathogenic mutations in LRRK2 

may disrupt its role in HDAC6-mediated aggresome formation and could contribute 

to the pathogenesis of PD. The LRRK2 G2019S mutation elevates LRRK2 kinase 

activity (Greggio et al., 2006; West et al., 2007) and might be predicted to increase 

phosphorylation of HDAC6 serine-22 to further stimulate HDAC6-dependent 

aggresome formation. However, LRRK2 G2019S did not rescue GFP-CFTR-ΔF508 

aggresome formation to the same level as wild-type LRRK2 in cells following LRRK2 

knockdown, indicating that LRRK2 G2019S is not able to fully support HDAC6-

dependent aggresome formation (Figure 4.6). This may reflect the decreased binding 

of LRRK2 G2019S to HDAC6 as shown in Chapter 3.  Furthermore, a perinuclear 

vimentin cage-like structure was evident in many of the G2019S-expressing cells 

without a defined GFP-CFTR-ΔF508 aggresome. It may be possible that LRRK2 

G2019S promotes aggregate transport via HDAC6 but causes excessive GFP-CFTR-

ΔF508 accumulation at the aggresome region due to inhibition of subsequent 

degradation of the aggresome by autophagy. LRRK2 G2019S has been shown to 

impair autophagic flux (Saha et al., 2015), and expression of LRRK2 G2019S 

accelerates the accumulation of cytoplasmic ubiquitin- and p62-positive protein 

aggregates after proteasomal inhibition in SH-SY5Y neuroblastoma cells which is 

suggestive of a defect in aggresome formation or autophagic degradation (Bang et 

al., 2016). Furthermore, LRRK2 G2019S transgenic mice show higher protein 
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accumulation in the brain after proteasomal inhibition compared to wild-type 

littermates (Bang et al., 2016). Therefore, LRRK2 G2019S may affect multiple steps 

in the aggresome pathway.  

Finally, the localisation of LRRK2 at the aggresome (Figure 4.3-Figure 4.4) was 

characterised. LRRK2 is degraded by the proteasome and can form aggresomes 

when overexpressed which is facilitated by but not a direct result of proteasome 

inhibition (Waxman et al., 2009; Ding et al., 2017). LRRK2 co-localised with HDAC6 

at GFP-CFTR-ΔF508 aggresomes, but also with HDAC6-independent GFP-250 

aggresomes (Figure 4.7). Furthermore, knockdown of HDAC6 did not prevent the 

aggresome localisation of LRRK2. These results indicated that LRRK2 recruitment to 

the aggresome after proteasomal inhibition is independent of HDAC6 and suggests 

that LRRK2 is a substrate of the same aggresome pathway as GFP-250. As GFP-

250 is non-ubiquitinated, it is recruited to the aggresome via BAG3 rather than 

HDAC6 (Gamerdinger et al., 2011). Whilst LRRK2 is ubiquitinated to regulate its 

turnover via the UPS (Ding and Goldberg, 2009), the ubiquitination status of 

aggresome-associated LRRK2 is not known. These results therefore suggest that 

aggresome-associated LRRK2 may be non-ubiquitinated. 

In conclusion, the results in this chapter provide evidence that LRRK2 acts upstream 

of HDAC6 to initiate polyubiquitinated aggresome formation through its kinase 

activity. Furthermore, the LRRK2 phosphosite at HDAC6 serine-22 is crucial for 

HDAC6 function in aggresome formation. These results therefore suggest that 

LRRK2-mediated phosphorylation of HDAC6 serine-22 may be required for the 

formation of polyubiquitinated aggresomes. A possible mechanism for how this 

occurs is through facilitation of the binding of the HDAC6/aggregate complex to 

cytoplasmic dynein to promote aggregate transport, and this mechanism should be 

investigated in future experiments. Ultimately, the relevance of this aggresome 

pathway to LRRK2-mediated PD should be explored. 
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5     LRRK2 regulates tubulin acetylation via HDAC6 

 

5.1   Introduction 

Evidence suggests that LRRK2 regulates tubulin acetylation (Godena et al., 2014; 

Law et al., 2014; Esteves et al., 2015). In Chapter 3, an interaction between LRRK2 

and the α-tubulin deacetylase HDAC6 was characterised both in vitro and in HEK293 

cells. These results suggest that LRRK2 may regulate tubulin acetylation via HDAC6. 

This chapter therefore focuses on investigating the role of LRRK2 in regulating tubulin 

acetylation. Firstly, tubulin acetylation is studied in cells following knockout or 

knockdown of endogenous LRRK2 to confirm the effects of LRRK2 loss of function 

on tubulin acetylation. Next, the role of LRRK2 GTPase and kinase activity in the 

regulation of tubulin acetylation is investigated using overexpression of LRRK2 wild-

type, GTP-binding deficient K1347A and kinase-dead D1994A mutants, as well as 

inhibitors of LRRK2 kinase activity.  

In Chapter 3, LRRK2 was shown to phosphorylate HDAC6 at serine-22 and serine-

689 in vitro, and LRRK2-mediated phosphorylation of HDAC6 serine-22 was 

confirmed in cells. Phosphorylation of HDAC6 at serine-22 correlates with increased 

deacetylation of tubulin in hippocampal neurons (Chen et al., 2010). As a novel 

phosphosite in the C-terminal deacetylase domain of HDAC6, the effects of 

serine-689 phosphorylation on tubulin acetylation are not known. The C-terminal 

deacetylase domain of HDAC6 confers the majority of the tubulin deacetylase activity 

of HDAC6 and phosphorylation of another site in this domain, tyrosine-570, alters the 

deacetylase activity of HDAC6 (Haggarty et al., 2003; Deribe et al., 2009). Therefore, 

the effects of phosphorylation of HDAC6 at serine-22 and serine-689 on HDAC6 

deacetylase activity are studied in cells using HDAC6 mutants which harbour 

mutations at these residues to inhibit or mimic phosphorylation. 

Lastly, the effects of pathogenic LRRK2 mutations on tubulin acetylation are 

investigated. LRRK2 R1441C and Y1699C pathogenic GTPase mutants abnormally 

associate with deacetylated microtubules and this phenotype is reversed by 

increasing tubulin acetylation levels using an HDAC6 deacetylase inhibitor (Godena 

et al., 2014). Pathogenic GTPase mutations in LRRK2 may therefore dysregulate 

LRRK2 regulation of tubulin acetylation. Furthermore, sporadic and LRRK2 G2019S 

patients show reduced levels of tubulin acetylation compared to healthy controls 
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(Esteves et al., 2015). Therefore, disruption of tubulin acetylation by pathogenic 

mutations in LRRK2 may be a feature of disease.  

5.2   Results 

5.2.1  LRRK2 reduces tubulin acetylation via HDAC6 

Embryonic fibroblasts from LRRK2-knockout mice show increased levels of tubulin 

acetylation compared to wild-type littermates and this phenotype can be rescued by 

transient overexpression of human wild-type LRRK2 (Law et al., 2014). To reproduce 

these results in a human cell line, levels of tubulin acetylation were investigated after 

LRRK2 knockdown using the LRRK2-specific siRNAs described in Chapter 4. 

HEK293 cells were transfected with non-targeting control (NTC) or LRRK2 pool 

siRNA and harvested 96 hours post-knockdown. Endogenous LRRK2 was 

immunoprecipitated using anti-LRRK2 (UDD3), before proteins were separated on 

SDS-PAGE and detected on immunoblot. Treatment with LRRK2 siRNA pool reduced 

endogenous LRRK2 expression and caused a ~1.4-fold increase in tubulin 

acetylation compared to the non-targeting control-treated cells (Figure 5.1a). 

Importantly, overexpression of Myc-LRRK2 in the LRRK2 siRNA pool-treated cells 

rescued this increase in tubulin acetylation back to control levels. These results 

therefore show that knockdown of endogenous LRRK2 increases tubulin acetylation 

and overexpression of LRRK2 after knockdown restores acetylation to control levels, 

indicating that LRRK2 decreases tubulin acetylation in HEK293 cells. 

In addition, Myc-LRRK2 was expressed in LRRK2-knockout fibroblasts and tubulin 

acetylation levels were measured by immunofluorescence. Fibroblasts from LRRK2-

knockout mice were transfected with Myc-LRRK2 or empty vector. Cells were fixed 

24 hours post-transfection and immunostained using anti-Myc and anti-acetylated 

tubulin antibodies. LRRK2-knockout cells overexpressing Myc-LRRK2 showed a 

~25% reduction in tubulin acetylation compared to the empty vector control (Figure 

5.1b). Taken together, the results from both LRRK2 knockdown and LRRK2 knockout 

models indicate that LRRK2 reduces tubulin acetylation. 
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Figure 5.1. LRRK2 reduces tubulin acetylation. a) HEK293 cells were transfected 

with either NTC or LRRK2 pool siRNA followed by further transfection with Myc-

LRRK2 at 48 hours post-knockdown where indicated. Cells were lysed at 72h post-

knockdown and LRRK2 was immunoprecipitated using anti-LRRK2 (UDD3) antibody. 

