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Abstract 

In familial Parkinson’s Disease (PD), which makes up 10-15% of all PD cases, 
causative mutations in seventeen genes have been discovered. Study of these genes 
has revealed two common themes: dysfunction in endolysosomal trafficking and 
mitochondrial function. The emergence of these two overarching processes suggests 
that these genes may constitute common pathways underpinning pathology. 
A [D620N] mutation within vacuolar protein sorting 35 (VPS35), a component of the 
endosomal sorting complex retromer, causes autosomal dominant PD and is reported 
to induce endolysosomal trafficking defects, mitochondrial dysfunction, and 
hyperactivation of the PD-related kinase leucine-rich repeat kinase 2 (LRRK2). A 
subset of Rab GTPases has been identified as substrates for LRRK2 and PD-linked 
variants of VPS35 and LRRK2 enhance the phosphorylation of these substrate Rabs. 
Several functions for LRRK2 have been proposed, including in regulating trafficking, 
ciliogenesis, and the response to endolysosomal damage.  
The mechanism by which VPS35 enhances LRRK2 kinase activity, and its functional 
significance, is not yet clear. This project aimed to gain a deeper understanding of 
this relationship. 
I have generated isogenic hTERT-RPE1 cell lines expressing either wild-type or 
[D260N] mutant VPS35 in an inducible fashion.  
Using this model, I have found the effect of the [D620N] mutation is subtle at steady 
state, with only two changes observed: decreased WASH complex association and 
increased LRRK2-dependent Rab phosphorylation. 
Despite a decreased physical interaction with the WASH complex, the localisation of 
WASH complex components to the endosome is unchanged. Furthermore, no 
perturbations in endosomal trafficking could be observed. Similarly, expression of the 
[D620N] mutation did not lead to an aberrant mitochondrial phenotype. Mitochondrial 
morphology and basal mitochondrial membrane potential were equivalent to wild type 
VPS35-expressing cells. Moreover, VPS35[D620N] did not impair the initiation of 
depolarisation-induced mitophagy. 
I have shown that at steady state, expression of VPS35[D620N] causes an increase 
in the membrane-bound total and phosphorylated pool of Rab12. This appears to 
‘prime’ LRRK2 to respond to endolysosomal damage, resulting in amplified 
phosphorylation of Rab10 and Rab12. This sensitisation does not affect lysosomal 
repair or the secretion of lysosomal contents outside of the cell which have previously 
been shown to be LRRK2 dependent mechanisms. Expression of VPS35 [D620N] 
leads to a failure in the clearance of LC3-positive damaged lysosomes, suggesting 
that recovery from damage is impaired. Furthermore, I have identified that VPS35 is 
required for full activation of LRRK2 triggered by treatment with endolysosomal 
damaging agents nigericin, LLOMe and chloroquine. 
These findings provide further insight into the relationship between LRRK2 and 
VPS35 and suggest that lysosomal dysfunction plays a key role in PD pathogenesis. 
Moreover, it hints at promise that patients with VPS35 [D620N] will benefit from 
therapeutics that inhibit LRRK2. 
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1 Introduction  

1.1 The Endosomal Network 

The endosomal network consists of a set of dynamic membranous compartments 

which act in concert to transport integral membrane proteins around the cell. 

Endocytosed cargoes from the plasma membrane are delivered to the early 

endosome where they are sorted for either degradation or recycling (Figure 1.1). The 

different membrane compartments can be distinguished according to their size and 

morphology, luminal pH, phosphoinositide composition and Rab GTPase localisation 

(Huotari and Helenius, 2011). 

 

Figure 1.1 Endosomal trafficking pathways  

Proteins from the cell membrane are endocytosed within vesicles, which fuse with the sorting 

endosome (SE). From here, protein cargo may be delivered to the lysosomes via late endosomes for 

degradation or recycled to the Golgi or plasma membrane. Cargo recycling from the SE back to the 

plasma membrane may take several routes: directly via the ‘fast recycling’ pathway, or indirectly or 

indirectly via the endocytic recycling compartment (ERC) by ‘slow recycling’.  

TEN, tubular endosomal network; TGN, trans-Golgi network 

 

1.1.1 The endocytic pathway 

Transmembrane proteins and their bound ligands are internalised at the plasma 

membrane via endocytosis, which involves membrane invagination, coat assembly, 

budding, and the generation of small vesicles 60-120 nm in diameter (Klumperman 
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and Raposo, 2014). Endocytosis may be clathrin-mediated, which is the major route, 

or clathrin-independent (Kaksonen and Roux, 2018; Mayor et al., 2014). Endocytic 

cargoes are involved in a variety of physiological functions, including nutrient uptake, 

neurotransmission, cell signalling and cell adhesion, but have one initial destination – 

the early endosome (Kaksonen and Roux, 2018). 

The early endosome forms the nexus of trafficking pathways within the cell and 

comprises a network of different endosomal structures. Typically, the early endosome 

is made up of a central vacuole 100-500 nm in diameter with multiple tubular 

extensions (Klumperman and Raposo, 2014). The central vacuole is the site at which 

endocytic vesicles fuse with early endosome and cargo is sorted for degradation or 

recycling, and so is commonly referred to as the ‘sorting endosome’ (SE). 

Alternatively, nascent or recycled proteins may arrive at the early endosome from the 

Golgi apparatus via anterograde trafficking pathways. The tubules extending from the 

SE form the ‘tubular endosomal network’ (TEN), which is the site at which protein 

sorting complexes associate with the early endosome for cargo recycling. Early 

endosomal tubules that are not attached to the SE may also be present, forming what 

is known as the ‘endosomal recycling compartment’ (ERC) or recycling endosome. 

The pH within the early endosome is 5.6-6.0, whereas the ERC has a mildly higher 

pH of 6.4-6.5 (Maxfield, 2014). 

Once cargoes arrive at the early endosome, they are sorted for either recycling or 

degradation. Proteins destined for degradation will be set on a path towards the 

lysosome via late endosomes. If a protein is recycled, it may take several routes. 

Firstly, it may be delivered straight back to the plasma membrane from the TEN, a 

process termed ‘rapid recycling’. Cargo may also be transported to the ERC before 

returning to the plasma membrane via the ‘slow recycling’ pathway. Examples of 

cargoes recycled to the plasma membrane are cell adhesion receptors, nutrient 

transporters and mitogenic signalling receptors (Burd and Cullen, 2014). Alternatively, 

cargo may be transported to the trans-Golgi network (TGN) via retrograde trafficking, 

where cargo can be packaged into secretory vesicles and targeted towards its 

destination in the same manner as newly synthesised proteins.  

Protein cargoes that are targeted for degradation are internalised into intraluminal 

vesicles (ILVs), 40-100 nm in diameter, within the SE central vacuole (Klumperman 

and Raposo, 2014; Stoorvogel et al., 1991). Endosomes continuously fuse with each 

other, growing in size, and continue to generate ILVs (Gautreau et al., 2014). This 

increase in size and number of ILVs signifies the transition into late endosomes, which 
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are larger (250 – 1000 nm in diameter), contain more than eight ILVs and have a pH 

of 5.0-6.0 (Gautreau et al., 2014; Klumperman and Raposo, 2014; Maxfield, 2014). 

Late endosomes can also be distinguished by a change in their membrane 

composition and protein population (Gautreau et al., 2014).  

In the final step of the degradative endolysosomal pathway, late endosomes fuse with 

lysosomes to deliver their contents, forming a hybrid endolysosome compartment 

(Luzio et al., 2014). Of all components of the endolysosomal system, lysosomes are 

the most heterogenous, varying greatly in size from 200 nm to over 1 μm 

(Klumperman and Raposo, 2014). Small, dense core storage lysosomes are inactive 

and have a neutral pH but become highly acidic (pH 5.0) and active following fusion 

with late endosomes (Bright et al., 2016; Maxfield, 2014).  

1.1.2 The lysosome 

Lysosomes were first discovered by Christian de Duve in 1955 (Appelmans and De 

Duve, 1955). Once considered merely the end-point in degradation, lysosomes are 

now understood to play a more complex role in the cell, with involvement in nutrient 

sensing and signalling, cell adhesion, tumour metastasis and antigen presentation 

(Luzio et al., 2014; Pu et al., 2016). 

There are over 100 lysosomal transmembrane proteins, the most abundant being 

LAMP1 (lysosomal-associated membrane protein 1) and LAMP2 (lysosomal-

associated membrane protein 2) which make up around half of the lysosomal 

transmembrane protein population (Luzio et al., 2014). The highly glycosylated 

luminal tails of LAMPs function to protect the lysosomal membrane from degradation 

by the hydrolases that they confine (Pu et al., 2016). 

Lysosomes contain over 50 soluble acid hydrolases (phosphatases, nucleases, 

glycosidases, proteases, peptidases, sulphatases and lipases) which participate in 

the degradation of macromolecules (Luzio et al., 2014). Following their synthesis, acid 

hydrolases are post-translationally modified to incorporate mannose 6-phosphate 

(M6P) residues (Kornfeld et al., 1999; Rohrer and Kornfeld, 2001). This facilitates their 

recognition by M6P receptors (M6PR), which mediate their transport from the Golgi 

apparatus to the lumen of early endosomes (Saftig and Klumperman, 2009). Two M6P 

receptors exist in mammalian cells, a 46kDa cation-dependent M6PR (CDMPR), 

which primarily exists as a dimer, and a 300 kDa cation-independent M6PR (CIMPR). 

Both receptors function in the delivery of hydrolases to lysosomes, but CIMPR has an 

additional role at the plasma membrane in the endocytosis of lysosomal hydrolases 

and other ligands, such as retinoic acid (Braulke and Bonifacino, 2009). Due to the 
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lower pH of the late endosome, here the hydrolase-M6PR complexes dissociate and 

the M6PRs are recycled back to the trans-Golgi network (TGN) for further rounds of 

hydrolase delivery (Hirst et al., 1998; Olson et al., 2008). As endosomes mature, 

become more acidic and fuse with lysosomes, the hydrolases become active and 

degrade their substrate macromolecules to allow recycling of the break-down 

products (e.g. amino acids, fatty acids) (Huotari and Helenius, 2011).  

The activity of these hydrolases is dependent on the maintenance of two properties 

within the lysosomal lumen: a high Cl- concentration and a low pH (Feng et al., 2023). 

The lysosomal Cl-/H+ exchanger CLC-7 maintains intralysosomal Cl- concentration 

and an acidic environment is achieved through the action of the vacuolar ATPase (v-

ATPase) proton pump (Ohkuma et al., 1982; Wu et al., 2023; Zhang et al., 2023). 

The v-ATPase comprises two main subcomplexes, a V0 mechanical domain and a V1 

catalytic domain, which function together as a molecular rotor that propels H+ across 

the lysosomal membrane. The V0 mechanical domain sits within the lysosomal 

membrane and comprises five subunits which form a pore through which H+ transits 

into lysosomes (Freeman et al., 2023). Comprised of eight subunits, the V1 domain 

assembles on the cytosolic face of the V0 domain and forms the rotor portion of the v-

ATPase. Hydrolysis of ATP at the catalytic site on V1 drives the rotor ring to turn 

unidirectionally, thus propelling the H+ through the V0 pore (Freeman et al., 2023).  

Assembly and disassembly of the v-ATPase allows further regulation of lysosomal 

pH. For instance, amino acid starvation, lysosomal damage and pathogen infection 

all drive the engagement of V0 and V1 (Hooper et al., 2022; Stransky and Forgac, 

2015). The activity of the v-ATPase is also regulated by the Rab7a (hereafter Rab7) 

effector Rab-interacting lysosomal protein (RILP), which controls v-ATPase stability 

and localisation (De Luca et al., 2014). Interactions between the v-ATPase and PI(4)P 

and PI(3,5)P2 are proposed to regulate V0-V1 assembly and H+ pumping force 

(Freeman et al., 2023). By promoting the activation of Rag GTPases, the v-ATPase 

also plays an important role in the TFEB-dependent upregulation of lysosomal and 

autophagy genes in response to amino acid starvation or lysosomal stress (Zoncu et 

al., 2011).  

1.1.3 Maintaining membrane identity 

The membrane-bound compartments within cells carry out distinct specialised 

functions. The phosphoinositide (PI) family of lipids and the Rab GTPase proteins 

(hereafter referred to as Rabs) are key players in regulating these compartments as 

they both recruit and activate the protein machineries which carry out these 



5 
 

specialised processes. Therefore, phosphoinositide and Rab composition are key 

definers of membrane, or organelle, identity. 

1.1.3.1 Phosphoinositides 

Phosphoinositides are phospholipids that localise to the cytosolic face of phospholipid 

bilayers and function in signalling cascades and the recruitment of effector proteins. 

The chemical structures of phosphoinositide family phospholipids consist of a myo-

inositol head group with an acyl chain. All derive from phosphatidylinositol (PtdIns), 

which is synthesised in the ER and delivered to organelles through the endosomal 

network, biosynthetic pathway, or via membrane contact sites (Posor et al., 2022). 

The hydroxy groups at positions 3, 4 and 5 of the inositol ring can be phosphorylated 

in different combinations to yield PI(3)P, PI(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 

and PI(3,4,5)P3.  

The different PIs can be rapidly generated via the action of spatially and temporally 

restricted kinases and phosphatases. This control of phosphatase and kinase 

localisation facilitates the enrichment of specific phosphoinositides at distinct 

membrane compartments to maintain membrane identity (Figure 1.2). The plasma 

membrane is predominantly composed of PI(4,5)P2, however PI(4)P, PI(3,4)P2 and 

PI(3,4,5)P3 may also be present. The primary PI constituent of early endosomes is 

PI(3)P, generated directly from PtdIns by the action of the kinase vacuolar protein 

sorting 34 (VPS34) (Gillooly et al., 2000; Posor et al., 2022; Schu et al., 1993). On 

late endosomes, a portion of PI(3)P is converted to PI(3,5)P2 by 1-

Phosphatidylinositol 3-Phosphate 5-Kinase (PIKfyve) (McEwen et al., 1999; Sbrissa 

et al., 1999; Shisheva et al., 2001). Lysosomes contain a much more heterogenous 

mix of PIs than other compartments, and can comprise PI(3)P, PI(4)P, PI(3,4)P2, 

PI(3,5)P2 and PI(4,5)P2 (Posor et al., 2022).  