Following SDS-PAGE separation, proteins were visualised using anti-LRRK2 

(UDD3), anti-acetylated tubulin and anti-tubulin antibodies. * indicates location of 

removed lane due to unrelated sample loading. Graph shows quantification of ratio of 

acetylated to total tubulin in siRNA-transfected samples normalised to NTC from three 

independent experiments (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, ns = non-significant, * = P ≤ 0.05, N=3). b) LRRK2-knockout mouse 

embryonic fibroblasts were transfected with either empty vector or Myc-LRRK2 

(green). Cells were fixed at 24h post-transfection and immunostained with anti-

LRRK2 and anti-acetylated tubulin (red) antibodies and Hoechst (blue). Scale bar, 10 

μm. Graph shows quantification of acetylated tubulin intensity normalised to empty 

vector control from three independent experiments (data shown as mean ± SEM; 

Student’s t-test, **** = P ≤ 0.0001, N (cells) = empty: 93; Myc-LRRK2: 85). 
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The LRRK2-mediated reduction in tubulin acetylation shown in Figure 5.1 could be 

the result of stimulation of HDAC6 deacetylase activity by LRRK2. To test this, an 

inhibitor of HDAC6 deacetylase activity was used to investigate if HDAC6 is required 

for LRRK2 to reduce acetylation. Small molecule HDAC6 inhibitors chelate Zn2+ ions 

in the catalytic pocket of HDAC6 to prevent deacetylase activity and increase 

microtubule acetylation (Hubbert et al., 2002; Zilberman et al., 2009; Asthana et al., 

2013; Wang et al., 2018). Tubastatin A is a highly selective HDAC6 deacetylase 

inhibitor with low cellular toxicity which targets the C-terminal deacetylase domain 

(Butler et al., 2010). Fibroblasts from LRRK2-knockout mice were transfected with 

either empty vector or human Myc-LRRK2 wild-type and treated with Tubastatin A for 

18 hours. Following fixation at 24 hours post-transfection, cells were immunostained 

with anti-LRRK2 and anti-acetylated tubulin antibodies and the levels of tubulin 

acetylation in empty-vector and Myc-LRRK2-expressing cells with and without 

Tubastatin A treatment were quantified for comparison (Figure 5.2a).  LRRK2 

knockout fibroblasts expressing Myc-LRRK2 showed a ~25% reduction in tubulin 

acetylation compared to the empty vector control (Figure 5.2b). Following treatment 

with Tubastatin A, empty-vector control cells showed increased tubulin acetylation 

levels compared to untreated cells due to HDAC6 inhibition (Figure 5.2b). 

Furthermore, treatment with Tubastatin A prevented Myc-LRRK2 from reducing levels 

of tubulin acetylation. These results suggest that the decrease in tubulin acetylation 

from overexpression of LRRK2 is HDAC6-dependent, providing evidence that 

HDAC6 acts downstream of LRRK2 to promote tubulin deacetylation. 
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Figure 5.2. LRRK2 decreases tubulin acetylation via HDAC6. a) LRRK2-knockout 

mouse embryonic fibroblasts were transfected with either empty vector or Myc-

LRRK2 and treated with 10 μM Tubastatin A (TubA) for 18 hours. Cells were fixed at 

24h post-transfection and immunostained with anti-LRRK2 and anti-acetylated 

tubulin antibodies and Hoechst. Scale bar, 10 μm. b) Quantification of acetylated 

tubulin intensity normalised to empty vector control from three independent 

experiments (data shown as mean ± SEM; One-way ANOVA with Fisher’s LSD test, 

ns = non-significant, *** = P ≤ 0.001, **** = P ≤ 0.0001, N (cells) = empty/untreated: 

93; Myc-LRRK2/untreated: 85; empty/TubA: 90; Myc-LRRK2/TubA: 93) NB: for 

purposes of comparison, untreated cells were the same as those quantified in Figure 

5.1b. 
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5.2.2  LRRK2 increases HDAC6 deacetylase activity in vitro 

The results from Figure 5.2 indicate that LRRK2 decreases tubulin acetylation via an 

HDAC6-dependent mechanism. This suggests that LRRK2 stimulates the 

deacetylase activity of HDAC6 to reduce tubulin acetylation. To investigate if LRRK2 

regulates HDAC6 activity in vitro, a commercially-available HDAC6 fluorometric 

assay was used to provide a measure of HDAC6-mediated substrate deacetylation. 

Acetylated substrate was incubated with His-HDAC6 and GST-LRRK2 recombinant 

protein (amino acids 970-2527). A molar excess of ATP was added to the reaction to 

allow LRRK2-mediated phosphorylation of HDAC6 to occur. His-HDAC6-only was 

used to compare normal levels of deacetylase activity and Trichostatin A (TSA) was 

used to inhibit HDAC6 activity as a negative-control. Substrate deacetylation by 

HDAC6 produced a fluorescent signal in the presence of the developer compound 

and this fluorescence was measured as a readout of HDAC6 deacetylase activity 

(Figure 5.3a). There was over a 1.5-fold increase in HDAC6 deacetylase activity in 

the presence of GST-LRRK2 compared to the HDAC6-only control (Figure 5.3b). 

GST-LRRK2 had no effect on substrate acetylation without His-HDAC6, therefore 

these effects were mediated by HDAC6 only and not a result of an interaction 

between LRRK2 and the acetylated substrate or developer compound. These results 

indicate that LRRK2 increases the deacetylase activity of HDAC6 in vitro. 

Additionally, the effects of pathogenic LRRK2 mutations on HDAC6 deacetylase 

activity were studied using GST-LRRK2 R1441C and G2019S mutants. LRRK2 

R1441C and G2019S showed a comparable increase in HDAC6 deacetylase activity 

to wild-type LRRK2. These results therefore indicate that the pathogenic LRRK2 

R1441C and G2019S mutations do not alter the ability of LRRK2 to stimulate HDAC6 

deacetylase activity in vitro. 
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Figure 5.3. LRRK2 increases HDAC6 deacetylase activity in vitro. a) Overview of 

the FLUOR DE LYS® HDAC6 fluorometric drug discovery kit used to measure HDAC6 

deacetylase activity (Adapted from product data sheet; Enzo Lifesciences). b) His-

HDAC6 deacetylase activity was measured in the presence of 250 ng GST-LRRK2 

wild-type, R1441C and G2019S variants and 200 μM ATP. 1 μM Trichostatin A (TSA) 

was used to inhibit HDAC6 activity as a negative control (data shown as mean ± SEM 

from five independent experiments with samples run in triplicate; one-way ANOVA 

with Fisher’s LSD test, ns= non-significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, 

**** = P ≤ 0.0001). 



126 
 

5.2.3  LRRK2 kinase activity is required to reduce tubulin acetylation 

As described in this chapter, LRRK2 expression reduces tubulin acetylation in cells 

in an HDAC6-dependent manner which suggests that LRRK2 modulates the 

deacetylase activity of HDAC6 (Figure 5.1 and Figure 5.2). Indeed, LRRK2 increases 

HDAC6 deacetylase activity in vitro (Figure 5.3). In Chapter 3, LRRK2 was shown to 

phosphorylate HDAC6 in vitro and in cells. Therefore, LRRK2-mediated 

phosphorylation of HDAC6 may stimulate its deacetylase activity and promote tubulin 

deacetylation in cells. To test the requirement for LRRK2 kinase activity in promoting 

tubulin deacetylation, HEK293 cells expressing either empty vector or Myc-LRRK2 

were treated with the selective, structurally distinct LRRK2 kinase inhibitors 

LRRK2in1 (Deng et al., 2011), LRRK2 inhibitor III (also known as HG 10-102-01; Choi 

et al., 2012) or GSK2578215A (Reith et al., 2012). Cells were treated with LRRK2 

inhibitors for four hours before being fixed at twenty-four hours post-transfection and 

immunostained with anti-LRRK2 and anti-acetylated-tubulin antibodies (Figure 5.4a). 

Following expression of Myc-LRRK2, cells showed a ~20% reduction in tubulin 

acetylation (Figure 5.4b). Importantly, treatment with all three LRRK2 inhibitors 

prevented the decrease in tubulin acetylation from expression of Myc-LRRK2, with 

LRRK2 inhibitor III and GSK2578215A-treated cells showing levels of tubulin 

acetylation comparable to the empty vector control (Figure 5.4b). LRRK2in1-treated 

cells showed a small increase in tubulin acetylation compared to the empty vector 

control. These results suggest that the reduction in tubulin acetylation seen with 

LRRK2 overexpression is mediated by the kinase activity of LRRK2, and treatment 

with LRRK2 inhibitors increases tubulin acetylation. 
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Figure 5.4. LRRK2 kinase inhibitors increase tubulin acetylation. a) HEK293 

cells were transfected with either empty vector or Myc-LRRK2 (green) and treated 

with either 1 μM LRRK2in1, 3 μM LRRK2 Inhibitor III (HG-10-102-01) or 1 μM 

GSK2578215A for 4h at twenty hours post-transfection, before fixation at 24h post-

transfection and immunostaining with anti-LRRK2 and anti-acetylated tubulin (red) 

antibodies and Hoechst (blue). Scale bar, 10 μm. b) Quantification of acetylated 

tubulin intensity normalised to empty vector control from three independent 

experiments (N (cells) = empty/untreated: 120; empty/2in1: 138; empty/III: 117; 

empty/GSK: 120; LRRK2/untreated: 103; LRRK2/2in1: 107; LRRK2/III: 91; 

LRRK2/GSK: 97; data shown as mean ± SEM; One-way ANOVA with Fisher’s LSD 

test, * = P ≤ 0.05, ** = P ≤ 0.01, **** = P ≤ 0.0001). Experiment performed in 

collaboration with Dr K. Chinnaiya (University of Sheffield). 
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To study the role of LRRK2 kinase activity in mediating tubulin deacetylation using a 

parallel approach to small molecule LRRK2 inhibitors, the ability of kinase-dead 

D1994A LRRK2 to reduce acetylation was compared to wild-type LRRK2. HEK293 

cells expressing Myc-LRRK2 wild-type or D1994A were fixed at twenty-four hours 

post-transfection and immunostained with anti-LRRK2 and anti-acetylated tubulin 

antibodies (Figure 5.5a). Quantification of acetylated tubulin levels in LRRK2-

expressing cells showed that Myc-LRRK2 wild-type expression reduced tubulin 

acetylation by ~20% compared to the empty vector control (Figure 5.5b). Importantly, 

cells expressing kinase-dead LRRK2 D1994A did not show a decrease in tubulin 

acetylation compared to the empty vector control (Figure 5.5b). These results indicate 

that LRRK2 kinase activity is required for the ability of LRRK2 to decrease tubulin 

acetylation. Taken together, the results from Figure 5.4 and Figure 5.5 show that the 

kinase activity of LRRK2 is required for the ability of LRRK2 to reduce tubulin 

acetylation in cells. This is consistent with the hypothesis that LRRK2 phosphorylates 

HDAC6 to stimulate its deacetylase activity and consequently promote the 

deacetylation of tubulin. 

In addition to the requirement for LRRK2 kinase activity for the reduction of tubulin 

acetylation, the requirement for GTP binding to LRRK2 was also tested using the GTP 

binding-deficient LRRK2 K1347A mutant. Cells expressing LRRK2 K1347A showed 

a comparable decrease in tubulin acetylation to wild-type LRRK2, indicating that 

LRRK2-induced tubulin deacetylation is independent of GTP binding to LRRK2 

(Figure 5.5b).  
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Figure 5.5. LRRK2 kinase activity is required to reduce tubulin acetylation. a) 

HEK293 cells were transfected with either empty vector or Myc-LRRK2 variants 

(green) and fixed at 24h post-transfection before immunostaining with anti-LRRK2 

and anti-acetylated tubulin antibodies (red) and Hoechst (blue). Scale bar, 10 μm. b) 

Quantification of acetylated tubulin intensity in Myc-LRRK2 transfected samples 

normalised to empty vector control from three (empty, WT, D1994A) or two (K1347A) 

independent experiments (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, ns = non-significant, **** = P ≤ 0.0001; N (cells) = empty: 109; WT: 

125; K1347A: 56; D1994A: 116). Experiment performed in collaboration with Dr K. 

Chinnaiya (University of Sheffield). 

 

 

Figure 5.6. HDAC6 phosphorylation regulates deacetylase activity. a) HEK293 cells 

were transfected with either empty vector, FLAG-HDAC6-WT, S22A or S689A 

variants. Cells were lysed at 24h post-transfection and separated by SDS-PAGE 

before protein visualisation using anti-HDAC6, anti-acetylated tubulin and anti-

tubulin antibodies. b) Quantification of ratio of acetylated to total tubulin in 

FLAG-HDAC6 transfected samples normalised to empty vector control (data 

shown as mean ± SD; One-way ANOVA with Fisher’s LSD test, * = P ≤ 0.05, **** 

= P ≤ 0.0001, N=4). c) HEK293 cells were transfected with either empty vector, 

FLAG-HDAC6-WT, S22A or S689A variants and fixed at 24h post-transfection 

before immunostaining using anti-FLAG and anti-acetylated tubulin antibodies 

and Hoechst. Scale bar, 20 μm. d) Quantification of acetylated tubulin intensity 

in FLAG-HDAC6 transfected samples normalised to empty vector control from 

three independent experiments (data shown as mean ± SEM; One-way ANOVA 

with Fisher’s LSD test, * = P ≤ 0.05, **** = P ≤ 0.0001; N (cells) = empty: 121; WT: 

130; S22A: 138; S689A: 139). Experiment performed in collaboration with K. 

Chinnaiya (University of Sheffield).Figure 5.7. LRRK2 kinase activity is required 
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5.2.4  Phosphorylation of HDAC6 regulates deacetylase activity 

Evidence from this chapter so far suggests that LRRK2 reduces tubulin acetylation 

via HDAC6 in a kinase-dependent manner (Figure 5.1 to Figure 5.5). In Chapter 3, 

LRRK2 was shown to phosphorylate HDAC6 at serine-22 and serine-689 in vitro and 

phosphorylation of HDAC6 serine-22 by LRRK2 was validated in cells using a 

phospho-specific antibody. Therefore, phosphorylation of HDAC6 serine-22 and 

serine-689 by LRRK2 may stimulate the deacetylase activity of HDAC6 to reduce 

tubulin acetylation. Phosphorylation of HDAC6 at serine-22 correlates with decreased 

tubulin acetylation in hippocampal neurons but a direct effect on HDAC6 deacetylase 

activity has not been shown (Chen et al., 2010). Furthermore, serine-689 is a novel 

HDAC6 phosphosite in the C-terminal deacetylase domain and its effects on HDAC6 

deacetylase activity are not known.  

To study the effects of phosphorylation at these sites on HDAC6 deacetylase activity, 

FLAG-HDAC6 wild-type, S22A or S689A phospho-mutant constructs described in 

Chapter 4 were expressed in HEK293 cells with transfection of empty vector as a 

control. The levels of tubulin acetylation were subsequently analysed by both western 

blot and immunofluorescence. For western blot analysis, cells were lysed 24 hours 

post-transfection and separated on SDS-PAGE before HDAC6, acetylated tubulin 

and total tubulin were detected on immunoblot (Figure 5.6a). Expression of wild-type 

FLAG-HDAC6 caused a marked ~60% reduction in tubulin acetylation compared to 

the empty vector control (Figure 5.6b). The FLAG-HDAC6-S22A phospho-mutant 

reduced tubulin acetylation by the same degree as wild-type HDAC6, indicating that 

preventing serine-22 phosphorylation had no effect on HDAC6 deacetylase activity. 

Cells expressing the FLAG-HDAC6-S689A phospho-mutant showed levels of tubulin 

acetylation around 10% higher than those expressing wild-type HDAC6 (Figure 5.6b). 

This indicates that preventing serine-689 phosphorylation reduces the deacetylase 

activity of HDAC6.  

For immunofluorescence analysis of tubulin acetylation, cells were fixed 24 hours 

post-transfection and immunostained with anti-FLAG and anti-acetylated tubulin 

antibodies (Figure 5.6c). Expression of wild-type FLAG-HDAC6 reduced levels of 

acetylation by ~40% compared to the empty vector control (Figure 5.6d). Cells 

expressing the FLAG-HDAC6-S22A phospho-mutant showed a ~35% reduction in 

tubulin acetylation compared to empty vector. Furthermore, cells expressing FLAG-

HDAC6-S689A caused a ~30% reduction in acetylation compared to empty vector, 
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indicating that the FLAG-HDAC6-S689A phospho-mutant is less active than wild-type 

HDAC6 (Figure 5.6d).  

The results from Figure 5.6 show that both the HDAC6 S22A and S689A phospho-

mutant proteins retain most of their tubulin deacetylase activity, therefore 

phosphorylation of these sites is not critical for HDAC6 function. The S22A phospho-

mutant showed comparable levels of tubulin acetylation to wild-type HDAC6 on 

western blot (Figure 5.6b) and a small increase in acetylation when quantified from 

immunofluorescence (Figure 5.6d), suggesting that phosphorylation of HDAC6 

serine-22 may have a minor effect on increasing HDAC6 deacetylase activity. The 

S689A phospho-mutant consistently showed a small increase in tubulin acetylation 

compared to wild-type HDAC6 when assessed by both western blot (Figure 5.6b) and 

immunofluorescence analysis (Figure 5.6d), suggesting that phosphorylation of 

HDAC6 serine-689 may act to stimulate HDAC6 deacetylase activity.  
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Figure 5.6 HDAC6 phosphorylation regulates deacetylase activity. a) HEK293 

cells were transfected with either empty vector, FLAG-HDAC6-WT, S22A or S689A 

variants. Cells were lysed at 24h post-transfection and separated by SDS-PAGE 

before protein visualisation using anti-HDAC6, anti-acetylated tubulin and anti-tubulin 

antibodies. b) Quantification of ratio of acetylated to total tubulin in FLAG-HDAC6 

transfected samples normalised to empty vector control (data shown as mean ± SD; 

One-way ANOVA with Fisher’s LSD test, * = P ≤ 0.05, **** = P ≤ 0.0001, N=4). c) 

HEK293 cells were transfected with either empty vector, FLAG-HDAC6-WT, S22A or 

S689A variants and fixed at 24h post-transfection before immunostaining using anti-

FLAG and anti-acetylated tubulin antibodies and Hoechst. Scale bar, 20 μm. d) 

Quantification of acetylated tubulin intensity in FLAG-HDAC6 transfected samples 

normalised to empty vector control from three independent experiments (data shown 

as mean ± SEM; One-way ANOVA with Fisher’s LSD test, * = P ≤ 0.05, **** = P ≤ 

0.0001; N (cells) = empty: 121; WT: 130; S22A: 138; S689A: 139). Experiment 

performed in collaboration with Dr K. Chinnaiya (University of Sheffield). 

 

Figure 5.248. Phosphorylation of HDAC6 at serine-689 alters tubulin binding. a) HEK293 cells were 

transfected with either empty vector, FLAG-HDAC6-WT, S22A, S689A or S22A-S689A variants. 