Rab5 recruits VPS34 to the early endosome to mediate the generation of PI(3)P 

(Christoforidis et al., 1999). Evolutionary conserved domains have been identified that 

facilitate PI(3)P binding, including PH (Pleckstrin Homology), PX (Phox Homology), 

FYVE (Fab 1, YOTB, Vac1, EEA1) and PROPPIN (β-propellers that bind 

phosphoinositides) (Lystad and Simonsen, 2016). Many proteins which reside and 

function at the early endosome are recruited by PI(3)P via such domains; including 

early endosome antigen 1 (EEA1), hepatocyte growth factor-regulated tyrosine kinase 

substrate (HRS) and VPS36 (Lawe et al., 2000; Mills et al., 1998; Slagsvold et al., 

2005; Urbé et al., 2000). Therefore, the proper functioning of the early endosome is 

critically dependent on PI(3)P. 
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PIKfyve is recruited by PI(3)P to early endosomes via its FYVE domain, where it 

converts PI(3)P into PI(3,5)P2 (Cabezas et al., 2006; Dove et al., 2002; Sbrissa et al., 

1999). This is a key step in endosome maturation as PI(3,5)P2 is required for retriever-

dependent recycling pathways (discussed in Section 1.2.2.3) and influences 

lysosomal ion homeostasis by controlling the ion channels CLC-7, TPC1, TRPML1 

and, possibly, the v-ATPase (Giridharan et al., 2022; Leray et al., 2022; Rivero-Ríos 

and Weisman, 2022). 

 

Figure 1.2 Subcellular localisation of phosphoinositides in the endolysosomal network 

The identity of subcellular compartments within the endolysosomal system is governed by the 

enrichment of different phosphoinositide (PI) species. The different PI species present at membranes 

are indicated by the colours shown. Phosphatidylinositol (PtdIns) and PI(5)P localisation are not 

shown. Figure adapted from (Posor et al., 2022).  

 

1.1.3.2 Rab GTPases 

Another determinant of membrane identity is a family of over 60 small Rab GTPases 

named Rabs (Zahraoui et al., 1989). Marino Zerial and his colleagues first discovered 

that different Rab proteins localise to different membrane compartments (Chavrier et 

al., 1990). Some Rabs are present at several domains, whilst others localise 

exclusively to one compartment. Rab5 is present at the plasma membrane, early 

endosomes, phagosomes and caveosomes, whereas Rab11 is only present at 

recycling endosomes (Stenmark, 2009; Ullrich et al., 1996). Some compartments may 

contain multiple Rabs, such as the early endosome and recycling compartment, 
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where distinct Rabs govern the trafficking pathways of different integral membrane 

proteins (Wandinger-Ness and Zerial, 2014). Therefore, the enrichment of specific 

Rabs at membranes provides a marker for these distinct compartments (Figure 1.3).  

In addition, Rabs also control the identity of these membranes and facilitate different 

functions within each compartment. Rab5 provides one of the best examples of 

defining membrane identity within the endolysosomal system. Rab5 is involved in 

clathrin-dependent endocytosis and the fusion of these vesicles with the early 

endosome (Gorvel et al., 1991). At the early endosome, Rab5 recruits VPS34 to the 

endosomal membrane surface, which initiates PI(3)P synthesis (Christoforidis et al., 

1999). Many proteins bind to PI(3)P in the endosomal membrane, including the 

retromer-associated sorting nexins and members of the ESCRT machinery. Through 

this recruitment process, Rab5 controls both the composition of the membrane and 

the proteins which are associated with it. The tethering factor EEA1 is another Rab5 

effector, and is one of the most commonly used early endosomal markers 

(Christoforidis et al., 1999; Mu et al., 1995; Simonsen et al., 1998). EEA1 also binds 

to PI(3)P, illustrating the coincidence detection mechanism that exists at membranes 

whereby Rabs and PI species act together to control effector localisation and 

therefore, membrane identity (Carlton and Cullen, 2005). Given its many functions at 

the early endosome, it is perhaps unsurprising that loss of Rab5 leads to impaired 

recycling and abnormal morphology (Bucci et al., 1992). 

 

Figure 1.3 Localisation of Rabs in the endolysosomal network 
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The identity of subcellular compartments within the endolysosomal system is governed by the 

enrichment of different Rabs. Figure adapted from (Zhen and Stenmark, 2015). 

1.2 Co-ordinating membrane traffic 

One of the key roles of the endolysosomal network is the transportation of cargoes 

between membrane-bound compartments, known as membrane traffic. Several 

complex processes are involved in the transport of cargoes within membrane-bound 

vesicles from one compartment to another. Firstly, vesicle formation requires 

sequential events promoting membrane curvature, vesicle coating and release from 

the membrane by scission. Sorting of cargoes is key to ensure correct and efficient 

trafficking, often determining its fate. Finally, recognition and fusion of the vesicle with 

the target membrane is necessary to retrieve the incoming cargo. All these events are 

tightly controlled by proteins and protein complexes.  

1.2.1 Rab GTPases – ‘master’ regulators membrane trafficking 

Rabs are considered to be master regulators of membrane traffic because they act 

as molecular switches to control several membrane trafficking events; including 

vesicle sorting, motility, tethering and fusion (Stenmark, 2009). The conversion of 

Rabs between their GTP- and GDP-bound states not only controls their activity but 

also their membrane association. The activity cycle of Rabs is mediated by two 

classes of proteins, guanine nucleotide exchange factors (GEFs) and GTPase 

activating proteins (GAPs) (Figure 1.4). 

After synthesis, Rabs are post-translationally modified by prenylation (Itzen and 

Goody, 2011). The irreversible addition of geranylgeranyl groups to one or two 

adjacent C-terminal cysteines in the hypervariable region allows Rabs to associate 

with lipid membranes (Edler and Stein, 2019; Itzen and Goody, 2011). At steady state, 

generally around half of a Rab species population is localised to membranes and half 

remains in the cytosol, although this differs between Rabs (Pfeffer, 2017).  

In the cytosol, Rabs exist in their inactive GDP-bound state and are sequestered 

through high affinity association with GDP dissociation inhibitors (GDIs), which have 

a strong preference for Rabs in their GDP-bound state (Araki et al., 1990; Shapiro 

and Pfeffer, 1995; Wu et al., 2010). Two GDIs have been identified in humans and 

one in yeast and are capable of binding to all Rab GTPases (Pfeffer, 2017). Crystal 

structures of yeast GDI-Rab complexes show three interactions sites: a GDI-Rab 

binding platform, a GDI C-terminus coordinating region, and a prenyl-lipid binding 

pocket which accommodates the geranylgeranyl chains of the Rab (Ignatev et al., 

2008; Pylypenko et al., 2006). The first association made is between the Rab binding 
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platform and the switch I region of the Rab, which recognises Rabs in their GDP-

bound form and prevent release of GDP, stabilising Rabs in their inactive 

conformation. The insertion of the geranylgeranylated residues of Rabs into the 

binding pocket of GDI prevents Rab association with membranes (Edler and Stein, 

2019). The formation of the Rab-GDI complex stabilises Rabs in their inactive state 

in the cytosol (Araki et al., 1990; Dirac-Svejstrup et al., 1994; Matsui et al., 1990; 

Sasaki et al., 1990). GDIs are also thought to act as chaperones for Rabs, directing 

them to and from membranes (Soldati et al., 1994, 1993; Ullrich et al., 1994, 1993). 

Rab escort proteins (REPs) have high structural similarity to GDIs and play a similar 

role in the delivery of Rabs to membranes, but only with newly synthesised Rabs 

(Alexandrov et al., 1994; Stenmark, 2009).  

GDI displacement factor (GDF) catalyses the dissociation of Rab-GDI complexes, 

allowing Rab activation and membrane association (Sivars et al., 2003). So far only 

one GDF has been identified (Pfeffer, 2017; Sivars et al., 2003). GEFs act to 

accelerate the rate of GDP release from Rabs, which occurs spontaneously at an 

extremely slow rate (Itzen and Goody, 2011). The binding of GEFs to Rabs induces 

a conformational change that opens the nucleotide binding site, weakening Rab-GDP 

interactions to facilitate GDP release (Itzen and Goody, 2011). This allows for 

replacement with GTP, thus converting the Rab into its active GTP-bound state. It has 

been shown that the hypervariable domain of Rabs acts as a recognition site for GEFs 

to confer substrate specificity (Thomas et al., 2019). Loss of GEFs has also been 

shown to cause loss of Rab localisation, suggesting they also play a role in the 

targeting of Rabs to the membrane (Cabrera and Ungermann, 2013; Gerondopoulos 

et al., 2012; Thomas and Fromme, 2016). Furthermore, artificial manipulation of GEF 

localisation causes relocalisation of Rabs (Blümer et al., 2013; Gerondopoulos et al., 

2012). In the active, membrane-bound form, Rabs recruit multiple effectors to carry 

out membrane trafficking functions. This includes GEFs for other Rab proteins, 

forming a cascade of Rab activation at a membrane compartment (Pfeffer, 2017).  

The intrinsic GTPase activity of Rabs is low and so GAPs acts to catalyse this process, 

hydrolysing GTP and inactivating the Rab protein, which allows tight control of 

trafficking events (Itzen and Goody, 2011; Pfeffer, 2017). The GDP-bound inactive 

Rab is then extracted from the membrane by GDI, completing the Rab activity cycle. 

One of the best characterised Rab cascades is the ‘Rab5-Rab7’ switch, a critical 

process in the maturation of early endosomes to late endosomes (Rink et al., 2005). 

Rab5 recruits the Rab7 GEF Mon1-Ccz1 (which also binds to PI(3)P in the endosomal 
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membrane), activating Rab7 and displacing the Rab5 GEF rabex-5, leading to Rab5 

inactivation (Poteryaev et al., 2010). GTP-Rab7 is then able recruit numerous 

effectors, including RILP and retromer (discussed in Section 1.2.2.2) (Cantalupo et 

al., 2001; Jordens et al., 2001; Rojas et al., 2008; Seaman et al., 2009). 

 

Figure 1.4 Rab-GTPase activity cycle 

Rabs are sequestered in the cytosol in their inactive GDP-bound state via interaction with a GDP 

dissociation inhibitor (GDI). Rabs are released from this Rab-GDI complex through the action of GDI 

dissociation factor (GDF). Dissociation from GDI reveals the Rab geranylgeranylated carboxy terminal 

which is then capable of associating with membranes. A guanine exchange factor (GEF) catalyses 

the exchange of GDP for GTP, activating the Rab as it can bind to multiple effector proteins in the 

GTP-bound form. The active Rab is inactivated through GTP hydrolysis, catalysed by a GTPase-

activating protein (GAP). Thus, the Rab is once again in an inactive conformation which can be 

recognised by GDI. 

 

1.2.2 Endosomal sorting 

The transport of protein cargo from the early endosome to other cellular 

compartments is integral for homeostasis (McNally and Cullen, 2018). It allows tight 

regulation of membrane composition and an adaptive response to be mounted to 

conditions such as starvation (Cullen and Steinberg, 2018; Curnock et al., 2019; 

McNally and Cullen, 2018). At the endosomal membrane, cargoes are enriched at 

discrete subdomains according to their fate, either degradation or recycling.  
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This sorting process is orchestrated by several protein complexes (Cullen and 

Steinberg, 2018). The ESCRT machinery is involved in the sorting of cargo for 

degradation. The ESCRT complexes act sequentially to recognise and sort 

ubiquitylated cargo into ILVs within the endosome, which are then degraded upon 

fusion of the late endosome with the lysosome (Cullen and Steinberg, 2018; McNally 

and Cullen, 2018). To save cargo from a degradative fate, cargo must be actively 

retrieved. This is coordinated by multiple protein complex machineries; retromer, 

ESCPE-1, the CCC-retriever commander complex, and the WASH complex 

(Naslavsky and Caplan, 2018).  

1.2.2.1 ESCRT-dependent cargo degradation 

The endosomal complexes required for transport (ESCRT) machinery orchestrate the 

internalisation of ubiquitylated cargo at the endosome into ILVs, which are ultimately 

degraded by the lysosome. Five protein complexes (ESCRT-0, -I, -II, -III and Vps4) 

and a host of accessory proteins make up the ESCRT machinery and act in concert 

to generate degradative subdomains on the endosomal membrane surface, enrich 

these with ubiquitylated cargo, promote membrane deformation, and finally, cause 

vesicle scission (Figure 1.5) (Williams and Urbé, 2007).  

Components of the ESCRT machinery were first discovered by Scott Emr in a yeast 

screen for genes which caused defects in the sorting of proteins to the vacuole, hence 

their naming prefix vacuolar protein sorting (Vps) (Raymond et al., 1992). The ESCRT 

proteins have been designated as belonging to the Class E Vps mutants which show 

a distinct phenotype of accumulation of protein cargo within enlarged endosomes 

(Raymond et al., 1992). 

The ESCRT-0 complex, a heterodimer consisting of HRS and signal transducing 

adaptor molecule (STAM), initiates the process of ILV formation. The ESCRT-0 

complex is recruited to early endosomes via the FYVE zinc finger domain of HRS 

(Urbé et al., 2000). At the endosome, it binds to multiple ubiquitylated cargoes via 

ubiquitin binding domains present on HRS and STAM (Frankel and Audhya, 2018; 

Raiborg et al., 2001). In addition, HRS recruits clathrin, which assembles into lattice 

structures that corral cargo within discrete patches on the endosomal membrane to 

create a distinct degradative subdomain (Norris and Grant, 2020; Sachse et al., 2002). 

To continue the process of ESCRT-mediated sorting, ESCRT-0 recruits the protein 

complex ESCRT-I (Frankel and Audhya, 2018).  

ESCRT-I is a heterotetrameric complex comprised of VPS37, tumour susceptibility 

gene 101 protein (TSG101), VPS28 and multivesicular body sorting factor 12 
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(MVB12; also referred to as ubiquitin associated protein 1, UBAP1). ESCRT-I is 

recruited to the endosomal membrane via the interactions of TSG101 with HRS and 

ubiquitylated cargo (Frankel and Audhya, 2018).  

ESCRT-II is a heterotetrameric complex, consisting of VPS36, SNF8 (VPS22) and 

two VPS25 subunits. ESCRT-II is recruited to the endosome via an interaction 

between VPS28 of ESCRT-I and the GRAM-like ubiquitin binding in EAP45 (GLUE) 

domain of VPS36 (Cullen and Steinberg, 2018). The GLUE domain of VPS36 is also 

capable of binding ubiquitin on modified cargoes and PI(3)P in the endosomal 

membrane (Schmidt and Teis, 2012). Together, ESCRT-0, ESCRT-I and ESCRT-II 

make up the ‘early’ ESCRT machinery and are believed to mainly function in sorting 

of ubiquitylated cargo into concentrated zones (Schmidt and Teis, 2012).  