Cells were lysed at 24h post-transfection and immunoprecipitated using anti-FLAG antibody 

before separation by SDS-PAGE. Proteins were immunoblotted using anti-FLAG and anti-tubulin 

antibodies. b) Quantification of relative tubulin co-immunoprecipitation normalised to FLAG-
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5.2.5  Phosphorylation of HDAC6 alters binding to tubulin 

In cells, tubulin exists in α/ß heterodimers which polymerise into linear protofilaments 

to form tubular microtubule structures (Desai and Mitchison, 1997). HDAC6 binds to 

tubulin heterodimers at ß-tubulin via its deacetylase domains and deacetylates lysine-

40 of α-tubulin (Zhang et al., 2003). Inhibition of HDAC6 deacetylase activity 

increases the microtubule association of HDAC6, possibly through a conformational 

change which increases tubulin binding (Asthana et al., 2013). Phosphorylation of 

HDAC6 may therefore alter both its deacetylase activity (Figure 5.6) and affect its 

binding to tubulin. To investigate if HDAC6 phosphorylation at serine-22 or serine-

689 changes the propensity of HDAC6 to bind to tubulin, the serine to alanine 

phospho-mutants described in Section 5.2.4, FLAG-HDAC6-S22A and S689A, were 

expressed in HEK293 cells. Following lysis at 24 hours post-transfection, cells were 

lysed and FLAG-HDAC6 was immunoprecipitated using an anti-FLAG antibody. 

Proteins were separated on SDS-PAGE and FLAG-HDAC6 and co-

immunoprecipitated tubulin were detected on immunoblot. Endogenous tubulin co-

immunoprecipitated with FLAG-HDAC6 but not empty vector which reflected the 

interaction between these proteins (Figure 5.7a). Mutating serine-22 to alanine had 

no effect on tubulin binding compared to wild-type HDAC6, whereas mutating serine-

689 to alanine increased tubulin binding (Figure 5.7b).  

These results indicate that preventing phosphorylation of serine-689 in the HDAC6 

C-terminal deacetylase domain increases the interaction between HDAC6 and 

tubulin, whereas preventing serine-22 phosphorylation does not affect the interaction 

between HDAC6 and tubulin. Preventing phosphorylation of serine-689 was shown 

to increase tubulin acetylation which is indicative of reduced HDAC6 deacetylase 

activity (Figure 5.6). Therefore, these results are in agreement with increased tubulin 

binding after HDAC6 inhibition (Asthana et al., 2013). Furthermore, these results 

suggest that phosphorylation of HDAC6 at serine-689 may both increase HDAC6 

deacetylase activity and decrease HDAC6-tubulin binding, potentially increasing the 

rate at which HDAC6 can move along microtubules to deacetylate tubulin.  
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Figure 5.7. Phosphorylation of HDAC6 at serine-689 alters tubulin 

binding. a) HEK293 cells were transfected with either empty vector, FLAG-

HDAC6-WT, S22A, S689A or S22A-S689A variants. Cells were lysed at 24h 

post-transfection and immunoprecipitated using anti-FLAG antibody before 

separation by SDS-PAGE. Proteins were immunoblotted using anti-FLAG 

and anti-tubulin antibodies. b) Quantification of relative tubulin co-

immunoprecipitation (ratio of tubulin Co-IP to HDAC6 IP) normalised to 

FLAG-HDAC6-WT from four independent experiments (data shown as mean 

± SEM; One-way ANOVA with Fisher’s LSD test, ns = non-significant, * = P 

≤ 0.05; N=4). 

 

 

Figure 5.490. Pathogenic LRRK2 mutations do not disrupt tubulin acetylation. 

a) HEK293 cells were transfected with either empty vector, Myc-LRRK2-

WT, R1441C, Y1699C or G2019S constructs. Cells were fixed at 24h 

post-transfection and immunostained with anti-LRRK2 and anti-

acetylated tubulin antibodies and Hoechst. Scale bar, 10 μm. b) 

Quantification of acetylated tubulin intensity normalised to empty 

vector control (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, ns = non-significant, ** = P ≤ 0.01, **** = P ≤ 0.0001; N 

(cells) = empty: 72; WT: 50; R1441C: 61; Y1699C: 52; G2019S: 

170).Figure 5.491. Phosphorylation of HDAC6 at serine-689 alters 

tubulin binding. a) HEK293 cells were transfected with either empty vector, 

FLAG-HDAC6-WT, S22A, S689A or S22A-S689A variants. Cells were lysed 

at 24h post-transfection and immunoprecipitated using anti-FLAG antibody 

before separation by SDS-PAGE. Proteins were immunoblotted using anti-

FLAG and anti-tubulin antibodies. b) Quantification of relative tubulin co-

immunoprecipitation normalised to FLAG-HDAC6-WT (data shown as mean 

± SEM; One-way ANOVA with Fisher’s LSD test, ns = non-significant, * = P 

≤ 0.05; N=4). 
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5.2.6  Pathogenic LRRK2 mutations do not disrupt tubulin acetylation 

Evidence from this chapter suggests that LRRK2 plays a role in the regulation of 

tubulin acetylation and this may occur via phosphorylation of HDAC6. PD-associated 

mutations in LRRK2 alter its GTPase and kinase activity and therefore may alter this 

function of LRRK2. The pathogenic LRRK2 mutations R1441C and Y1699C in the 

Roc-COR tandem domain abnormally associate with deacetylated microtubules to 

form filamentous structures (Godena et al., 2014). The microtubule localisation of 

these filamentous mutant LRRK2 structures has recently been shown to require GTP 

binding (Blanca Ramírez et al., 2017). Importantly, this abnormal LRRK2 phenotype 

can be reversed by increasing microtubule acetylation, suggesting that dysregulated 

microtubule acetylation may be implicated in pathogenesis (Godena et al., 2014). 

Furthermore, sporadic and LRRK2 G2019S patients show reduced levels of tubulin 

acetylation compared to healthy controls in peripheral blood mononuclear cells 

(Esteves et al., 2015). Pathogenic LRRK2 mutations may therefore disrupt the role of 

LRRK2 in regulation of tubulin acetylation. 

To investigate the effects of pathogenic LRRK2 mutations on levels of tubulin 

acetylation, Myc-LRRK2 wild-type, R1441C, Y1699C or G2019S constructs were 

expressed in HEK293 cells. Following fixation at 24 hours post-transfection, cells 

were immunostained with anti-Myc and anti-acetylated tubulin antibodies and levels 

of tubulin acetylation were quantified (Figure 5.8). Consistent with previous results, 

expression of wild-type Myc-LRRK2 reduced tubulin acetylation by ~20% compared 

to the empty vector control (Figure 5.8b). The R1441C, Y1699C and G2019S mutants 

decreased tubulin acetylation to levels comparable with those for wild-type LRRK2. 

These results therefore indicate that pathogenic LRRK2 mutations do not alter the 

role of LRRK2 in decreasing tubulin acetylation in this assay. 
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Figure 5.8. Pathogenic LRRK2 mutations do not disrupt tubulin acetylation. a) 

HEK293 cells were transfected with either empty vector, Myc-LRRK2-WT, R1441C, 

Y1699C or G2019S constructs. Cells were fixed at 24h post-transfection and 

immunostained with anti-LRRK2 and anti-acetylated tubulin antibodies and Hoechst. 

Scale bar, 10 μm. b) Quantification of acetylated tubulin intensity normalised to empty 

vector control from two (empty, WT, R1441C, Y1699C) or three (G2019S) 

independent experiments (data shown as mean ± SEM; One-way ANOVA with 

Fisher’s LSD test, ns = non-significant, ** = P ≤ 0.01, **** = P ≤ 0.0001; N (cells) = 

empty: 72; WT: 50; R1441C: 61; Y1699C: 52; G2019S: 170). 
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5.3   Discussion 

In this chapter the role of LRRK2 in regulating tubulin acetylation was investigated. 

First, knockdown of LRRK2 in HEK293 cells was shown to increase tubulin 

acetylation and LRRK2 expression rescued this increase in acetylation (Figure 5.1). 

This is consistent with evidence from LRRK2-knockout mouse embryonic fibroblasts 

which show higher levels of tubulin acetylation compared to fibroblasts from wild-type 

littermates (Law et al., 2014). The ability of LRRK2 to decrease tubulin acetylation 

was shown to be HDAC6-dependent, providing evidence that LRRK2 acts via HDAC6 

to deacetylate tubulin (Figure 5.2). These results suggested that LRRK2 stimulates 

the deacetylase activity of HDAC6 to reduce tubulin acetylation. In support of this, 

LRRK2 was found to increase HDAC6 deacetylase activity in vitro (Figure 5.3).  

Phosphorylation of HDAC6 regulates its deacetylase activity (Deribe et al., 2009; 

Chen et al., 2010; Williams et al., 2013). The ability of LRRK2 to decrease tubulin 

acetylation in cells required functional LRRK2 kinase activity and was disrupted by 

LRRK2 kinase inhibitors and kinase-dead mutations (Figure 5.4 and Figure 5.5). 

These results therefore suggested that LRRK2 may phosphorylate HDAC6 to 

stimulate its deacetylase activity. As shown in Chapter 3, LRRK2 phosphorylated 

HDAC6 both in vitro and in cells. Mass spectrometry analysis showed that HDAC6 

was phosphorylated by LRRK2 at serine-22 and serine-689 in vitro. Phosphorylation 

of HDAC6 at serine-22 correlates with a reduction in tubulin acetylation in 

hippocampal neurons, suggesting that serine-22 phosphorylation increases HDAC6 

deacetylase activity (Chen et al., 2010). However, expression of HDAC6 with 

serine-22 mutated to prevent phosphorylation did not show consistent differences in 

deacetylase activity compared to wild-type HDAC6, indicating that serine-22 

phosphorylation does not significantly regulate the activity of overexpressed HDAC6 

in HEK293 cells (Figure 5.6). Serine-689 is a novel phosphosite situated in the C-

terminal deacetylase domain of HDAC6 which provides the majority of its deacetylase 

activity (Haggarty et al., 2003). Evidence shows that phosphorylation of another 

residue in the HD2 domain, tyrosine-570, inhibits HDAC6 deacetylase activity (Deribe 

et al., 2009). Expression of an HDAC6 serine-689 phospho-mutant showed a small 

decrease in deacetylase activity compared to wild-type HDAC6, suggesting that 

whilst not crucial for HDAC6 function, phosphorylation of serine-689 stimulates 

HDAC6 deacetylase activity (Figure 5.6).  

Inhibition of HDAC6 activity increases the microtubule association of HDAC6 through 

increased binding to tubulin (Asthana et al., 2013). Consistent with this, mutating 



138 
 

HDAC6 serine-689 to prevent phosphorylation increased the interaction between 

HDAC6 and tubulin (Figure 5.7). Increased binding of HDAC6 to tubulin caused by 

HDAC6 inhibition reduces microtubule dynamics and increases microtubule stability, 

possibly by HDAC6 acting as a MAP independent of its deacetylase function 

(Zilberman et al., 2009; Asthana et al., 2013). Recent studies show that acetylation 

increases microtubule flexibility and resilience to mechanical stress and acts as a 

marker of stability (Portran et al., 2017; Xu et al., 2017). The results from Figure 5.6 

and Figure 5.7 suggest that phosphorylation of HDAC6 at serine-689 may stimulate 

HDAC6 deacetylase activity to reduce tubulin acetylation as well as reducing the 

binding of HDAC6 to tubulin, both of which could promote the dynamic instability of 

microtubules.  

Whilst phosphorylation of HDAC6 serine-689 by LRRK2 requires validation in cell 

models, the results in this chapter suggest a model whereby wild-type LRRK2 may 

phosphorylate HDAC6 at serine-689 to reduce tubulin acetylation via stimulation of 

HDAC6 deacetylase activity. In addition, LRRK2-mediated phosphorylation of serine-

689 may reduce the binding of HDAC6 to tubulin. Therefore, LRRK2 may promote 

increased microtubule dynamics and instability through phosphorylation of HDAC6 

serine-689. This is consistent with studies which show that LRRK2 knockdown 

increases neurite branching, a process which is linked to microtubule stability 

(MacLeod et al., 2006; Parisiadou et al., 2009, Song et al., 2013). 

Lastly, the effects of PD-associated LRRK2 mutations on the regulation of tubulin 

acetylation by LRRK2 were investigated to identify if this mechanism is disrupted in 

disease. The R1441C and Y1699C LRRK2 mutants abnormally associate with 

deacetylated microtubules and lead to defects in mitochondrial transport, possibly 

through dysregulation of microtubule acetylation (Godena et al., 2014). However, 

LRRK2 R1441C did not alter HDAC6 deacetylase activity compared to wild-type 

LRRK2 in vitro and cells overexpressing LRRK2 R1441C and Y1699C showed no 

changes in tubulin acetylation compared to cells overexpressing wild-type LRRK2 

(Figure 5.3 and Figure 5.8). Therefore, these results suggest that LRRK2 R1441C 

and Y1699C mutations do not directly affect the level of microtubule acetylation. In 

Chapter 3, LRRK2 Y1699C was shown to increase binding to HDAC6 (Figure 3.5). 

The R1441C mutation increases binding of LRRK2 to tubulin (Law et al., 2014). 

Therefore, LRRK2 R1441C and Y1699C may disrupt microtubule-dependent 

processes through increased binding to HDAC6 and tubulin at the microtubule 

surface rather than by directly affecting HDAC6 deacetylase activity.  



139 
 

LRRK2 G2019S disrupts neurite outgrowth, growth cone dynamics and cortical 

branching which suggests it alters microtubule stability (MacLeod et al., 2006; 

Parisiadou et al., 2009; Winner et al., 2011; Law et al., 2014). These effects could be 

attributed to alterations in microtubule acetylation by LRRK2 G2019S. In the context 

of the results shown in this chapter, increased LRRK2 kinase activity caused by the 

G2019S mutation might be predicted to elevate phosphorylation of HDAC6 and 

further stimulate deacetylase activity, thereby reducing tubulin acetylation to a greater 

level than wild-type LRRK2. Indeed, peripheral cells from sporadic and G2019S PD 

patients show reduced tubulin acetylation compared to control individuals (Esteves et 

al., 2015). However, LRRK2 G2019S did not increase HDAC6 activity compared to 

wild-type LRRK2 in vitro and expression of LRRK2 G2019S causes a decrease in 

tubulin acetylation comparable to wild-type LRRK2 (Figure 5.3 and Figure 5.8). 

Therefore, the effects of LRRK2 G2019S on microtubule acetylation require further 

investigation to determine if this is a mechanism altered in disease. 
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6     Discussion 

 

6.1   LRRK2 regulates HDAC6 function 

Mutations in LRRK2 are the most common familial genetic cause of PD (Li et al., 

2014). All confirmed pathogenic mutations cluster within the GTPase and kinase 

domain catalytic core of LRRK2, either decreasing GTPase activity or increasing 

kinase activity (Gilsbach and Kortholt, 2014). This indicates that the catalytic functions 

of LRRK2 are central to its role in disease. LRRK2-associated PD shares many 

symptomatic and pathological characteristics to sporadic PD, therefore 

understanding LRRK2 biology is important to gain insight into universal mechanisms 

of pathogenesis in PD (Li et al., 2014). HDAC6 has been implicated in a range of 

neurodegenerative diseases including PD through its central role in aggresome 

formation, autophagy and microtubule acetylation (Simões-Pires et al., 2013). 

HDAC6 is a component of aggresome-like Lewy bodies found in PD brains where it 

is proposed to represent a cytoprotective response to α-synuclein aggregation 

(Kawaguchi et al., 2003; Du et al., 2010; Su et al., 2011). The roles of HDAC6 in 

aggresome formation utilises its ubiquitin-binding capacity. However, inhibition of 

HDAC6 deacetylase activity has shown therapeutic benefit in some models of PD, 

suggesting that its deacetylase activity also plays a role in disease (Godena et al., 

2014; Pinho et al., 2016).  

The aim of this thesis was to characterise a novel interaction between LRRK2 and 

HDAC6 and investigate the role of LRRK2 in HDAC6-mediated aggresome formation 

and tubulin deacetylation. In Chapter 3, HDAC6 was shown to be a direct interactor 

and phosphorylation substrate of LRRK2, providing an indication that LRRK2 

regulates the activity and function of HDAC6. LRRK2 phosphorylated HDAC6 at 

serine-22, a site previously linked to the regulation of HDAC6 deacetylase activity 

(Chen et al., 2010), and the novel phosphosite serine-689 in the second HDAC6 

deacetylase domain (Figure 3.7). The location of these phosphosites in sites 

associated with HDAC6 deacetylase activity suggested that LRRK2 may be a 

regulator of HDAC6 function. 

HDAC6 is a crucial co-ordinator of the misfolded protein response through its 

ubiquitin-binding capacity and HDAC6 is required for aggresome formation of 

polyubiquitinated proteins (Kawaguchi et al., 2003; Ouyang et al., 2012). Section 4    

therefore investigated the role of LRRK2 in HDAC6-mediated aggresome formation. 
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Knockdown of endogenous LRRK2 using siRNA was shown to disrupt the formation 

of GFP-CFTR-ΔF508 aggresomes but not GFP-250 aggresomes in HEK293 cells 

(Figure 4.3). This was consistent with the role of HDAC6 in the formation of poly-

ubiquitinated aggresomes but not ubiquitin-independent aggresomes (Kawaguchi et 

al., 2003) and indicates that LRRK2 may act upstream of HDAC6 in this pathway. The 

GFP-CFTR-ΔF508 aggresome formation defect after LRRK2 knockdown was 

rescued by expression of LRRK2 wild-type but not the D1994A kinase-dead mutant, 

showing that LRRK2 kinase activity was required for its role in promoting GFP-CFTR-

ΔF508 aggresome formation (Figure 4.4). Furthermore, phosphorylation of HDAC6 

serine-22 was crucial for the ability of HDAC6 to rescue GFP-CFTR-ΔF508 

aggresome formation after LRRK2 knockdown (Figure 4.6). Together, these data 

indicate that LRRK2-mediated phosphorylation of HDAC6 at serine-22 as described 

in Chapter 3 is a critical step in the formation of polyubiquitinated aggresomes. 

HDAC6 serine-22 phosphorylation appeared to regulate the microtubule-based 

transport of ubiquitinated protein to the aggresome but not the recognition of HDAC6 

to its ubiquitinated cargo (Figure 4.6). A potential mechanism for this could be via 

LRRK2 phosphorylation of HDAC6 serine-22 stimulating the interaction between 

HDAC6 and cytoplasmic dynein to promote the dynein-mediated transport of 

ubiquitinated protein towards the aggresome. This model is summarised in Figure 

6.1A.  

A previous study found that LRRK2 overexpression causes cytoplasmic accumulation 

of a marker of endogenous ubiquitinated aggregates after proteasomal inhibition in 

SH-SY5Y cells, suggesting that LRRK2 acts to disrupt endogenous protein 

aggresome formation (Bang et al., 2016). Interestingly, this effect was not seen in 

HEK293 cells, indicating that there may be differences in the aggresome response 

between neuronal and non-neuronal cell types (Bang et al., 2016). However, non-

transgenic mice exposed to a proteasome inhibitor did not show significant 

accumulation of aggregated protein in the brain compared to transgenic mice 

expressing LRRK2 G2019S (Bang et al., 2016). This suggests that wild-type LRRK2 

overexpression in SH-SY5Y cells may mimic a kinase gain of function in the same 

manner as LRRK2 G2019S and contribute to a protein accumulation phenotype, 

thereby highlighting a potential limitation of such an overexpression model in vitro 

(Bang et al., 2016).  