Unlike the early ESCRT machinery, ESCRT-III is not a stable complex, and only 

transient associations form between its four core subunits, charged multivesicular 

body protein 6 (CHMP6; VPS20), CHMP4 (SNF7), CHMP3 (VPS24) and CHMP2 

(VPS2). CHMP6 catalyses the formation of long filaments of CHMP4 which form a 

spiral around the degradative subdomain, with ubiquitylated cargo at the centre 

(Figure 1.5) (McCullough et al., 2015; Norris and Grant, 2020; Schmidt and Teis, 

2012). The spiral structure generates tension for membrane curvature, promoting the 

inward budding of the membrane to eventually form an ILV (Cullen and Steinberg, 

2018). To prevent further oligomerisation, CHMP3 caps the end of the filament, which 

then recruits CHMP2, and subsequently VPS4 (Schmidt and Teis, 2012). The CHMP4 

oligomers may provide a diffusion barrier for cargo to contain it within the subdomain 

after deubiquitylation (Norris and Grant, 2020). The VPS4 complex is a Type I AAA-

ATPase which acts with ESCRT-III in membrane deformation and vesicle neck 

constriction and also mediates ESCRT complex disassembly (Adell et al., 2014; Babst 

et al., 2002a, 2002b, 1998, 1997). 

The deubiquitylating enzymes (DUBs) STAM-binding protein (STAMBP, also known 

as AMSH) or USP8 (ubiquitin-specific protease 8; ubiquitin carboxyl-terminal 

hydrolase 8, also known as UBPY) associate with CHMP2 and CHMP3 of the ESCRT-

III complex and remove ubiquitin moieties from cargo before they are incapsulated 

into ILVs (Clague and Urbé, 2006). Including facilitating the recycling of ubiquitin, 

these DUBs may have additional functions in ESCRT-mediated degradation as AMSH 

and USP8 have been shown to exert opposite effects on the rate of EGFR 

degradation, and USP8 has been shown to stabilise the ESCRT-0 complex (Clague 

and Urbé, 2006; Row et al., 2007).  
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In addition to the role of the ESCRT complex in internalisation of integral membrane 

proteins at the endosome, ESCRT complexes also function in other processes which 

require membrane sealing. These include cytokinesis, lysosome repair and nuclear 

envelope repair (Zhen et al., 2021). The ESCRT-associated protein apoptosis-linked 

gene-2 interacting protein X (ALIX) is also capable of bridging the interaction between 

ESCRT-I and ESCRT-III complexes and is understood to play an important role in 

these other ESCRT machinery functions, despite being dispensable for cargo 

degradation (Bissig and Gruenberg, 2014; Skowyra et al., 2018). 

 

Figure 1.5 ESCRT-mediated internalisation of ubiquitylated cargo  

The ESCRT-0 complex associates to the cytosolic face of the endosomal membrane via binding to 

PI(3)P. To initiate cargo sorting, the ESCRT-0 components HRS and STAM bind ubiquitylated cargo 

via four ubiquitin binding domains. ESCRT-0 recruits the ESCRT-I complex via an interaction between 

HRS and TSG101 to continue the process of cargo sorting. The ESCRT-I components TSG101 and 

MVB12 bind ubiquitin conjugated to the cargo. ESCRT-II is recruited to the endosomal membrane by 

ESCRT-I. The VPS36 subunit of ESCRT-II simultaneously binds to PI(3)P in the endosomal 

membrane and one ubiquitin moiety. The ESCRT-III complex is recruited by ESCRT-II via an 

interaction between CHMP6 and VPS25. CHMP6 catalyses the formation of spiral filaments of 

CHMP4 oligomers around cargo within the degradative subdomain. This prevents diffusion of cargo 

and provides tensile force to promote inward budding of the membrane and ILV formation. The DUBs 

AMSH and USP8 remove ubiquitin moieties from cargo before they are internalised into ILVs. 

AMSH, STAM-binding protein; CHMP, charged multivesicular body protein; DUB, deubiquitylases; 

ESCRT, endosomal sorting complexes required for transport; HRS, hepatocyte growth factor-

regulated tyrosine kinase substrate; ILV, intra-luminal vesicle; MVB12, multivesicular body sorting 

factor 12; PI(3)P, phosphatidylinositol 3-phosphate; STAM, signal transducing adaptor molecule; 
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TSG101, tumour susceptibility gene 101; Ub, ubiquitin; USP8, ubiquitin specific protease 8; VPS, 

vacuolar protein sorting. 

 

1.2.2.2 Retromer 

Retromer is an ancient, highly conserved protein complex that is a major conductor 

of endosomal sorting (Burd and Cullen, 2014). First discovered in the budding yeast 

Saccharomyces cerevisiae, retromer was shown to be a heteropentameric complex 

comprised of two sub-complexes, a Vps5 and Vps17 Sorting Nexin family (SNX)-

Bin/Amphiphysin/RVS (BAR) dimer, and a Vps26, Vps29 and Vps35 trimer known as 

the cargo-selective complex (CSC) (Seaman et al., 1998). In this study, the retromer 

complex was shown to be involved in the recycling of carboxypeptidase receptor 

Vps10 from the endosome to the TGN (Seaman et al., 1998).  

The CSC is conserved across eukaryotes, with mammalian retromer also containing 

VPS26, VPS29 and VPS35 (Koumandou et al., 2011). In humans, three orthologs of 

Vps26p exist, VPS26A, VPS26B, VPS26C (also known as DSCR3) (Koumandou et 

al., 2011). Proteomic analysis has revealed that VPS26A and VPS26B have largely 

redundant functions, however the importance of the two isoforms may lie in their 

differential expression within the body (McNally et al., 2017; Simoes et al., 2021). 

VPS26B is enriched within the trans-entorhinal cortex within the brain, a region 

particularly susceptible to Alzheimer’s disease pathology (Simoes et al., 2021). 

VPS26C is a subunit of the retriever complex (discussed in Section 1.2.2.3 below) 

which diverged early in the evolutionary origins of VPS26, suggesting that retriever is 

a similarly ancient sorting complex (Gallon et al., 2014; McNally et al., 2017).  

In contrast, the SNX proteins have shown greater divergence. The yeast SNX dimer 

proteins each have multiple mammalian orthologs, SNX1 and SNX2 are orthologs of 

Vps5, and SNX5, SNX6 and SNX32 are orthologs of Vps17 (Koumandou et al., 2011). 

In higher eukaryotes, the core retromer trimer (VPS35, VPS26, VPS29) and SNX-

BAR dimer (SNX1/SNX2 and SNX5/SNX6/SNX32) act as independent complexes 

capable of recycling of different cargo (Kvainickas et al., 2017; Simonetti et al., 2017). 

In mammalian systems, the VPS heterotrimer is referred to as ‘retromer’ and the SNX-

BAR dimer is known as the Endosomal SNX-BAR Sorting Complex for Promoting 

Exit-1 (ESCPE-1). 

Retromer does not contain membrane binding domains, and therefore relies on 

interactions with sorting nexins and Rab7 for recruitment to the endosome (Lucas et 

al., 2016; Rojas et al., 2008; Seaman et al., 2009). The SNX proteins bind at the 

VPS26:VPS35 interface of retromer and Rab7 binds to VPS35 (Jia et al., 2016; Lucas 
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et al., 2016). Resolution of the crystal structure of retromer by cryo-electron 

microscopy has revealed that it is capable of assembling into higher-order structures 

around endosomal tubules (Kovtun et al., 2018; Leneva et al., 2021). In this 

arrangement, two retromer complexes form an arch-shaped dimer where the VPS26 

subunits sit closest to the endosomal membrane, the VPS35 subunits form the main 

body of the arch with the two opposing C-termini interacting with each other at the 

apex, and the VPS29 subunits sitting at the top of the arch (Figure 1.6).  

Retromer is involved in the trafficking of cargo from the endosome to multiple 

destinations, including the plasma membrane, TGN and to lysosome-related 

organelles (McNally and Cullen, 2018). Over 100 plasma membrane proteins have 

been shown to be recycled via retromer-dependent mechanisms, including metal ion 

transporters, nutrient sensing, signalling receptors (Steinberg et al., 2013). In addition 

to mediating endosomal association of retromer, SNX3 and SNX27 act to confer 

selectivity and directionality in cargo retrieval through differential recognition of 

conserved short peptide motifs within the cytoplasmic domains of integral membrane 

proteins (Figure 1.6). The retromer-SNX3 complex recognises the sequence 

Øx[L/M/V], where Ø is a bulky aromatic residue, and directs cargo to the trans-Golgi 

network. Cargo containing this sequence include Wntless, the divalent cation 

transporter DMT1-II and possibly the cation-independent mannose-6-phosphate 

receptor (discussed further in Section 1.2.2.3) (Cui et al., 2018; Harterink et al., 2011; 

Lucas et al., 2016; Zhang et al., 2011). The SNX27-retromer complex facilitates 

recycling of cargo to the plasma membrane, including GLUT1, β2-adrenoceptor and 

the copper transporter ATP7A (Lauffer et al., 2010; Steinberg et al., 2013). SNX27 

contains a post synaptic density 95-discs large-zonula occulens-1 (PDZ) domain 

which recognises a type-I PDZ binding motif near the C-termini of these cargo (Lauffer 

et al., 2010; Steinberg et al., 2013; Temkin et al., 2011). 
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Figure 1.6 Retromer complex function 

The VPS35-VPS29-VPS26 trimer comprises retromer, an endosomal cargo sorting complex which 

recycles cargo to the plasma membrane and the trans-Golgi network (TGN). Retromer assembles 

into a coat around endosomal tubules by forming repeated homodimeric ‘arches’. Membrane 

association of retromer is mediated by a sorting nexin (SNX) protein which associates with the 

membrane via PI(3)P. The identity of the SNX protein determines the sorting destination. SNX3-

retromer delivers cargo to the TGN and SNX27-retromer directs cargo to the plasma membrane.  

 

In addition to its role in cargo recognition and sorting, retromer also associates with a 

host of accessory proteins which control endosome morphology and identity. The 

retromer complex promotes the recruitment of the Wiskott-Aldrich syndrome protein 

and scar homologue (WASH) complex to endosomes, an ancient complex composed 
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of five proteins: FAM21 A/B/C (WASHC2A/B/C), CCDC53 (WASHC3), SWIP 

(strumpellin and WASH interacting protein; WASHC4) and strumpellin (WASHC5). 

This is facilitated by an interaction between VPS35 and the C-terminal tail of FAM21 

(Harbour et al., 2012). The WASH complex acts as a nucleation promoting factor for 

Actin-related protein 2/3 (Arp2/3) complex which promotes the formation of branched 

actin networks at the base of endosomal tubules. These filamentous actin polymers 

are thought to act as a scaffold to stabilise tubules and recruit further complexes 

involved in sorting (McNally and Cullen, 2018).  

A recently proposed role for retromer in maintaining membrane identity has been put 

forward based on the interactions of the VPS29 subunit with Tre-2, BUB2p, Cdc16p-

1-Domain family member 5 (TBC1D5) and VPS9-ankyrin repeat protein (VARP) 

(Jimenez‐Orgaz et al., 2018). Recruitment of retromer to the endosomal membrane 

is dependent on Rab7, which in turn recruits the Rab7 GAP TBC1D5 (Seaman et al., 

2009). TBC1D5 then catalyses Rab7-GTP hydrolysis, inactivating Rab7 and 

promoting its removal from the endosomal membrane. Therefore, retromer plays an 

integral role in the activity cycling of Rab7 at endosomes. Loss of the retromer-

TBC1D5 interaction leads to accumulation of hyperactivated Rab7 at enlarged large 

endosomes (Daly et al., 2023; Jimenez‐Orgaz et al., 2018). As Rab7 has myriad 

functions in the endosome maturation process, the removal of Rab7 from endosomal 

membranes by retromer-TBC1D5 acts as a brake to prevent progression to a late 

endosome/lysosomal identity (Daly et al., 2023; Jimenez‐Orgaz et al., 2018).  

VARP has multiple reported functions in endosomal trafficking, acting as a GEF for 

Rab21, an effector for Rab32 and Rab38, which are important in trafficking of cargo 

to the lysosome-related organelle melanosomes (Fukuda, 2016). In the context of 

maintaining identity, VARP binds to and inactivates the R-N-ethylmaleimide-sensitive 

factor attachment protein receptor (R-SNARE) VAMP7 which, when active, is 

important for fusion between late endosomes and lysosomes (Schäfer et al., 2012).  

1.2.2.3 Retromer-independent recycling 

Although retromer appears to be the major mediator of endosomal cargo recycling, 

and is certainly the most extensively studied, many cargoes have been identified that 

are trafficked via retromer-independent mechanisms (McNally et al., 2017; Steinberg 

et al., 2012).  

The ESCPE-1 complex consists of heterodimer of SNX1/SNX2 and 

SNX5/SNX6/SNX32 which function as a coat for endosomal tubulation and a sorting 

complex for cargo recycling (Kvainickas et al., 2017; Lopez-Robles et al., 2023; 
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Simonetti et al., 2019, 2017). SNX1/2 mediates membrane association to PI(3)P or 

other phosphoinositides, whereas SNX5/6 binds to the cytoplasmic domain of cargo 

(Lopez-Robles et al., 2023). The PX domains of SNX5 and SNX6 associate with a 

cytoplasmic sorting motif, ФxΩxФ(x)nФ, within transmembrane proteins to capture 

cargo for retrieval (Simonetti et al., 2019, 2017). This includes the cation-independent 

mannose-6-phosphate receptor (CIMPR), a cargo that has been classically thought 

to be trafficked via retromer (Simonetti et al., 2017). Independently, a study published 

by the Steinberg lab showed that knockout of SNX5/6 or SNX1/2, but not VPS35, 

caused a redistribution of CIMPR to peripheral endosomes in HeLa cells (Kvainickas 

et al., 2017). Following this, the authors called for a re-evaluation of whether CIMPR 

was truly a retromer cargo. A follow-up study utilised a ‘knock-sideways’ approach 

which acutely inactivates a protein by trapping it on an unrelated organelle, to show 

that inactivation of ESCPE-1, but not retromer, led to defects in CIMPR localisation 

(Evans et al., 2020). The authors also observed in H4 neuroglioma cells that knockout 

of retromer led to increased expression of CIMPR and its ligand cathepsin D, despite 

not altering its localisation to the TGN. They postulated that the changes in CIMPR 

localisation following perturbation of the retromer complex that have been observed 

by previous studies are not due to a direct relationship between retromer and CIMPR, 

but rather are due to longer term compensatory mechanism following disturbed 

lysosomal homeostasis (Evans et al., 2020).  