In addition to its role in polyubiquitinated aggresome formation, HDAC6 is a major 

cytoplasmic α-tubulin deacetylase (Hubbert et al., 2002). The role of LRRK2 in the 

regulation of tubulin acetylation via HDAC6 was therefore investigated in Chapter 5. 
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Knockdown of LRRK2 with targeted siRNA increased tubulin acetylation and 

expression of LRRK2 decreased acetylation in a kinase and HDAC6-dependent 

manner, suggesting that LRRK2 reduces tubulin acetylation via stimulation of HDAC6 

deacetylase activity (Figure 5.1 to Figure 5.5). In support of this, LRRK2 was shown 

to increase the deacetylase activity of HDAC6 in vitro (Figure 5.3). Furthermore, 

LRRK2 phosphorylated HDAC6 at serine-689 in the second deacetylase domain of 

HDAC6 in vitro (Figure 3.7), and phosphorylation of serine-689 was associated with 

reduced tubulin acetylation and binding of HDAC6 to tubulin in cells (Figure 5.6 and 

Figure 5.7). This indicates that serine-689 phosphorylation stimulates the tubulin 

deacetylase function of HDAC6. Therefore, these results suggest that LRRK2-

mediated phosphorylation of HDAC6 serine-689 increases the deacetylase activity of 

HDAC6 to reduce α-tubulin acetylation (Figure 6.1B).  

As well as α-tubulin, HDAC6 deacetylates other substrates to regulate cellular 

pathways such as protein chaperoning and autophagy (Li Yingxiu et al., 2013). 

HDAC6-mediated deacetylation of cortactin is required to recruit the F-actin network 

in autophagosome-lysosome fusion during autophagic maturation, and HDAC6 

deficiency leads to failure of autophagic degradation, accumulation of aggregated 

protein and neurodegeneration (Lee et al., 2010a). HDAC6-mediated deacetylation 

of Hsp90 is required for activation of its protein chaperone activity (Kovacs et al., 

2005). Hsp90 preferentially binds to unstable proteins and is a key regulator of the 

fate of misfolded proteins such as CFTR-ΔF508 by aiding their refolding or 

ubiquitination and degradation (Schneider et al., 1996; Fuller and Cuthbert, 2000; 

Wang et al., 2006; Lindberg et al., 2015). Hsp90 also regulates the stability of a wide 

range of protein kinases including LRRK2 to regulate cellular signalling pathways 

(Wang et al., 2008; Schopf et al., 2017). Whilst not a focus of this thesis, it is therefore 

possible that LRRK2-mediated phosphorylation of HDAC6 may influence the 

deacetylation of cortactin to regulate autophagosome-lysosome fusion (Figure 6.1C) 

and Hsp90 to regulate chaperone activity protein stability, perhaps even acting in a 

feedback loop for regulation of LRRK2 protein levels (Figure 6.1D). 
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Figure 6.1. Model for the possible pathways regulated by LRRK2 

phosphorylation of HDAC6. A) Ubiquitinated misfolded protein which exceeds the 

degradation capacity of the proteasome is recognised by HDAC6 via its ubiquitin-

binding ZnF-UBP domain. LRRK2 phosphorylates HDAC6 at serine-22 which allows 

HDAC6 to bind to dynein via its dynein-binding (DMB) domain and transport misfolded 

protein in a retrograde direction towards the MTOC to form an aggresome surrounded 

by a vimentin cage. B) LRRK2 phosphorylation of HDAC6 serine-689 stimulates 

HDAC6 deacetylase activity to deacetylate α-tubulin either as free tubulin dimers in 

the cytoplasm or as part of polymerised microtubules, altering microtubule dynamics. 

C) LRRK2 phosphorylation of HDAC6 may stimulate the deacetylation of cortactin to 

promote F-actin polymerisation and autophagosome-lysosome fusion in autophagy. 

D) LRRK2 phosphorylation of HDAC6 may stimulate the deacetylation of Hsp90 to 

activate its chaperone activity and regulation of misfolded protein stability and 

degradation. 

 

Figure 6.2. Possible pathways regulated by LRRK2 phosphorylation of HDAC6. 

A) Ubiquitinated misfolded protein which exceeds the degradation capacity of the 

proteasome is recognised by HDAC6 via its ubiquitin-binding ZnF-UBP domain. 

LRRK2 phosphorylates HDAC6 at serine-22 which allows HDAC6 to bind to dynein 

via its dynein-binding (DMB) domain and transport misfolded protein in a retrograde 

direction towards the MTOC to form an aggresome surrounded by a vimentin cage. 

B) LRRK2 phosphorylation of HDAC6 serine-689 stimulates HDAC6 deacetylase 

activity to deacetylate α-tubulin either as free tubulin dimers in the cytoplasm or as 

part of polymerised microtubules, altering microtubule dynamics. C) LRRK2 

phosphorylation of HDAC6 may stimulate the deacetylation of cortactin to promote F-
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6.1.1  Effects of PD-associated LRRK2 mutations on HDAC6 function 

The role of LRRK2 in HDAC6-mediated aggresome formation and tubulin 

deacetylation described in this thesis provides potential mechanisms by which 

pathogenic PD-associated LRRK2 mutations might manifest cytotoxicity. In Chapter 

5, expression of pathogenic LRRK2 mutants reduced levels of tubulin acetylation 

comparable to wild-type LRRK2 (Figure 5.8). These results therefore indicated that 

PD-associated mutations in LRRK2 did not disrupt its function as a regulator of tubulin 

acetylation via HDAC6. However, in Chapter 4 LRRK2-mediated aggresome 

formation was shown to be disrupted by the PD-associated G2019S LRRK2 mutation. 

LRRK2 G2019S was not able to support the aggresome formation of ubiquitinated 

protein to the same level as wild-type LRRK2 (Figure 4.7). As aggresomes are 

considered a cytoprotective response to aggregated protein, this result indicated that 

disruption of the normal function of LRRK2 in aggresome formation could be a 

pathogenic mechanism in disease. LRRK2 G2019S increases cytoplasmic 

ubiquitinated aggregates in the brains of transgenic mice after proteasomal inhibition 

compared to non-transgenic controls (Bang et al., 2016). Furthermore, iPSC-derived 

neurons from LRRK2 G2019S patients show increased cytoskeletal-associated 

aggregate formation compared to unaffected controls (Schwab and Ebert, 2015). 

Therefore, LRRK2 G2019S may disrupt normal processing of aggregated protein 

along the aggresome pathway. 

In the context of the model proposed here (Figure 6.1), if elevated LRRK2 kinase 

activity due to the G2019S mutation increases phosphorylation of HDAC6 at serine-

22 this may promote excessive binding between HDAC6 and cytoplasmic dynein. A 

possible mechanism for how this could disrupt normal aggresome formation is 

through constitutive activation of aggregate transport along an incomplete 

microtubule network, leading to protein aggregation in cytoplasmic regions other than 

the perinuclear aggresome. However, the presence of acetylated microtubules in 

cells expressing LRRK2 G2019S suggests that the microtubule network remains 

intact and able to support transport (Figure 5.8). Alternatively, excessive binding 

between HDAC6 and cytoplasmic dynein could sequester HDAC6 in a dynein-bound 

complex could prevent the deacetylation of cellular substrates such as α-tubulin, 

cortactin and Hsp90. Proteasomal inhibition, as with proteasomal dysfunction in PD, 

causes accumulation of ubiquitinated protein aggregates and recruits HDAC6 to 

promote the aggresome response (Su et al., 2011). Therefore, in disease 

proteasomal stress may reduce the availability of HDAC6 for deacetylation of its other 
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cellular substrates and this may be exacerbated by LRRK2 G2019S-mediated 

stimulation of HDAC6 binding to cytoplasmic dynein.  

Reduced HDAC6 deacetylation of cortactin due to mutant LRRK2-induced 

sequestration of HDAC6 in a dynein-bound complex could inhibit autophagosome-

lysosome fusion during autophagy. Indeed, LRRK2 G2019S has been shown to 

cause an accumulation of autophagic vacuoles in multiple models as described in 

Chapter 1 which is indicative of failed autophagic clearance (Ramonet et al., 2011; 

Arduíno et al., 2012; Sánchez-Danés et al., 2012). Furthermore, LRRK2 G2019S 

reduces autophagic flux whereas wild-type LRRK2 increases it (Saha et al., 2015). 

This is consistent with a possible model where wild-type LRRK2 stimulates HDAC6 

deacetylation of cortactin for autophagosome-lysosome fusion, whereas excessive 

HDAC6 phosphorylation by LRRK2 G2019S sequesters HDAC6 in a dynein-bound 

complex to reduce cortactin deacetylation.  

Reduced HDAC6 deacetylation of Hsp90 could inhibit its chaperone function 

(Scroggins et al., 2007; Mollapour and Neckers, 2012). Hsp90 binds to monomeric α-

synuclein and promotes fibril formation in an ATP-dependent manner to prevent the 

accumulation of toxic α-synuclein oligomers in PD, suggesting that Hsp90 chaperone 

activity is neuroprotective (Falsone et al., 2009). Conversely, mutant LRRK2 may 

increase HDAC6 phosphorylation to further stimulate Hsp90 deacetylation. HDAC6 

deacetylation of Hsp90 promotes the accumulation of abnormal tau by increasing the 

binding affinity of the Hsp90 chaperone complex to tau to block its degradation, and 

suggests that Hsp90 chaperone activity requires tight regulation (Cook et al., 2012). 