A large, multi-multiprotein ‘Commander’ complex has been discovered to participate 

in endosomal recycling (McNally et al., 2017). This 16-subunit complex comprises 

three main regions: a trimeric sorting complex named retriever, a copper metabolism 

gene MURR1 domain (COMMD) ring and a scaffold consisting of coiled-coil domain 

containing 93 (CCDC93) and coiled-coil domain containing 22 (CCDC22). In addition, 

the commander complex also contains an accessory protein, DENN domain 

containing 10 (DENND10). 

Retriever is a highly conserved heterotrimeric complex composed of VPS35-like 

(VPS35L, also referred to as C16orf62), VPS29 and VPS26C. Retriever associates 

with sorting nexin SNX17 and regulates the trafficking of more than 100 plasma 

membrane proteins, including integrins, nutrient transporters and signalling receptors 

(McNally et al., 2017; Steinberg et al., 2012). The retriever-SNX17 interaction is 

thought to be via the VPS26C subunit, like the interaction between VPS26A/B of 

retromer and sorting nexins SNX3 and SNX27 (McNally, 2017). Retriever and SNX17 

co-localise with retromer on the same endosomal subdomains, distinct from ESCRT 

degradative domains (McNally, 2017). 
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Retriever and retromer both share a VPS29 subunit and adopt a similar conformation, 

but retriever is more twisted and compacted (Boesch et al., 2023; Healy et al., 2023; 

Laulumaa et al., 2023). Furthermore, VPS35L contains a largely unstructured N-

terminal region that is not present on VPS35. The tail region spans the length of the 

retriever complex and interacts with VPS29 and the C-terminal region of VPS35L. 

Importantly, it functions to occlude the binding site on VPS29 which interacts with 

VARP and TBC1D5 when assembled in the retromer complex, providing a distinction 

between retromer and retriever function in recruitment of accessory factors (Healy et 

al., 2023).  

Together CCDC22, CCDC93 and the COMMD ring comprise the CCC complex. 

CCDC22 and CCDC93 form a heterodimer which acts as a scaffold for assembly of 

the commander complex by interacting with VPS35L, several subunits of the COMMD 

ring and with DENND10 (Boesch et al., 2023; Healy et al., 2023; Laulumaa et al., 

2023). The COMMD ring comprises one of each of the ten different COMMD proteins 

(Healy et al., 2023). The importance of the proper assembly of the commander 

complex is evidenced by the fact that mutation or loss of one subunit causes a 

decrease in the expression of other complex members and leads to Ritscher-Schinzel 

syndrome (Fedoseienko et al., 2018; Kato et al., 2020; Otsuji et al., 2023).  

The 16th subunit is an accessory protein, DENND10, which is part of a family of Rab 

GEFs. However, its significance within the commander complex is unknown as, unlike 

other commander subunits, DENND10 is not required for complex stability or cargo 

recycling (Singla et al., 2019). In the commander complex structure, the Rab-

interacting DENND domain is occluded and so would prevent its GEF activity (Boesch 

et al., 2023; Healy et al., 2023; Laulumaa et al., 2023). Further work will be required 

to understand the importance and role of DENND10 within the commander complex 

at the endosome.  

1.2.2.4 Maintaining endosomal subdomains 

On the endosomal membrane, discrete domains exist to segregate cargo degradation 

and cargo recycling activities. The degradative subdomain is clathrin-coated and is 

the site where the ESCRT machinery functions to internalise ubiquitylated cargo into 

ILVs for degradation by the lysosome. At the recycling subdomain, a host of protein 

complexes involved in sorting exist – commander, ESCPE-1 and retromer – along 

with the accessory protein complex, WASH. Several proteins have been implicated in 

the maintenance of these domains, including the WASH complex, filamentous actin 

(F-actin), receptor mediated endocytosis-8 (RME-8) and clathrin (Figure 1.7).  
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The WASH complex interacts with multiple endosomal proteins, including VPS35, 

SNX27, the CCC complex, RME-8 and HRS (Freeman et al., 2014; Harbour et al., 

2012; Lee et al., 2016; MacDonald et al., 2018; McNally et al., 2017; Phillips-Krawczak 

et al., 2015). Several modes of endosomal WASH recruitment have been identified, 

including via a direct interaction between SWIP of the WASH complex and 

phosphoinositides in the endosomal membrane, and indirectly via retromer and HRS 

(Dostál et al., 2023; Harbour et al., 2012; MacDonald et al., 2018). WASH then acts 

to activate Arp2/3, which polymerises actin at the endosomes (Derivery et al., 2009). 

These F-actin networks are proposed to promote and stabilise tubule formation, 

spatially restrict cargo within the recycling subdomain and facilitate cargo transport 

via an interaction with the microtubule motor protein complex dynein/dynactin 

(Derivery et al., 2009; Puthenveedu et al., 2010; Simonetti and Cullen, 2019). Actin 

itself also acts as a sorting mechanism for recycling by directly binding to cargo that 

is sorted into endosomal tubules for recycling (MacDonald et al., 2020, 2018; 

Puthenveedu et al., 2010). Depolymerisation of actin leads to the convergence of 

discrete WASH domains on early endosomes, suggesting that F-actin promotes the 

segregation of different recycling domains within an endosome (Derivery et al., 2012). 

It has also been suggested that the CCC complex controls levels of PI(3)P on the 

endosomal membrane to negatively regulate WASH recruitment (Singla et al., 2019). 

The multiple interactions between WASH and components of the sorting and 

degradation machinery support a model in which WASH plays a key role in overseeing 

the maintenance, proper functioning, and architecture of the endosomal subdomains.  

RME-8, also known as DnaJ Heat Shock Protein Family (Hsp40) Member C13 

(DNAJC13), is localised to early endosomal membranes where it binds to PI(3)P 

(Xhabija et al., 2011; Xhabija and Vacratsis, 2015). Through its interaction with SNX1 

and FAM21, RME-8 has been proposed to play a key role in the segregation of the 

degradative and recycling endosomal subdomains (McNally and Cullen, 2018; Popoff 

et al., 2009). Loss of RME-8 or SNX1 results in the mixing of these domains and 

disrupts retrograde trafficking (Norris et al., 2017; Popoff et al., 2009). Depletion of 

RME-8 also leads to excessive endosome tubulation, which is thought to occur via 

the loss of interaction between RME-8 and FAM21 (Freeman et al., 2014; Popoff et 

al., 2009). It is possible that RME-8 functions to spatially and temporally control the 

formation of endosomal recycling tubules containing its effector SNX1 by restricting 

the polymerisation of actin by WASH (Freeman et al., 2014; Norris et al., 2017). RME-

8 recruits and activates the ATPase Hsc70 (Heat shock cognate 70 kDa protein) 

which disassembles clathrin coats (Chang et al., 2004; Norris et al., 2017; Popoff et 
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al., 2009). Therefore, RME-8 functions as a negative regulator of clathrin lattice 

formation at the degradative subdomain. However, depletion of clathrin also leads to 

the dysregulation of subdomain segregation (Norris et al., 2017). Clathrin is also 

recruited by HRS to maintain the degradative subdomain (Saftig and Klumperman, 

2009). These findings highlight that RME-8 and clathrin are important players in the 

maintenance of endosomal subdomain architecture. 

 

Figure 1.7 The sorting endosome  

The sorting endosome is segregated into subdomains which function in cargo retrieval and cargo 

degradation. Degradation of ubiquitylated cargo is mediated by the ESCRT machinery. Recycling of 

cargo is orchestrated by the action of several multiprotein complexes: retromer, ESCPE-1 and 

commander. The maintenance of discrete recycling and degradative subdomains is facilitated by the 

action of the WASH complex, RME-8, HRS and clathrin.  

 

1.3 Cellular quality control 

To maintain homeostasis, cells have evolved two major quality control systems: the 

ubiquitin-proteasome system (UPS) and autophagy. Action of these pathways allows 

the cell to respond to a changing environment, fine-tune cellular processes and 

prevent the build-up of damaging material. These two processes are interconnected 

and largely rely on the same small molecule, ubiquitin (Clague and Urbé, 2010). 

1.3.1 Ubiquitin  

Ubiquitin is a small, 76-amino acid protein that is post-translationally added to protein 

substrates. It acts as a signalling molecule to control a myriad of cellular processes, 

including protein degradation, cell division and intracellular trafficking (Damgaard, 

2021). The attachment of a ubiquitin moiety onto a substrate is catalysed by a set of 

sequential enzymatic reactions (Heride et al., 2014). The initial step involves transfer 
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of ubiquitin onto an E1 activating enzyme, which is driven by ATP. Ubiquitin is then 

transferred onto an E2 conjugating enzyme. The final step of the cascade involves 

the transfer of ubiquitin onto a lysine residue in the substrate which is mediated by an 

E3 ligase (Heride et al., 2014).  

Ubiquitin itself contains several lysine (K) residues (K6, K11, K27, K29, K33, K48, 

K63), facilitating the formation of different types of ubiquitin chains. In addition, 

polyubiquitin may also be assembled by ubiquitylation at the N-terminal methionine 

(Met1) of successive ubiquitin moieties (Swatek and Komander, 2016). These 

polyubiquitin chains can consist of a single type of lysine site linkage or mixed chains, 

which can be linear or branched. This diversity in polyubiquitin chains is termed the 

‘ubiquitin code’ and has been shown to confer a layer of specificity with respect to the 

downstream cellular signal. For instance, the most common chain type is K48-linked, 

which targets proteins for degradation by the proteasome. Whereas, K63-linked 

chains act as a signal for autophagy, intracellular trafficking and non-degradative 

processes such as NF-kB (nuclear factor kappa-light-chain-enhancer of activated B 

cells) signalling (Akutsu et al., 2016; Clague et al., 2015; Damgaard, 2021).  

Opposing the E1-E2-E3 cascade, deubiquitylases (DUBs) function in the removal of 

ubiquitin from substrates. Over 99 DUBs exist, many of which exhibit chain type-

selectivity (Clague et al., 2019). Removal of ubiquitin by DUBs provides two main 

functions, controlling ubiquitin-mediated signalling and degradation and replenishing 

a cytosolic pool of free ubiquitin for future conjugation reactions.  

1.3.2 Ubiquitin proteasome system 

The proteasome is a multi-protein complex composed of a 20S core particle and one 

or two 19S regulatory particles which function in substrate protein degradation and 

recognition, respectively (Collins and Goldberg, 2017). As discussed, the addition of 

polyubiquitin chains onto substrates serves as the main signal for targeting for 

proteasomal degradation (Finley, 2009). Degradation by the UPS functions to 

degrade misfolded proteins and control the levels of certain proteins within the cell. 

Therefore, the UPS is a major determinant of protein half-life, with some proteins 

having half-lives of minutes and others over 100 hours (Pohl and Dikic, 2019; 

Rusilowicz-Jones et al., 2022). Degradation via the UPS is limited by substrate size 

and so an alternative mechanism is required for degradation of larger substrates, such 

as protein aggregates, pathogens and organelles (Pohl and Dikic, 2019). Herein lies 

the role of autophagy.  
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1.3.3 Autophagy 

Autophagy describes the process by which cytoplasmic material (e.g. proteins, 

pathogens or organelles) is degraded via the lysosome to maintain homeostasis 

(Galluzzi et al., 2017). Three types of autophagy have been described, 

microautophagy, chaperone mediated autophagy and macroautophagy (Galluzzi et 

al., 2017).  

Microautophagy is the process by which the lysosome engulfs cytoplasmic content 

directly via membrane invagination (Galluzzi et al., 2017). Like in the endocytic 

degradative pathway, microautophagy requires the ESCRT machinery for inward 

budding of the lysosomal membrane (Galluzzi et al., 2017). Degradation of 

cytoplasmic proteins via microautophagy may occur in bulk or selectively following 

substrate recognition by HSC70 (Galluzzi et al., 2017).  

Chaperone-mediated autophagy (CMA) involves the delivery of cytosolic proteins 

directly into the lysosome via the action of a HSC70-LAMP2A complex. The cytosolic 

chaperone protein HSC70 recognises a KFERQ motif on cytosolic proteins and, 

together with several other cochaperones, unfolds the CMA substrate and directs it to 

the cytosolic region of LAMP2A on the lysosomal membrane (Yim and Mizushima, 

2020). Association between HSC70, the CMA substrate and LAMP2A triggers the 

formation of a multimeric LAMP2A complex which forms a pore through which the 

CMA substrate is translocated into the lysosomal lumen where it is degraded by 

lysosomal proteases (Yim and Mizushima, 2020).  

Macroautophagy is the best characterised form of autophagy and involves the 

engulfment of cytoplasmic material by a double-membraned vesicle, termed an 

autophagosome, which fuses with the lysosome to degrade its contents (Yang and 

Klionsky, 2010). This can be either non-selective, where cytoplasmic content is 

degraded at random in response to nutrient starvation, or selective, where specific 

cargo is targeted for degradation (Vargas et al., 2023). Selective autophagy, hereafter 

named autophagy, mediates the removal of specific nutrients, proteins, pathogens 

and organelles, with each pathway named according to their target: glycophagy 

(glycogen), ferritinophagy (ferritin), aggrephagy (RNA or protein aggregates), 

xenophagy (intracellular pathogens), lipophagy (lipid droplets), mitophagy 

(mitochondria), pexophagy (peroxisomes), lysophagy (lysosomes), ribophagy 

(ribosomes), ER-phagy (endoplasmic reticulum), Golgiphagy (Golgi) (Nthiga et al., 

2021; Vargas et al., 2023).  
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Autophagy is orchestrated by the AuTophaGy-related (ATG) proteins, which are 

evolutionarily conserved from yeast to mammals (Nakatogawa, 2020; Tsukada and 

Ohsumi, 1993). The 20 core ATG proteins can be sub-classified into six functional 

groups which, in mammals, comprise the ULK kinase complex, ATG9A-containing 

vesicles, the autophagy specific class III PI3K complex I, the ATG2-WD repeat protein 

interacting with phosphoinositides (WIPI) complex, the ATG16L1 complex, and the 

Atg8-protein lipidation system (Table 1.1). These proteins co-ordinate 

autophagosome biogenesis, which can be divided into five main steps: initiation, 

nucleation, expansion, closure, and maturation.  

Table 1.1 Mammalian ATG proteins that form the core autophagy machinery  

(Nakatogawa, 2020; Van Vliet et al., 2022) 

ATG, autophagy- related; BECN1, beclin 1; ER, endoplasmic reticulum; FIP200, focal adhesion 

kinase family interacting protein of 200 kDa; GABARAP, GABA receptor-associated protein; 

GABARAPL, GABARAP-like; LC3, microtubule-associated protein light chain 3; NRBF2, nuclear 

receptor-binding factor 2; p150, protein of 150 kDa; PE, phosphatidylethanolamine; PI3K, 

phosphatidylinositol 3-kinase; PI(3)P, phosphatidylinositol 3-phosphate; Ub, ubiquitin; ULK, unc-51-

like kinase; WIPI, WD repeat interacting with phosphoinositides. 

Protein Function 

ULK complex Initiation of autophagy, recruitment of 

downstream autophagy machinery 

 ULK1/2 Ser/Thr kinase 

FIP200 Scaffolding protein 

ATG13 Complex formation 

ATG101 Complex stabilisation 

ATG9A-containing vesicles Generation and expansion of phagophore 

 ATG9A Vesicle targeting, lipid scramblase 

PI3K complex I Generation of PI(3)P on the phagophore 

 VPS34 Class III PI 3-kinase 

BECN1 Complex stabilisation 

ATG14L Complex targeting 

p150 Ser/Thr kinase 

NRBF2 Complex stabilisation 

ATG2-WIPI complex Phagophore expansion 

 ATG2A/B ER-phagophore tethering, lipid transfer 

WIPI1/2/3/4 PI(3)P effector, ATG16L1 complex recruitment, 

ATG2 recruitment 

ATG16L1 complex Orchestrating ATG8-family lipidation 

 ATG5 Conjugates ATG12 

ATG7 E1 for ATG12 and ATG8-family proteins 
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ATG10 E2 for ATG12 

ATG12 Ub-like protein 

ATG16L1 Complex targeting 

ATG8-family lipidation system Cargo recognition, phagophore expansion 

 LC3A/B/C, GABARAP, 

GABARAPL1/2 

Ub-like molecule conjugated to PE on phagophore 

ATG4A/B/C/D C-terminal processing of ATG8-family proteins, 

ATG8-family delipidation 

ATG7 E1 for ATG8-family proteins 

ATG3 E2 for ATG8-family proteins 
 

1.3.3.1 Autophagosome biogenesis 

At the site of autophagosome biogenesis, an autophagosome precursor membrane 

develops, which grows and bends until it completely englobes the autophagy 

substrates, forming a mature autophagosome. The autophagosome then fuses with 

late endosomes or lysosomes to mediate the degradation of its contents (Figure 1.8). 

 

Figure 1.8 Stages of selective autophagy 

Autophagy receptors (e.g. p62, NDP52) bind to ubiquitylated substrate cargo and FIP200 of the ULK1 

complex. Autophagosome biogenesis commences as the ULK1 complex recruits the PI3K complex. 

The PI3K subunit VPS34 generates PI(3)P on the phagophore. ATG9A vesicles localise to the site of 

autophagosome biogenesis and are thought to provide the initial progenitor membrane. PI(3)P 

recruits the WIPI family of proteins to the phagophore which, in turn, recruit ATG2 and the ATG16L1 

complex. The phagophore expands by receiving lipids from the ER via the ATG2-ATG9A lipid 

transporter complex. During expansion, the ATG16L1 complex mediates the conjugation of LC3 to 

the phagophore. Closure of the phagophore is orchestrated by the ESCRT machinery, forming a 

mature autophagosome. In the final stage of autophagy, the autophagosome fuses with a lysosome 

to allow degradation of the autophagic substrates.  
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In general, during selective autophagy, the accumulation of ubiquitin chains on cargo 

provides a signal for the initiation of autophagy. This recruits selective autophagy 

receptors such as nuclear dot protein 52 kDa (NDP52), optineurin (OPTN) and p62 

(also known as sequestosome 1, SQSTM1). The selective autophagy receptors 

contain a ubiquitin-binding domain and a microtubule-associated protein light chain 3 

(LC3)-interacting region (LIR) domain (Vargas et al., 2023). An exception is the case 

of the selective autophagy receptors BCL2-interaction protein 3 (BNIP3) and BNIP3-

like (BNIP3L, also known as NIX) which lack a ubiquitin binding domain and instead 

insert directly into membrane of mitochondria and peroxisomes (Barone et al., 2023; 

Hanna et al., 2012; Novak et al., 2010; Wilhelm et al., 2022). The selective autophagy 

receptors also recruit the ULK complex via an interaction with FIP200 (Nakatogawa, 

2020; Turco et al., 2020). The close assembly of multiple ULK complexes promotes 

their auto-activation and the recruitment and activation of downstream ATG 

machinery (Turco et al., 2020).  

Recruitment of the PI3K complex promotes autophagosome biogenesis. The VPS34 

subunit of the PI3K complex phosphorylates PtdIns to PI(3)P on the phagophore. In 

selective autophagy, it is believed that the phagophore forms de novo (Melia et al., 

2020). The generation of a pool of PI(3)P facilitates the recruitment of the PI(3)P 

effector proteins WIPI1-4 (Bakula et al., 2017; Polson et al., 2010). Interaction of 

WIPI2b with ATG16L1 facilitates the recruitment of the ATG16L1 complex to the site 

of autophagosome biogenesis, whereas WIPI4 forms a complex with the lipid transfer 

protein ATG2A (Bakula et al., 2017; Dooley et al., 2014). In selective autophagy, the 

ULK1 complex and selective autophagy receptors also function as a scaffold for the 

recruitment of WIPIs, the ATG16L1 complex and the PI3K complex (Mercer et al., 

2018).  

ATG9A-containing vesicles originating from the trans-Golgi network localise to the site 

of autophagosome formation, however their exact role is not fully understood. It is 

debated whether they act as an initial seed for phagophore formation, serve as a 

membrane source for phagophore expansion, or whether they simply deliver 

components necessary for the progression of autophagy (Melia et al., 2020; Sawa-

Makarska et al., 2020). A complex between ATG2A and ATG9A has recently been 

shown to function in the expansion of the phagophore (Van Vliet et al., 2022). ATG2A 

acts as a lipid shunt from donor membranes to the phagophore which then reach the 

lipid scramblase ATG9A on the phagophore that incorporates the incoming lipids into 

the membrane, allowing growth of the phagophore.   
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A critical step in phagophore expansion is the recruitment of LC3, which relies on a 

ubiquitin-like conjugation system. LC3 (and its other family members, GABARAP and 

GABARAPL1/2) exist in the cytosol in an unlipidated pro-form which is cleaved by the 

cysteine protease ATG4 to form LC3-I. Upon initiation of autophagy, the E1-like 

protein ATG7, E2-like protein ATG3 and E3-like protein ATG16L1 act to conjugate 

LC3 to the lipid phosphatidylethanolamine (PE) in the phagophore membrane 

(Nakatogawa, 2020). This lipidated form of LC3 (LC3-II) is thought to promote further 

expansion of the phagophore by recruiting additional ATG machinery, including ULK1 

(Nakatogawa, 2020). In selective autophagy, the selective autophagy receptors bind 

to LC3, forming a bridge between the substrate and the autophagosome.  

Eventually, the phagophore almost completely encloses the autophagic substrates, 

with only a small pore remaining. The closure of this pore is mediated by the ESCRT 

machinery (Nakatogawa, 2020). 

Fully-formed autophagosomes then fuse with late endosomes or lysosomes to form 

amphisomes or autolysosomes, respectively (Galluzzi et al., 2017). This fusion is 

facilitated by much the same process as endosome-lysosome fusion. The 

autophagosome and lysosome are brought into close apposition by a tethering 

complex and the two membranes fuse through the action of a SNARE complex. 

Tethering of autophagosomes and lysosomes is facilitated by the concerted action of 

the HOPS complex, PLEKHM1 and EPG5 (Yim and Mizushima, 2020). Both 

PLEKHM1 and EPG5 tether the autophagosome to the endolysosome via an 

interaction with GTP-bound Rab7 (Yim and Mizushima, 2020). Therefore, activation 

and localisation of Rab7 to endolysosomes is key for autophagy progression. 

Following the coalescence of the autophagosome and the lysosome, autophagy 

substrates are degraded by the action of lysosome luminal hydrolases and proteases 

(Galluzzi et al., 2017).  

An additional important step in autophagy is autophagic lysosome reformation (ALR) 

which functions to replenish the pool of functional lysosomes. This involves the 

formation of tubules emanating from the autolysosome, which then sever from the 

main vacuolar body and form proto-lysosomes, which ultimately become new 

lysosomes (Yim and Mizushima, 2020).  

1.3.3.2 Non-canonical autophagy 

An alternative pathway for degradation is ‘non-canonical’ autophagy, which has the 

unique feature that ATG8 family members are conjugated directly onto the single 

membrane of the target endolysosome or lysosome-related organelle. As such, non-
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canonical autophagy is termed CASM (Conjugation of ATG8s to Single Membranes). 

Initiation and progression of CASM is independent of much of the initial autophagy 

machinery, including the ULK kinase complex, PI3K complex I and the ATG2-WIPI 

complex. However, they share the later proteins required for Atg8-family lipidation, 

the ATG16L1 complex and the ATG8 conjugation machinery (Durgan and Florey, 

2022). 

Several pathways have been shown to activate CASM, including LC3-associated 

phagocytosis and entosis, where cells are engulfed and degraded by a neighbouring 

cell. CASM can also be activated pharmacologically using drugs that disrupt the 

lysosomal pH and ion concentration, including ionophores, TRPML1 agonists and the 

lysosome-rupturing agent L-leucyl L-leucyl methyl ester (LLOMe) (Durgan and Florey, 

2022). These stimuli are thought to converge on a unifying mechanism whereby they 

induce pH or ionic imbalances within endolysosomes, which drives engagement of V0 

and V1 subunits of the v-ATPase (Durgan and Florey, 2022). The assembled v-

ATPase then recruits ATG16L1 to the lysosomal membrane (Fletcher et al., 2018). 

Like in canonical autophagy, ATG16L1 targets LC3 to the site of autophagy. However, 

a unique feature of CASM is that LC3 is conjugated not only to 

phosphatidylethanolamine (PE), but also phosphatidylserine (PS) (Durgan et al., 

2021). The LC3 on the endolysosomal vesicle promotes fusion with functional 

lysosomes to enable their degradation (Martinez et al., 2015) 

1.4 Multi-layered organelle quality control 

Quality control within cells is critical for homeostasis and cell survival, and can be 

achieved at a molecular, organellar and cellular level. The action of the ubiquitin-

proteasome and autophagic systems play a key role in achieving this, discussed 

above (Section 1.3). Given the importance of being able to respond to a changing 

environment or potential harm, it is perhaps unsurprising that quality control is multi-

faceted. This allows different degrees and types of damage to be responded to 

appropriately. It also provides a fail-safe mechanism if one pathway goes wrong or is 

overcome. Multiple, hierarchical mechanisms exist at both the mitochondria and 

lysosome to maintain homeostasis and respond to damage, providing a multi-layered 

system of organelle quality control.  

1.4.1 Maintaining lysosomal homeostasis 

In addition to being the terminal compartment for the endocytic and autophagic 

pathways, lysosomes play a critical role in nutrient sensing, cholesterol homeostasis 
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and immunity (Papadopoulos et al., 2020; Yang and Tan, 2023). As such, lysosomes 

are highly dynamic and undergo continual remodelling of their size, distribution, and 

composition to adjust to the changing needs of the cell. Given their importance to 

cellular homeostasis, damage to lysosomes can have catastrophic consequences, 

including cell death (Boya and Kroemer, 2008). To prevent this, multiple mechanisms 

exist to repair and remove dysfunctional lysosomes and replace the lysosomal pool 

(Figure 1.9).  

 

 

Figure 1.9 Multi-layered lysosomal quality control 

When lysosomes become damaged the leakage of lysosomal hydrolases into the cytosol can have 

catastrophic consequences. If the damage is limited, lysosomes may be repaired. Repair of the 

lysosomal membrane can occur via membrane closure by the ESCRT machinery or via the 

phosphoinositide-initiated membrane tethering and lipid transport (PITT) pathway which delivers 

additional lipids and cholesterol to the lysosome from the endoplasmic reticulum (ER). If the damage 

is extensive, the lysosomes must be removed. The autophagic clearance of damaged lysosomes may 

be executed by the canonical autophagy machinery (lysophagy). Alternatively, LC3 may be 

conjugated directly onto the lysosomal membrane to activate clearance by CASM.  

 

1.4.1.1 Lysosome biogenesis and distribution 

Lysosomes are highly dynamic organelles which respond to the changing needs of 

the cell. The number of lysosomes and their positioning within the cell are altered in 

response to an assortment of different stimuli, including changes in pH or nutrient 

availability and lysosomal damage (Willett et al., 2017; Zoncu and Perera, 2022). 
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Lysosomes are trafficked throughout the cell along microtubules and, in general, form 

two populations – a highly mobile, peripheral population and largely static pool located 

perinuclearly at the microtubule organising centre (Zoncu and Perera, 2022). In 

nutrient-replete conditions and when the extracellular pH is acidic, lysosomes are 

peripherally distributed (Cabukusta and Neefjes, 2018; Rozhin et al., 1994). Upon 

nutrient starvation and lysosomal damage, lysosomes cluster in the perinuclear area, 

which is thought be critical for autophagosome-lysosome fusion (Cabukusta and 

Neefjes, 2018; Kluss et al., 2022; Korolchuk et al., 2011; Willett et al., 2017). Several 

different protein complexes have been discovered that link lysosomes to the motor 

proteins dynein/dynactin and kinesin to mediate their anterograde and retrograde 

transport, respectively. For anterograde transport to the perinuclear area, these 

complexes include Rab7:RILP, TRPML1:ALG2 and TMEM55B:JIP4. Retrograde 

transport of lysosomes to the periphery is mediated by Arl8 and its effector SKIP, and 

Rab7 and FYCO1 (Cabukusta and Neefjes, 2018). Recent evidence also suggests 

that the Rab8A/Rab10/Rab12 effector RILPL1 can function in anterograde lysosome 

transport, possibly in a complex with TMEM55B (Ito et al., 2023; Pal et al., 2023). 