Furthermore, active Hsp90 regulates the stability of LRRK2 and Hsp90 inhibitors have 

been shown to rescue the LRRK2 G2019S-induced neuronal toxicity by increasing 

LRRK2 proteasomal degradation (Wang et al., 2008). This raises the possibility that 

mutant LRRK2 causes Hsp90 hypoacetylation to increase the stability of LRRK2 in a 

positive feedback loop, possibly through increased HDAC6 phosphorylation and 

Hsp90 deacetylation. Therefore, dysregulated Hsp90 deacetylation due to either 

mutant LRRK2-induced HDAC6 sequestration or HDAC6 overactivation may impact 

the chaperone function of Hsp90 and drive pathogenicity. 
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6.2   Aggresome formation in PD 

The data in this thesis provides evidence that wild-type LRRK2 phosphorylates 

HDAC6 at serine-22 to promote the formation of ubiquitinated aggresomes after 

proteasome dysfunction. Aggresome formation can be induced in cell models through 

proteasomal inhibition, and similarly proteasome dysfunction is a feature of PD 

(McNaught et al., 2006; Lim, 2007). The PD-associated aggregating protein α-

synuclein is a substrate of the proteasome and toxic α-synuclein oligomers inhibit 

proteasome function (Snyder et al., 2003; Lindersson et al., 2004; Zondler et al., 

2017). Lewy bodies contain components of the 20S proteasome bound to filamentous 

α-synuclein and act to sequester these toxic α-synuclein oligomers (Cook and 

Petrucelli, 2009). Hence, Lewy bodies may represent an aggresome-like protective 

response to misfolded protein in affected neurons (Olanow et al., 2004; Olzmann et 

al., 2008; Wakabayashi et al., 2013). In support of this, post-mortem SNpc neurons 

containing Lewy bodies often show reduced apoptosis compared to surrounding 

neurons without Lewy body formation, and the presence of Lewy bodies is not 

unusual in individuals without any symptoms of PD (Forno, 1996; Tompkins and Hill, 

1997).  

The morphological and biochemical similarities between aggresomes and Lewy 

bodies suggests a functional overlap in their biogenesis. Lewy bodies consist of 

densely-packed α-synuclein and strongly stain for ubiquitin which shows an 

accumulation of ubiquitinated protein (Tofaris et al., 2003). Additionally, Lewy bodies 

show high levels of intermediate filament proteins such as neurofilaments, similar to 

the localisation of the intermediate filament vimentin at non-neuronal aggresomes, as 

well as the centrosome components γ-tubulin and pericentrin (Trojanowski and Lee, 

1998; Johnston et al., 1998; McNaught et al., 2002).  Lewy bodies therefore appear 

to be formed in a mechanism like that of aggresomes.  

Unlike aggresomes, not all Lewy bodies are juxtanuclear and are often present in 

multiple locations within the neuronal cytoplasm (Wakabayashi et al., 2007). 

However, neurons show differences in microtubule organisation compared to non-

neuronal mitotic cells, with increased katanin-induced microtubule severing from the 

centrosome combined with ninein-mediated microtubule recapture at multiple 

cytoplasmic anchoring points resulting in a non-centrosome-focused microtubule 

distribution (Ahmad et al., 1999; Baird et al., 2004). This may result in aggregate 

transport to locations other than the neuronal centrosome and account for the 
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differential distribution of Lewy bodies in contrast to juxtanuclear non-neuronal 

aggresomes.  

Importantly, both LRRK2 and HDAC6 are components of Lewy bodies in PD 

(Kawaguchi et al., 2003; Guerreiro et al., 2013). The data presented in this thesis 

shows that, like Lewy bodies, LRRK2 and HDAC6 are present in aggresomes and 

furthermore act in a common pathway for aggresome formation. In view of the 

similarities between aggresomes and Lewy bodies described here, this raises the 

possibility that LRRK2 may phosphorylate HDAC6 at serine-22 to promote the 

transport of toxic α-synuclein aggregates to form Lewy bodies, and disruption of this 

process by LRRK2 mutations may contribute to pathogenesis in PD. 

6.2.1  PD genes associated with the aggresome response 

In addition to LRRK2, many other PD-associated genes are implicated in the 

aggresome response to misfolded protein. α-synuclein is the primary toxic protein 

species in degenerating DA neurons, and familial PD-associated α-synuclein 

mutations such as A30P, E46K, H50Q, G51D and A53T promote the formation of 

oligomers and may hasten the aggresome response to mitigate their cytotoxicity 

(Burré et al., 2015). Interestingly, whilst these different mutations all show similar 

propensities to form oligomers, their abilities to aggregate and form inclusions in cells 

vary, with the A30P mutant showing decreased inclusion formation and the E46K 

mutant showing increased inclusion formation (Lázaro et al., 2014). This correlates 

with the recent finding that the E46K mutant shows the highest neuronal toxicity, 

whereas A30P is less toxic and instead disrupts the membrane association of α-

synuclein in a different mechanism of pathogenicity (Íñigo-Marco et al., 2017). 

Therefore, evidence suggests that the cell responds to α-synuclein toxicity by 

invoking the formation of inclusions, with PD-associated mutations in α-synuclein 

altering the load of toxic cargo to be sequestered.  

The α-synuclein-associated protein synphilin-1 is also present in Lewy bodies and 

plays a neuroprotective role by promoting inclusion formation (Engelender et al., 

1999; Tanaka et al., 2004). Synphilin-1 enhances aggresome formation and 

attenuates neurodegeneration in a transgenic α-synuclein mouse model of PD (Smith 

et al., 2010). An R621C mutation in synphilin-1 which reduce its ability to form 

inclusions has been identified in PD patients, suggesting that this mutation increases 

the sensitivity of neurons to toxic insults by reducing the aggresome response (Marx 

et al., 2003). Recently, synphilin-1 has been shown to bind to LRRK2, reduce its 
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kinase activity and promote the formation of inclusions containing LRRK2 (Liu et al., 

2016). Expression of synphilin-1 attenuates the toxicity of LRRK2 G2019S and 

reduces DA neuron degeneration and locomotor deficits in transgenic Drosophila, 

with these effects proposed to result from a Synphilin-1-mediated reduction in 

elevated LRRK2 G2019S kinase activity. Therefore, there is a clear interplay between 

LRRK2 and synphilin-1 in the formation of aggresome-like inclusions in PD.  

Synphilin-1 is ubiquitinated by Parkin, a further familial PD gene, to promote the 

formation of ubiquitinated inclusions (Chung et al., 2001). Functional parkin is a 

component of Lewy bodies in both sporadic and familial PD as well as DLB 

(Schlossmacher et al., 2002). PD-associated mutations in Parkin disrupt synphilin-1 

ubiquitination and prevent inclusion formation, suggesting that Parkin is required for 

Lewy body formation. This is observed in parkin PD patients which show a 

pathological absence of Lewy bodies (Mori et al., 1998). As described in Chapter 1, 

HDAC6 is a target of Parkin regulation to promote ubiquitinated aggresome formation 

(Olzmann and Chin, 2008). This occurs via parkin-mediated ubiquitination of DJ-1 

which is subsequently recruited to cytoplasmic dynein by HDAC6 and transported to 

the aggresome (Olzmann et al., 2007). Mutations in DJ-1 which induce protein 

misfolding and aggregation cause autosomal recessive familial PD (Olzmann et al., 

2004). Closely-linked to Parkin in the mitophagy pathway is PINK1, which 

phosphorylates parkin to recruit it to damaged mitochondria (reviewed by Narendra 

et al., 2012). PINK1 is also a component of Lewy bodies in PD brains and localises 

to aggresomes after proteasomal inhibition in cell models (Muqit et al., 2006). PINK1 

acts as a sensor of proteasomal dysfunction and phosphorylates p62/SQSTM1 to 

increase the transport of ubiquitinated proteins to the aggresome (Gao et al., 2016). 

Altogether, the interactions between many different familial PD-associated genes 

such as α-synuclein, Parkin, DJ-1, PINK1 and LRRK2 in the aggresome formation 

pathway, either as misfolded substrates or regulators of the cellular response, 

provides strong evidence that this pathway is a key mechanism in the pathogenesis 

of PD. Furthermore, the established links of HDAC6 to the regulation of aggresome 

formation implicates that dysregulation of HDAC6 function by mutant LRRK2 may be 

a possible therapeutic target for the treatment of PD.  
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6.2.2  Consequences for the treatment of PD 

As described in this thesis, LRRK2-mediated phosphorylation of HDAC6 at serine-22 

is proposed to regulate the formation of ubiquitinated aggresomes. An inability to fully 

support normal aggresome formation by LRRK2 G2019S as shown in Chapter 4 

suggested that this mutation might dysregulate the role of HDAC6 in promoting 

aggregate transport to the aggresome and this may be caused by elevated LRRK2 

kinase activity (discussed in Section 4.3). Excessive kinase activity of PD-associated 

LRRK2 mutations has a pathogenic effect in multiple cellular functions such as 

autophagy, Rab-associated vesicle trafficking and microtubule dynamics (described 

in Chapter 1). Targeting elevated LRRK2 kinase activity may therefore show a 

beneficial effect in restoring ubiquitinated aggresome formation and preventing 

cytoplasmic protein aggregation.  