Lysosome biogenesis is controlled at the transcriptional level by the 

microphthalmia/transcription factor E (MiT/TFE) family of transcription factors, which 

in humans comprise MiTF, TFE3, TFEB and TFEC (Zoncu and Perera, 2022). The 

constitutive inactivation of MiT/TFE factors is mediated by mammalian target of 

rapamycin complex 1 (mTORC1). In turn, the activity of mTORC1 is controlled by a 

multi-subunit complex at the lysosome, consisting of v-ATPase, a dimer of Rag 

GTPases (RagA/B and RagC/D), the RagA/B GEF Ragulator, the RagA/B GAP 

GATOR1, the RagC/D GEF folliculin (FLCN)/ folliculin interacting protein (FNIP) 

complex, and Rheb GTPase (Yang and Wang, 2021). In nutrient-replete conditions, 

TFEB is phosphorylated in an mTORC1-dependent manner which promotes its 

association with 14-3-3 chaperone proteins, retaining it in the cytosol (Martina et al., 

2012). In response to nutrient starvation, mTORC1 dissociates from the Rags at the 

lysosome and is inactivated. mTORC1 is therefore unable to phosphorylate MiT/TFE 

factors, leading to their nuclear translocation. MiT/TFE factors can also be 

dephosphorylated and activated by calcineurin and protein phosphatase 2A (PP2A) 

in response to calcium efflux (Yang and Tan, 2023). All MiT/TFE family members bind 

to CLEAR (Coordinated Lysosomal Expression and Regulation) sites in DNA, which 

are present in multiple lysosomal genes and genes involved in autophagy, exocytosis 

and endocytosis to promote their transcription and facilitate lysosome biogenesis 
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(Palmieri et al., 2011; Sardiello et al., 2009; Settembre et al., 2011; Settembre and 

Ballabio, 2014).  

1.4.1.2 Lysosome repair  

A number of different agents can cause a disruption to lysosome membrane integrity, 

including lysosomotropic dipeptide drugs, silica, changes in lysosome cholesterol 

composition and amyloid-β aggregates (Vargas et al., 2023). Disruption of the 

lysosomal membrane risks the leakage of hydrolytic enzymes into the cytosol, which 

can damage other organelles and cause cell death (Boya and Kroemer, 2008; Bussi 

et al., 2022). Two pathways have been identified that act to repair these breaks: the 

ESCRT pathway and the PITT pathway.  

Treatment with silica crystals, pathogens and the lysosomotropic agent LLOMe trigger 

the recruitment of ESCRT machinery components to the sites of lysosomal membrane 

damage (López-Jiménez et al., 2018; Radulovic et al., 2018; Skowyra et al., 2018). 

Lysosomal membrane permeabilization leads to calcium ion efflux, which causes the 

recruitment of the calcium binding protein apoptosis-linked gene 2 (ALG2) to the 

lysosomal membrane which, in turn, recruits the ESCRT-I component TSG101 and 

the accessory protein ALIX (Shukla et al., 2022; Skowyra et al., 2018). Recruitment 

of either of these ESCRT machinery components facilitates the assembly of the 

ESCRT-III machinery and VPS4 at the sites of damage, which function to seal and 

repair the membrane hole (Radulovic et al., 2018; Shukla et al., 2022; Skowyra et al., 

2018). The ESCRT machinery can also be recruited by galectin-3 (Gal3), a protein 

which binds to exposed carbohydrates in the lysosomal lumen following lysosome 

membrane damage (discussed in further detail in Section 1.4.1.3) (Jia et al., 2020). 

Gal3-dependent ESCRT recruitment is proposed to act in a secondary slower phase 

of ESCRT-mediated membrane repair following the acute, Ca2+-dependent phase (Jia 

et al., 2020). It has also been shown that leucine-rich repeat kinase 2 (LRRK2) and 

Rab8a are required for the recruitment of ESCRT-III components to sites of lysosomal 

damage, however how LRRK2 and Rab8a regulate ESCRT-mediated membrane 

repair is not yet understood (Herbst et al., 2020). 

In the absence of ESCRT machinery components, damaged lysosomes still undergo 

membrane repair, suggesting that alternative repair mechanisms must exist 

(Radulovic et al., 2018; Skowyra et al., 2018). Indeed, a second membrane repair 

pathway involving cholesterol and phosphatidylserine (PS) transfer from the 

endoplasmic reticulum (ER) has recently been discovered by two independent groups 

(Radulovic et al., 2022; Tan and Finkel, 2022). This pathway is termed the 
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phosphoinositide-initiated membrane tethering and lipid transport (PITT) pathway. 

One group used a lipidomic approach to identify that lysosomes became enriched for 

PS and cholesterol following treatment with LLOMe (Radulovic et al., 2022). Coming 

from a different angle, the other group used unbiased proteomics to identify that 

treatment with LLOMe lead to an increase in phosphatidylinositol 4-Kinase Type 2 

Alpha (PI4K2A) and the PI(4)P effectors ORP9 and 11 (Tan and Finkel, 2022). 

Following these findings, both groups discovered a mechanism by which LLOMe 

treatment activates PI42KA to phosphorylate PI, generating PI(4)P on the lysosomal 

membrane. This recruits the PI(4)P effectors ORP9, ORP10, ORP11, ORPL1 and 

OSBP, which interact with VAPA/B on the endoplasmic reticulum to form ER-

lysosome contact sites. These membrane tethering complexes mediate the transfer 

of PI(4)P from the lysosome to the ER, and PS and cholesterol from the ER to the 

lysosome. Accumulation of PS on the lysosome recruits and activates ATG2 which 

transfers lipids from the ER to the lysosome to generate new lysosomal membrane 

(Tan and Finkel, 2022). It is not completely understood how cholesterol mediates 

membrane repair, however it has been suggested that it may be due to cholesterol’s 

ability to increase membrane stability and rigidity (Tan and Finkel, 2022).  

1.4.1.3 Lysosome turnover 

Lysosomal membrane proteins can be degraded by being internalised into the 

lysosome in a manner akin to the ubiquitin- and ESCRT-dependent endocytic 

degradative pathway (Zhang et al., 2021). This mechanism allows the lysosome 

membrane proteome to be remodelled according to the changing needs of the cell. 

The ESCRT-mediated membrane repair pathway (Section 1.4.1.2) is also proposed 

to remove damaged parts of the lysosomal membrane and the resident proteins via 

internalisation into intra-luminal vesicles (Zoncu and Perera, 2022). 

In response to glucose starvation or osmotic stress, lysosomes can internalise 

specific lysosomal membrane proteins via microautophagy to regulate lysosome size 

and protein composition (Lee et al., 2020). This process is dependent on LC3 

conjugation to the lysosome but does not require the canonical autophagy machinery 

(Lee et al., 2020). How LC3 triggers the internalisation of these vesicles is not 

understood.  

If the damage to the lysosomes is too extensive and therefore irreparable, lysosomes 

can be selectively removed by autophagy, so-called lysophagy. This can occur 

through both canonical and non-canonical mechanisms. Osmotic imbalance, pore-

forming toxins, LLOMe and TRPML1 activation can all activate non-canonical 
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autophagy mechanisms at the lysosome (Cross et al., 2023; Durgan and Florey, 

2022). These different stimuli cause ionic or pH imbalances within the lysosomal 

lumen which trigger the assembly of v-ATPase complexes on the lysosomal 

membrane. The increased V0-V1 assembly of the v-ATPase pump can attempt to 

correct the pH imbalance but, more critically, recruits ATG16L1, driving lipidation of 

LC3 on the lysosomal membrane (Durgan and Florey, 2022; Hooper et al., 2022). The 

LC3-decorated then fuses with lysosomes to degrade its content. 

Multiple different mechanisms mediating canonical autophagy have been identified 

but share two common features – they are initiated by galectin binding and are 

ubiquitin-dependent. Permeabilisation of the lysosomal membrane exposes the 

glycosylated luminal tails of lysosomal transmembrane proteins which triggers the 

recruitment of a subset of galectins (Gal), a family of carbohydrate-binding lectin 

proteins (Aits et al., 2015). The galectins recruited to the lysosome following 

permeabilization are galectin-1, galectin-3, galectin-8 and galectin-9 (Aits et al., 

2015). The binding of different galectins appears to confer diversity in the response 

to lysosomal damage, with Gal3 functioning in lysosomal repair and lysophagy, and 

Gal8 functioning in lysophagy and lysosome biogenesis (Jia et al., 2020, 2018; 

Thurston et al., 2012).  

Gal8 has been shown to interact directly with the selective autophagy receptor NDP52 

to promote autophagosome formation (Thurston et al., 2012). Gal3 recruits the ULK1 

machinery and interacts with the E3 ligases Tripartite Motif Containing 16 (TRIM16) 

and F-box only with uncharacterized domains 27 (FBXO27), which ubiquitylate the 

luminal tails of lysosomal proteins such as LAMP1, LAMP2 and TMEM192 (Chauhan 

et al., 2016; Yoshida et al., 2017). The ubiquitin chains recruit multiple autophagy 

receptors to drive lysophagy, including p62, OPTN, NDP52 and TAX1BP1 (Bussi et 

al., 2018; Eapen et al., 2021; Koerver et al., 2019; Yoshida et al., 2017). The formation 

of both K63-linked and K48-linked ubiquitin chains have been observed at sites of 

lysosomal damage and both are critical for lysophagy to proceed, with K63-linked 

chains appearing during an acute phase and K48-linked forming over a longer time 

frame (Koerver et al., 2019; Papadopoulos et al., 2017). The E2 enzyme UBE2QL1 

orchestrates the formation of both types of ubiquitin chain, but appears to exert a 

preference for K48 chain formation (Koerver et al., 2019). It has been proposed that 

K48 chains are important in the removal of lysosomal proteins that may hinder efficient 

lysophagy (Papadopoulos et al., 2018). Substrates with K48-linked ubiquitin chains 

are removed by the endo-lysosomal damage response (ELDR) complex, consisting 

of the AAA-ATPase p97, UBXD1, PLAA and the DUB YOD1 (Papadopoulos et al., 
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2018). One such ELDR complex substrate is calponin-2, which is recruited in the 

acute phase of lysosomal damage and acts to stabilise actin filaments to promote 

phagophore formation, but must be removed for lysophagy to be accomplished 

(Kravić et al., 2022)  

1.4.1.4 Lysosome regeneration 

For the clearance of damaged lysosomes and cell survival, a pool of functional 

lysosomes must exist. The replenishment of the functional lysosomal pool is primarily 

mediated by the TFEB-dependent transcription of lysosomal genes. Following 

disruption of the lysosomal membrane, Gal8 and Gal9 are recruited to the lysosome 

and converge on a pathway which leads to activation of TFEB (Aits et al., 2015; Jia 

et al., 2018). Gal8 interacts with the lysosomal Rag-Ragulator complex and 

suppresses mTOR activity, leading to TFEB activation. Whereas, Gal9 activates 

AMPK, which inhibits mTOR and, in turn, activates TFEB (Jia et al., 2018).  

Lysosome membrane damage or osmotic stress can also lead to calcium-dependent 

activation of TFEB. Permeabilisation of the lysosomal membrane can lead to loss of 

calcium from breaks in the lysosome membrane (Skowyra et al., 2018). Alternatively, 

LC3 conjugated onto the lysosomal membrane has been reported to bind to and 

activate TRPML1, leading to calcium efflux (Lee et al., 2020). In the cytosol, calcium 

activates calcineurin, which dephosphorylates TFEB, promoting its translocation to 

the nucleus (Medina et al., 2015; Nakamura et al., 2020). Furthermore, activation of 

the TRPML1 channel and CASM have been shown to recruit GABARAP which 

recruits the FLCN/FNIP complex (Goodwin et al., 2021). This sequesters FLCN/FLIP 

away from the Rag-Ragulator complex, preventing mTOR activation, which leads to 

activation of TFEB. It has been proposed that other mechanisms must also exist to 

trigger FLCN/FLIP sequestration-dependent TFEB activation because the ionophore 

monensin also causes recruitment of FLCN/FLIP to the lysosome and activation of 

TFEB, but in a manner independent of TRPML1 and GABARAP (Goodwin et al., 

2021). 

An additional TFEB-independent mechanism for regeneration of lysosomes has 

recently been discovered (Bhattacharya et al., 2023). The authors report that in the 

initial phase of lysosome damage, the Rab7 GAP TBC1D15 is recruited to the 

lysosome via an interaction with ATG8-family proteins. TBC1D15 then recruits the 

dynamin-2, clathrin and kinesin-5B to promote the formation of tubules from damaged 

lysosomes, which then bud off and form proto-lysosomes. This process is akin to the 

ALR process in autophagy. This provides a biphasic nature to lysosome recovery, 
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where new lysosomes are initially generated via tubulation and then in a later phase, 

TFEB-dependent lysosomal biogenesis takes place (Bhattacharya et al., 2023).  

1.4.2 Maintaining mitochondrial homeostasis 

Given the critical role of the mitochondria within the cell, it is important to ensure their 

proper functioning. The maintenance of mitochondrial homeostasis is achieved 

through continual fission and fusion of mitochondrial networks, so-called 

mitochondrial dynamics. In addition to mitochondrial dynamics, several processes 

exist to exact quality control: the action of mitochondrial proteases, ubiquitin-mediated 

proteasomal degradation, mitochondrial derived vesicle (MDV) formation, and 

mitophagy (Figure 1.10). These processes are understood to be largely hierarchical, 

with the process employed largely depending on the degree and nature of the damage 

(Sugiura et al., 2014).   

 

Figure 1.10 Multi-layered mitochondrial quality control 

Mitochondrial homeostasis is maintained through a variety of pathways. Mitochondria constantly 

undergo fusion and fission to respond to metabolic stress, generate new mitochondria and respond 

to ATP levels. A hierarchical set of pathways exist to maintain mitochondrial quality control. Inner 

mitochondrial membrane and matrix resident proteases degrade damaged or misfolded proteins. 

Damaged outer mitochondrial membrane proteins can be targeted for proteasomal degradation by 
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ubiquitylation. Greater oxidative damage leads to the PINK1/Parkin-dependent generation of 

mitochondrial-derived vesicles which are trafficked to the lysosome for degradation. More extensive 

damage leads to mitophagy as a final line of defence. The fission machinery separates the damaged 

part of the mitochondria from the network. PINK1 is stabilised on damaged mitochondria where it 

phosphorylates ubiquitin on outer mitochondrial membrane proteins and activates Parkin. The 

generation of phospho-ubiquitin and ubiquitin chains recruits selective autophagy receptors such as 

optineurin, which bind LC3 and trigger the autophagic degradation of the mitochondria.  

FIS1, mitochondrial fission 1 protein; LC3, microtubule-associated protein 1A/1B-light chain 3; MDV, 

mitochondrial derived vesicle; MFF, mitochondrial fission factor; MFN1, mitofusin 1; MFN2, mitofusin 

2; MID49, mitochondrial dynamics protein of 49 kDa; MID51, mitochondrial dynamics protein of 51 

kDa; OPA1, optic atrophy type 1; OPTN, optineurin; PINK1, PTEN induced putative kinase 1; pUb, 

phospho-ubiquitin; Ub, ubiquitin; UPS, ubiquitin-proteasome system. 

 

1.4.2.1 Mitochondrial dynamics 

Mitochondrial fusion is particularly important for the generation of new mitochondria 

and increasing ATP production under conditions of stress and is orchestrated by Optic 

Atrophy 1 (OPA1) and the GTPases mitofusin 1 (MFN1) and mitofusin 2 (MFN2) 

(Farmer et al., 2018). Mitochondrial fission is an important step during cell division 

and during the removal of mitochondria by mitophagy (Farmer et al., 2018). Fission is 

carried out by the formation of circular oligomers of dynamin-related protein 1 (DRP1) 

around mitochondria, which is recruited via the mitochondrial DRP1 receptors 

mitochondrial fission 1 protein (FIS1), mitochondrial fission factor (MFF) and 

mitochondrial dynamics protein of 49 and 51 kDa (MID49/MID51) (Farmer et al., 

2018). 

1.4.2.2 Molecular quality control 

To maintain the mitochondrial proteome and remove damaged or incorrectly folded 

proteins, mitochondrial proteases residing within the mitochondria matrix and 

intramembrane space act to degrade protein substrates. This process is not well 

understood and the signals for degradation are not known (Szczepanowska and 

Trifunovic, 2022).  

Mislocalised or damaged proteins on the outer mitochondrial membrane are 

ubiquitylated by E3 ligases, targeting them for degradation by the UPS. Proteins within 

the mitochondria can be retrotranslocated to the cytosol via the trans-outer 

mitochondrial membrane (TOM) complex, making them accessible for ubiquitylation 

and subsequent proteasomal degradation (Ravanelli et al., 2020). 



37 
 

1.4.2.3 Mitochondrial-derived vesicles 

The next layer of quality control at the mitochondria involves the packaging of 

mitochondrial DNA, proteins and lipids into vesicles, so-called mitochondrial-derived 

vesicles (MDVs), which are transported to the lysosome for degradation (König et al., 

2021; Soubannier et al., 2012a).  

Generation of MDVs occur at steady state and is upregulated in response to oxidative 

stress to remove damaged material (Cadete et al., 2016; Soubannier et al., 2012b). 

MDVs are also involved in the trafficking of proteins to peroxisomes for homeostasis 

and biogenesis (Neuspiel et al., 2008; Sugiura et al., 2017). The composition, 

constituents and mechanism of generation of MDVs alters according the stressor and 

the target destination (König et al., 2021; McLelland et al., 2014; Soubannier et al., 

2012b). MDVs can contain just the outer mitochondrial membrane or include the inner 

mitochondrial membrane and matrix (Sugiura et al., 2014). TOM complexes, voltage-

dependent anion channels (VDAC) and the matrix protein PDH are example cargoes 

of lysosome-targeted MDVs (König et al., 2021; Soubannier et al., 2012a). Whereas, 

MDVs destined for the peroxisome are enriched with the mitochondrial outer 

membrane protein MUL1 (Mitochondrial E3 ubiquitin protein ligase 1) (Neuspiel et al., 

2008). Mitochondria MDVs may also contain mitochondrial DNA nucleoids for 

degradation which, when released from the mitochondria, active the cGAS-STING 

innate immune response pathway (Zecchini et al., 2023). 

The steady-state generation of MDVs involves the generation of tubules which 

emanate from mitochondria and undergo DRP1-dependent scission to form vesicles 

which are transported to the lysosome along microtubules (König et al., 2021). In 

response to stress, PINK1 and Parkin drive the generation of MDVs towards the 

lysosome, a process which precedes mitophagy (Section 1.4.2.4 below) (McLelland 

et al., 2014). This process requires Rab9, the SNARE syntaxin17, and vesicle scission 

occurs independently of DRP1 (Matheoud et al., 2016; McLelland et al., 2016, 2014). 

Retromer has also been implicated in the MDV trafficking pathway. Retromer is 

required for MDV trafficking to peroxisomes and mutations in retromer have been 

shown to increase turnover of DRP1 via MDVs destined for the lysosome (Braschi et 

al., 2010; Wang et al., 2016). 

1.4.2.4 Mitophagy 

When the damage to mitochondria is widespread, or the preceding quality control 

mechanisms have failed, entire dysfunctional mitochondria are selectively removed 

by mitophagy. Multiple different mitophagy pathways have been identified, which can 
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occur basally, or in response to varying stimuli. Iron depletion and hypoxia drive the 

transcription of BNIP3 and NIX, which localise to the mitochondrial membrane and 

bind to LC3 (Ganley and Simonsen, 2022; Li et al., 2021). Mitochondrial 

depolarisation can trigger mitophagy via multiple pathways, which can be Parkin-

dependent or independent (Ganley and Simonsen, 2022). The most intensively 

studied of these is the PINK1/Parkin mitophagy pathway.  

Basally, PTEN induced putative kinase 1 (PINK1) is continually imported into the 

mitochondria via the TOM complex, where it is cleaved by the inner mitochondrial 

membrane protease presenilins-associated rhomboid-like protein (PARL), released 

into the cytosol, and then degraded via the UPS (Greene et al., 2012; Jin et al., 2010; 

Narendra et al., 2010; Yamano and Youle, 2013). Upon mitochondrial depolarisation, 

PINK1 import fails, leading to the accumulation of full-length PINK1 on the 

mitochondrial membrane where it phosphorylates the serine 65 (Ser65) residue of 

ubiquitin moieties conjugated to outer mitochondrial membrane proteins (Kane et al., 

2014; Kazlauskaite et al., 2015; Koyano et al., 2014). Phospho-ubiquitin recruits the 

E3 ligase Parkin to the mitochondria, which is then phosphorylated by PINK1 to 

become fully active (Pollock et al., 2021). The accumulation of ubiquitin and phospho-

ubiquitin chains on the mitochondria recruits specific autophagy receptors, such as 

OPTN, p62 and NDP52, initiating mitophagy (Lazarou et al., 2015). 

1.5 Parkinson’s Disease  

In 1817, James Parkinson published ‘An Essay on the Shaking Palsy’ on six subjects 

suffering from an as yet unclassified neurological condition that caused progressively 

worsening motor ability (Parkinson, 2002). Parkinson meticulously described the 

symptoms of each case, which included a resting tremor, stooped posture, and a 

shortened and shuffling gait, alongside non-motor symptoms including sleep 

disturbance, constipation, dysphagia. In acknowledgement of this seminal work, 

Jean-Martin Charcot, considered the father of neurology, suggested this condition be 

named ‘Parkinson’s Disease’ (Obeso et al., 2017).  

Parkinson’s disease (PD) is estimated to affect 1% of the population over 60 years of 

age, making it the second most common neurodegenerative disorder (Reeve et al., 

2014). Although primarily a movement disorder, PD is characterised by both motor 

and non-motor symptoms. The motor symptoms include the four cardinal features of 

PD: resting tremor, rigidity, bradykinesia, and postural instability. PD is progressive, 

and symptoms worsen through the course of the disease.  
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1.5.1 Cellular pathology 

The cellular hallmarks of PD are the selective loss of dopaminergic neurons in the 

substantia nigra pars compacta (SNpc) and the presence of intra-neuronal and intra-

axonal inclusions containing α-synuclein (Lewy bodies and Lewy neurites) (Antony et 

al., 2013; Spillantini et al., 1997). The substantia nigra lies within the midbrain and is 

an area rich in the pigment neuromelanin, which gives the region its characteristic 

dark appearance (Figure 1.11). A loss of pigmentation in the substantia nigra is a key 

feature in the brains of PD patients. The SNpc sub-region is a component of the basal 

ganglia, which functions in motor control. In PD, atrophy of dopaminergic neurons 

within the SNpc causes disruption to the neurocircuitry of the basal ganglia, leading 

to loss of motor co-ordination, giving rise to the key motor symptoms of the disorder 

(Bove and Travagli, 2019).  

 

 

Figure 1.11 The substantia nigra  

The substantia nigra is located within the midbrain and is a component of the basal ganglia. It has a 

characteristic dark appearance due to the abundance of the pigment neuromelanin. In Parkinson’s 

disease, dopaminergic neurons within the substantia nigra degenerate, and this pigmentation is lost. 

 

1.5.2 Aetiology and the genetic basis of Parkinson’s Disease 

The aetiology of Parkinson’s disease is not well understood. Environmental exposure, 

genetic predisposition and epigenetics all appear to play a part in development of PD 

(van Heesbeen and Smidt, 2019). Study of environmental toxicants, such as paraquat 

and rotenone, and PD-linked genes has implicated several processes in PD 

pathology; mitochondrial function, endolysosomal trafficking, autophagy, protein 

degradation and oxidative stress (Ebanks et al., 2020). 
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In approximately 10% of cases, PD is inherited in a Mendelian fashion, with a single 

gene mutation leading to the development of PD (Karimi-Moghadam et al., 2018). A 

number of causal genes have been identified, and through genome-wide association 

studies several other gene loci have been linked to increased susceptibility (Ebanks 

et al., 2020; Karimi-Moghadam et al., 2018). These genes can be broadly categorised 

based on the cellular process they are involved in, and predominately function in 

endolysosomal trafficking, protein degradation or mitochondrial quality control (Table 

1.2). 

Table 1.2 PD-associated genes and loci 

AD, autosomal dominant; AR, autosomal recessive; RF; risk factor. 

(Deng et al., 2018; Dolgacheva et al., 2019; Ebanks et al., 2020; Karimi-Moghadam et al., 2018; Klein 

and Westenberger, 2012; Lesage et al., 2016; Rahman and Morrison, 2019) 

PARK 
loci 

Gene Inheritance Onset Physiological function 

PARK 
1/4 

SNCA AD 
Early/ 
Late 

Endolysosomal trafficking/ Protein 
aggregation/ Autophagy 

PARK 
2 

PRKN AR Early 
Mitochondrial function and quality 

control 

PARK 
5 

UCHL1 AD Late Ubiquitin-proteasome system 

PARK 
6 

PINK1 AR Late 
Mitochondrial function and quality 

control 

PARK 
7 

DJ-1 AR Early 
Stress response/ Mitochondrial function 

and quality control 

PARK 
8 

LRRK2 AD Late 
Endolysosomal trafficking/ Mitochondrial 

function and quality control 

PARK 
9 

ATP13A2 AD Early 
Endolysosomal trafficking/ Mitochondrial 

function and quality control 

PARK 
11 

GIGYF2 AD Late Insulin signalling 

PARK 
13 

Omi/ 
HTRA2 

AD Late 
Mitochondrial function and quality 

control / Apoptosis 

PARK 
14 

PLA2G6 AR Early 
Mitochondrial function and quality 

control / Iron homeostasis 

PARK 
15 

FBXO7 AR Early 
Mitochondrial function and quality 

control / Ubiquitin-proteasome system 

PARK 
16 

Rab29 RF Late Endolysosomal trafficking 

PARK 
17 

VPS35 AD Late 
Endolysosomal trafficking/ Protein 

aggregation/ Mitochondrial function and 
quality control / Autophagy 

PARK 
18 

EIF4G1 AD Late Protein synthesis 

PARK 
19 

DNAJC6 AR Early Endolysosomal trafficking 

PARK 
20 

SYNJ1 AR Early Endolysosomal trafficking/ Autophagy 

PARK 
21 

DNAJC13 AD Early Endolysosomal trafficking 

PARK 
21 

TMEM230 AD Late Endolysosomal trafficking 
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PARK 
22 

CHCHD2 AD Late 
Mitochondrial function and quality 

control 

PARK 
23 

VPS13C AR Early 
Endolysosomal trafficking/ Mitochondrial 

function and quality control 

- GBA AD / RF - Lysosomal function/ Protein aggregation 

- Rab39b RF - Synaptic vesicle trafficking 

- DNAJC26 RF - 
Endolysosomal trafficking/ 

Cellular adhesion 

- SYT11 RF - Autophagy / vesicle fusion 

 

 

1.5.3 Accumulation of protein aggregates 

Accumulation of protein aggregates is a hallmark of many neurodegenerative 

diseases, including Alzheimer’s disease, Huntington’s disease, Parkinson’s disease 

and amyotrophic lateral sclerosis/motor neuron disease.  

The offending protein in PD is α-synuclein (Spillantini et al., 1997). Encoded by the 

SNCA gene, α-synuclein is a small 14.4 kDa (140 amino acids) protein expressed 

predominantly in the brain (Burré et al., 2018). Highly enriched at the presynaptic 

terminal, α-synuclein is understood to facilitate vesicle fusion with membranes by 

promoting SNARE complex assembly via binding to synaptobrevin-2 (Burré et al., 

2018; Lin et al., 2019). Monomeric α-synuclein is soluble and not inherently toxic. 

However, when it forms organised β-sheet structures and fibrils it becomes insoluble, 

toxic and resistant to degradation (de Oliveira and Silva, 2019; Zhang et al., 2018). 

These fibrils are also capable of converting native proteins into amyloidogenic forms, 

thus seeding a ‘prion-like’ spread of aggregated protein accumulation (Volpicelli-

Daley et al., 2011). 

An autosomal dominant form of PD can be caused by gene duplication, triplication, or 

single nucleotide mutation of SNCA, the most common being the A53T mutation 

(Burré et al., 2018; Polymeropoulos et al., 1997). Mutated forms of α-synuclein are 

more prone to oligomerisation and aggregation and have been shown to cause wide-

scale disruption within the cell, impairing mitochondrial function, ER-to-Golgi 

trafficking, protein degradation and synaptic transmission (Burré et al., 2018; Lin et 

al., 2019).  

1.5.4 Defects in mitochondrial function 

Parkinson’s disease pathology has been inextricably linked with mitochondrial 

dysfunction, with evidence coming from idiopathic patient samples, familial forms of 

the disease and the effects of environmental toxicants (Antony et al., 2013). The 
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pesticides rotenone and paraquat inhibit complex I of the mitochondrial respiratory 

chain and have been reported to a cause Parkinson-like syndrome (Wen et al., 2020). 