Small molecule inhibitors of LRRK2 kinase activity are currently in various stages of 

development and evaluation in animal models of PD (West, 2017).  As LRRK2 kinase 

inhibitors with high specificity and bioavailability have only recently become available, 

much of the research into the effects of LRRK2 inhibition has so far come from 

knockout animal models where total LRRK2 protein levels are reduced or ablated 

entirely. LRRK2 knockout mouse and rat models show some neuroprotection from α-

synuclein overexpression with reduced neurodegeneration and neuroinflammation 

(Lin et al., 2009; Daher et al., 2014), although others show little to no effect (Andres-

Mateos et al., 2009; Daher et al., 2012). In addition, evidence of  changes to kidney 

and lung function, the tissues with highest LRRK2 expression, provide additional 

safety concerns for complete LRRK2 inhibition (Herzig et al., 2011; Boddu et al., 

2015). The latest generation of LRRK2 kinase inhibitors including MLi-2 and PFE360 

show improved selectivity and brain permeability, reducing off-target effects and 

improving bioavailability, however have yet to show consistent effects on reducing 

neurodegeneration (Daher et al., 2015; Fell et al., 2015). 

An important observation from the data in this thesis is that total ablation of LRRK2 

kinase activity in the kinase-dead mutant prevented all ubiquitinated aggresome 

formation, therefore in the context of a neuroprotective model for Lewy body formation 

complete LRRK2 kinase inhibition might be predicted to increase cytotoxicity rather 

than reduce it. This suggests that targeting the elevated kinase activity of pathogenic 

LRRK2 mutants to return the balance of LRRK2 kinase activity to wild-type levels may 

be desirable to normalise LRRK2 function whilst preventing potentially cytotoxic 

disruption of its function. Targeting this therapeutic window would also hopefully 



150 
 

minimise the unwanted effects of total LRRK2 inhibition in peripheral tissue such as 

in lung and kidney (West, 2017). 

As discussed in Chapter 1, the targeting of HDAC6 with deacetylase inhibitors has 

shown neuroprotective effects in some PD models as well as other 

neurodegenerative diseases (Section 1.3.4). Increasing microtubule acetylation by 

inhibiting HDAC6 reverses the abnormal association of pathogenic LRRK2 GTPase 

mutants with microtubules and restores the deficits in the axonal transport of 

mitochondria caused by these mutants (Godena et al., 2014). These mutants may 

exert their pathogenic effects on axonal transport either by interfering with tubulin 

acetylation to alter microtubule stability and motor protein binding, or rather by 

physically blocking the progress of transport due to the enhanced microtubule 

association. Axonal transport slows down in the vicinity of stationary organelles on 

the microtubule via a mechanism of steric hindrance, and it is conceivable that 

microtubule binding of a large, cytoplasmic protein such as LRRK2 could act in a 

similar manner (Che et al., 2016). Like the axonal transport of mitochondria, 

aggresome formation requires an intact yet dynamic microtubule network for the 

cytoplasmic dynein-mediated transport of aggregates (Bauer and Richter-Landsberg, 

2006). Whilst the effect of pathogenic GTPase mutations in LRRK2 on aggresome 

formation requires further investigation, it is interesting to hypothesise that they may 

disrupt retrograde aggregate transport to the aggresome in a comparable way to 

mitochondrial transport. Stimulation of aggregate transport by increasing acetylation 

using HDAC6 inhibitors may therefore promote aggresome formation and provide a 

neuroprotective effect. 

Given that the role of HDAC6 formation in ubiquitinated aggresome formation is 

dependent on its ubiquitin and dynein-binding properties, preserving these functions 

whilst inhibiting its deacetylase activity to increase microtubule acetylation may 

provide therapeutic benefits in PD. Inhibition of HDAC6 deacetylase activity with 

many currently-available HDAC6 inhibitors has been reported to prevent aggresome 

formation in conjunction with proteasome inhibitors and has been investigated for 

induction of tumour cell apoptosis in cancers such as multiple myeloma (Hideshima 

et al., 2005; Nawrocki et al., 2006; Komatsu et al., 2013; Mishima et al., 2015). 

HDAC6 inhibitors such as tubacin block the interaction of HDAC6 with cytoplasmic 

dynein and cause accumulation of ubiquitinated proteins due to failed aggresome 

formation (Hideshima et al., 2005). This may be due to inhibitor binding to the HDAC6 

deacetylase domains in proximity to the dynein-binding domain and physically 

blocking this region. Other selective HDAC6 inhibitors such as HPOB have been 
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shown to inhibit catalytic activity without affecting HDAC6 complex formation with 

ubiquitinated proteins and the aggresome autophagy response (Lee et al., 2013). 

Importantly, inhibition of HDAC6 deacetylase activity also prevents the deacetylation 

of Hsp90 and dissociation of the Hsp90/HSF1 complex required for CMA, leading to 

toxic aggregation of α-synuclein in a PD model (Du et al., 2014). 

Therefore, inhibition of HDAC6 as a therapy to promote microtubule-based transport 

of aggregates in PD would require small molecule inhibitors which preserve its 

function in aggresome formation, however the roles of HDAC6-mediated 

deacetylation in further aspects of chaperone function and autophagy may have 

negative consequences for other cellular mechanisms implicated in PD.  
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6.3   Future directions 

Further to the results described in this thesis for the interaction between LRRK2 and 

HDAC6 and its role in tubulin acetylation and aggresome formation, some questions 

remain and should be addressed. 

Firstly, whilst a commercially-available phospho-specific antibody was used in 

Chapter 3 for detection of HDAC6 at phosphorylated serine-22 and confirmation of 

LRRK2-mediated phosphorylation of this site in cells, none such antibody was 

available for study of the novel HDAC6 phosphosite at serine-689 at the time of writing 

this thesis. A custom phospho-specific antibody for serine-689 has recently been 

produced and is currently undergoing evaluation to determine if LRRK2 

phosphorylates HDAC6 at serine-689 in cells. 

Next, the mechanism by which HDAC6 phosphorylation at serine-22 promotes 

ubiquitinated aggresome formation requires further investigation. Preliminary data 

from co-immunoprecipitation experiments (data not shown) suggests that serine-22 

phosphorylation may alter the binding of HDAC6 to cytoplasmic dynein, therefore 

promoting the transport of the HDAC6/aggregate complex to the aggresome. If 

confirmed, this would indicate that LRRK2-mediated phosphorylation of HDAC6 at 

serine-22 regulates aggresome formation through regulation of the interaction 

between HDAC6 and cytoplasmic dynein. Furthermore, the effects of pathogenic 

LRRK2 mutations on this interaction should be studied through co-expression of 

LRRK2 mutants with HDAC6 followed by co-immunoprecipitation of cytoplasmic 

dynein.  

The role of LRRK2 GTPase function in HDAC6-mediated aggresome formation 

should be investigated through the expression of LRRK2 GTPase mutants such as 

T1343G/R1398Q (increased GTPase activity) and K1347A (GTP-binding deficient) 

(Ito et al., 2007; West et al., 2007). Further to the LRRK2 G2019S mutant studied in 

Chapter 4, the effects of pathogenic LRRK2 GTPase mutants (R1141C/G/H, 

Y1699C) on HDAC6-mediated aggresome formation require investigation to further 

determine if this is a mechanism universally disrupted in LRRK2-linked disease. 

Ultimately, the relevance of LRRK2 function in aggresome formation should be 

studied in the context of neuronal cells which better recapitulate the physiology of PD-

linked DA neurons and Lewy body formation. Additionally, the study of aggresome 

formation in cells derived from PD patients should provide further evidence of 

physiological disruption of this mechanism in disease. 
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Further to its roles in tubulin acetylation and ubiquitinated aggresome formation, the 

effects of LRRK2 regulation of HDAC6 in other pathways should be explored 

(summarised in Figure 6.1). For example, LRRK2 effects on HDAC6-mediated 

deacetylation of cortactin to promote autophagosome-lysosome fusion in autophagy 

could be investigated using specific inhibitors of the autophagic process such as 

Bafilomycin A1 to provide a measure of autophagic flux (Figure 6.1C). In addition, 

LRRK2 may regulate HDAC6-mediated deacetylation of Hsp90 to regulate its protein 

chaperone activity and role in degradation pathways (Figure 6.1D). Evidence from 

immunoblots in Chapter 3 suggests that levels of overexpressed LRRK2 may be 

reduced in the presence of HDAC6 overexpression. LRRK2 is degraded by the 

proteasome and its stability relies on the chaperone activity of Hsp90 (Wang et al., 

2008). Therefore, the interplay between LRRK2 and HDAC6-mediated deacetylation 

of Hsp90 should be investigated and may provide a mechanism for altered LRRK2 

protein levels after HDAC6 overexpression.  

Finally, in the study of in vitro HDAC6 phosphorylation by LRRK2 (Figure 3.6), there 

was a marked increase in LRRK2 autophosphorylation in the presence of HDAC6 as 

detected by incorporation of 32P onto LRRK2. This suggests that binding of HDAC6 

to LRRK2 stimulates its autophosphorylation, a process which is a crucial regulator 

of LRRK2 catalytic activity (Webber et al., 2011). Possible mechanisms for this 

include a conformational change in the LRRK2 dimer induced by the binding of 

HDAC6 which induces LRRK2 to maintain its active conformation, or alternatively 

LRRK2 may be deacetylated by HDAC6 which alters its catalytic activity. Whilst no 

evidence currently exists of any LRRK2 residues undergoing acetylation, this could 

be investigated through further mass spectrometry PTM analysis. 
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