Furthermore, in the brains of sporadic patients, the activity of complex I is severely 

reduced (Bindoff et al., 1989; Schapira et al., 1990). Finally, several genes associated 

with familial forms of PD are linked with mitochondrial function and homeostasis, 

including PINK1, PRKN, DJ-1, FBXO7, CHCHD2 and VPS13C (Blauwendraat et al., 

2020; Funayama et al., 2015).  

PRKN encodes the E3 ligase Parkin which, along with PINK1 kinase, functions in the 

selective removal of damaged mitochondria by mitophagy (Matsuda et al., 2010; 

Narendra et al., 2008, 2010). Mutations in PRKN and PINK1 are considered to be loss 

of function and lead to rare, early-onset, autosomal recessive forms of PD 

(Blauwendraat et al., 2020). Furthermore, Parkin has been shown ubiquitylate VPS35, 

which is suggested to regulate retromer function rather than targeting it for 

proteasomal degradation (Martinez et al., 2017; Williams et al., 2018). VPS35 

overexpression ameliorates some parkin-mutant phenotypes in Drosophila, including 

climbing defects and paraquat sensitivity, further supporting a functional interaction 

between these two proteins (Malik et al., 2015). FBXO7 is a component of an E3 

ligase complex which localises to mitochondria and may regulate PINK1/Parkin 

mitophagy in some cell types (Delgado-Camprubi et al., 2017; Kraus et al., 2023).  

Nineteen different mutations in DJ-1 have been linked to autosomal recessive PD 

(Dolgacheva et al., 2019). Although, it is currently unclear just how DJ-1 mutations 

cause PD pathogenesis, it is likely related to oxidative stress. Several functions for 

DJ-1 as a sensor of oxidative stress have been proposed, including limiting the effects 

of reactive oxygen species (ROS) by upregulating transcription of anti-oxidant genes 

and acting directly as a ROS scavenger (Lind-Holm Mogensen et al., 2023). A pool of 

DJ-1 localises to mitochondria and has been suggested to regulate mitochondrial 

redox responses, dynamics and mitophagy (Di Nottia et al., 2017; Hao et al., 2010; 

Wang et al., 2012a; Zhang et al., 2005).  

VPS13C is a member of the VPS13 family of proteins which facilitate bulk lipid 

transport between membrane compartments (Kumar et al., 2018; Li et al., 2020). 

Mutations in VPS13C are thought to result in a loss of function (Lesage et al., 2016). 

Silencing of VPS13C has been shown to cause mitochondrial fragmentation, reduce 

mitochondrial function, and promote Parkin-dependent mitophagy (Lesage et al., 

2016). These findings implicate VPS13C in mitochondrial dysfunction in relation to 

PD. However, more recent evidence has demonstrated localisation of VPS13C to ER-
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endolysosome contact sites, suggesting it could also play a role in the endolysosomal 

system (Kumar et al., 2018). 

CHCHD2 is a poorly characterised protein which localises to mitochondria and is 

thought to regulate mitochondrial respiration and morphology (Huang et al., 2018). 

Under hypoxic conditions and oxidative stress, CHCHD2 is no longer imported into 

the mitochondria and instead localises to the nucleus, where it acts as a transcription 

factor to upregulate cytochrome c oxidase levels (Kee et al., 2021). Mitochondrial 

depolarisation, on the other hand, leads to the stabilisation of CHCHD2 at 

mitochondria (Huang et al., 2018). PD-causing mutations in CHCHD2 are reported to 

cause a reduction in CHCHD2 levels, a decrease in mitochondrial complex I and IV 

activity, and increased ROS levels (Lee et al., 2018). 

1.5.5 Defects in the endolysosomal network 

Many of the familial and risk factor Parkinson’s genes encode proteins which function 

at different points in the endolysosomal network, highlighting its centrality to PD 

pathogenesis. Two closely related proteins involved in endocytosis are mutated in 

familial PD, auxilin and synaptojanin1 (SYNJ1). SYNJ1 is a phosphoinositide 

phosphatase responsible for the dephosphorylation of PI(4,5)P2 on clathrin-coated 

endocytic vesicles, a key step in coat disassembly (Cremona et al., 1999; McPherson 

et al., 1996). Dephosphorylation of PI(4,5)P2 facilitates co-recruitment of auxilin and 

HSC70 to the vesicular membrane which breaks clathrin-clathrin interactions to 

promote their shedding (Kaksonen and Roux, 2018).  

Loss of SYNJ1 in mammalian cell lines has been shown to result in enlargement of 

early endosomes, aberrant lysosome morphology and impaired transferrin receptor 

recycling, suggesting that SYNJ1 may play a more global role in membrane traffic, 

rather than just at synaptic terminals (Fasano et al., 2018). When the PD-linked 

[R258Q] mutation is knocked-in to Drosophila SYNJ1, PI(3)P and PI(3,5)P2 

accumulate at autophagosome membranes, suggesting a possible disruption to 

autophagy (Vanhauwaert et al., 2017). In an auxilin [R927G] mutant knockin mouse 

model, clinical PD symptoms were phenocopied, including bradykinesia and gait 

disturbance (Roosen et al., 2019). At a molecular level, the study showed [R927G] 

auxilin had impaired interaction with clathrin. Interestingly, LRRK2 phosphorylates 

auxilin within its clathrin-binding domain at Ser267 (Nguyen and Krainc, 2018). Using 

LRRK2 mutant patient-derived dopaminergic neurons, they showed that LRRK2 

phosphorylation of auxilin interferes with clathrin binding, leading to widescale 

disruption of the endocytic system; impaired synaptic endocytosis, accumulation of 
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oxidised dopamine, decreased glucocerebrosidase activity, and accumulation of 

increased α-synuclein. These phenotypes could be partially rescued by 

overexpression of wild type auxilin (Nguyen and Krainc, 2018).  

Located on the PARK21 locus, DNAJC13 encodes RME-8 which, as discussed in 

Section 1.2.2.4, functions in endosomal trafficking and maintaining endosomal 

subdomain identity (McNally and Cullen, 2018; Popoff et al., 2009). Mutations in RME-

8 have been linked to rare cases of familial Parkinson’s Disease. This has been 

disputed and there is an argument that it is in fact transmembrane protein 230 

(TMEM230) on the PARK21 locus that is mutated in PD (Deng et al., 2018). 

TMEM230 has been shown to localise to synaptic vesicles, the early endosome and 

recycling endosome, suggesting a role in vesicular trafficking (Deng et al., 2016). The 

proposed PD-linked [N855S] mutation in RME-8 has been shown to cause defects in 

endosomal trafficking, impairing transport of EGFR and transferrin receptor from early 

endosomes (Vilariño-Güell et al., 2014; Yoshida et al., 2018). The [N855S] mutation 

does not disrupt binding to SNX1 or retromer-WASH complexes, but promotes SNX1 

tubule formation, similar to that seen with depletion, suggestive of a dominant-

negative gain-of-function (Follett et al., 2019). Mutation of RME-8 has also been 

shown to cause disruption of autophagy due to mislocalisation of ATG9A (Besemer 

et al., 2020). Interestingly, this effect on ATG9A distribution phenocopies the effect of 

the PD-linked VPS35[D620N] mutation on ATG9A trafficking (Zavodszky et al., 2014).  

Another early endosomal protein, VPS35, encoded by PARK17, is mutated in PD 

(Vilariño-Güell et al., 2011; Zimprich et al., 2011). Furthermore, the retromer 

components VPS35 and VPS26 are reduced in the brains of Alzheimer’s patients, 

further linking retromer dysfunction to neurodegenerative disease (Small et al., 2005). 

The pathogenic effects of the PD-linked mutation in VPS35 are not fully understood, 

and many potential mechanisms have been suggested. These are discussed in detail 

in Section 1.5.6. 

ATP13A2, located within the PARK9 locus, encodes the lysosomal transporter 

ATPase cation transporting 13A2 (ATP13A2) (Ramirez et al., 2006). Mutations in 

ATP13A2 have been linked to an autosomal recessive, early-onset form of 

parkinsonism known as Kufor-Rakeb syndrome (Park et al., 2015; Ramirez et al., 

2006). ATP13A2 has been implicated in many cellular processes, including bivalent 

cation homeostasis, lysosomal function, proteostasis, lipid digestion and 

mitochondrial bioenergetics (Bento et al., 2016; Dehay et al., 2012; Demirsoy et al., 

2017; Marcos et al., 2019; Tan et al., 2011; Tsunemi and Krainc, 2014; Usenovic et 
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al., 2012). Mutation or depletion of ATP13A2 has been shown by multiple studies to 

disrupt lysosomal function, affecting lysosomal pH, size and hydrolase activity (Dehay 

et al., 2012; Tsunemi and Krainc, 2014; Usenovic et al., 2012). It has been suggested 

that this effect is mediated by zinc, as loss of ATP13A2 prevents sequestration of Zn2+ 

in lysosomes (Tsunemi and Krainc, 2014). In line with lysosomal dysfunction, loss or 

mutation of ATP13A2 cause defects in autophagosome clearance (Bento et al., 2016; 

Gusdon et al., 2012; Ramonet et al., 2012; Usenovic et al., 2012). Increased levels of 

ATP13A2 have been recorded in sporadic and LRRK2 [G2019S] PD patients, 

supporting a role for ATP13A2 in PD pathogenesis (Henry et al., 2015; Ramirez et al., 

2006; Ramonet et al., 2012). Given that ATP13A2 mutations lead to a loss of function, 

but levels of ATP13A2 are increased in PD patients, it may be that ATP13A2 has a 

protective role.  

GBA1 encodes β-glucocerebrosidase (GCase), a lysosomal membrane-bound 

protein involved in the hydrolysis of glucose moieties from glycolipids. Mutations in 

GBA1 cause the lysosomal storage disorder Gaucher Disease and are associated 

with increased susceptibility to early-onset PD (Aharon-Peretz et al., 2004; Berge-

Seidl et al., 2017; Blauwendraat et al., 2018; Clark et al., 2007; Do et al., 2019; Lwin 

et al., 2004; Nalls et al., 2014; Neumann et al., 2009; Pankratz et al., 2012; Sidransky 

et al., 2009). GCase deficiency has been reported in brain samples from both sporadic 

and GBA1 mutation PD, particularly within the substantia nigra (Gegg et al., 2012; 

Murphy et al., 2014). Induced pluripotent stem cell (iPSC)-derived neurons from 

patients with GBA mutations showed increased levels of α-synuclein, ER stress, 

mitochondrial dysfunction, autophagy defects and dysregulated calcium levels, 

suggesting that these effects are relevant to disease pathology (Fernandes et al., 

2016; Schöndorf et al., 2014).  

LRRK2, also known as dardarin (derived from the Basque word for tremor) is encoded 

by the PARK8 locus and is the most commonly mutated gene in familial PD, making 

up approximately 5% cases. Mutations in the PARK8 locus were identified as a 

common cause of late-onset autosomal dominant inherited PD (Funayama et al., 

2002). Later, two groups identified mutations in a novel protein, LRRK2, to be 

responsible for PARK8 PD (Paisán-Ruı́z et al., 2004; Zimprich et al., 2004). Within 

cells, LRRK2 is present throughout the cytosol but also localises to membrane-bound 

vesicles and organelles (Berwick et al., 2019; Nichols et al., 2010). The function of 

LRRK2 and the effect of PD-linked mutations are described in detail in Section 1.5.7. 
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1.5.6 VPS35 

VPS35 forms part of the endosomal sorting complex retromer, which functions to 

recycle protein cargo from the endosome to the trans-Golgi network and plasma. The 

role of retromer within the endolysosomal system is discussed in detail in Section 

1.2.2.2. 

1.5.6.1 VPS35 and Parkinson’s disease 

Two independent studies first linked the [D620N] mutation in VPS35 to a rare form of 

late-onset autosomal dominant PD (Vilariño-Güell et al., 2011; Zimprich et al., 2011). 

Although many polymorphisms in VPS35 have since been identified, [D620N] is the 

only mutation that has been confirmed as pathogenic (Rahman and Morrison, 2019). 

Levels of VPS35 have been shown to be reduced in the substantia nigra of PD 

patients, further implicating VPS35 in the pathology of PD (MacLeod et al., 2013).  

1.5.6.2 VPS35 and endolysosomal dysfunction 

The [D620N] mutation has been shown to reduce the affinity of VPS35 with FAM21 

of WASH complex, leading to defects in endosomal trafficking (McGough et al., 2014; 

Zavodszky et al., 2014). However, the precise effects of the [D620N] mutation on 

cargo recycling are disputed. Several independent groups have reported that the 

[D620N] mutation causes defective recycling of CIMPR to the TGN (Follett et al., 

2014; MacLeod et al., 2013; McGough et al., 2014), however others have found this 

pathway to be functional (Tsika et al., 2014; Zavodszky et al., 2014). Similarly, 

trafficking of GLUT1 to the plasma membrane has been reported to be impaired in 

one study (Zavodszky et al., 2014) and unchanged in another (McGough et al., 2014), 

despite taking similar methodological approaches in the same cell line. A study in 

which VPS35[D620N] was overexpressed in primary cortical neurons found that the 

mutation did not disrupt the trafficking of the lysosomal hydrolase receptors sortilin 

and sortilin-related receptor (sorLA) (Tsika et al., 2014). 

Defects in retromer function have also been associated with lysosomal dysfunction. 

Loss of retromer causes impaired delivery of hydrolases to the lysosome, thereby 

reducing its degradative capacity (Arighi et al., 2004; Cui et al., 2018). Deletion of 

retromer has also been reported to cause enlargement of the lysosomal compartment 

and hyperaccumulation of Rab7 on the lysosomal membrane (Cui et al., 2018; Daly 

et al., 2023; Jimenez‐Orgaz et al., 2018). Finally, PD patient-derived fibroblasts 

harbouring the VPS35[D620N] have been shown to have reduced LAMP1 and 

LAMP2 expression, smaller lysosomes and impaired degradative capacity (Hanss et 

al., 2021).  
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The observation that deletion of retromer enhances autophagy suggests that VPS35 

may play a suppressive role in this process (Cui et al., 2018; Kvainickas et al., 2017). 

Loss of retromer has also been shown to upregulate autophagy by impairing mTORC1 

translocation to the lysosome, enhancing TFEB signalling and CLEAR gene 

transcription (Kvainickas et al., 2019). The [D620N] mutation in VPS35 has been 

shown to impair autophagy (Tang et al., 2015b; Zavodszky et al., 2014). HeLa cells 

stably expressing VPS35[D620N] have been shown to display impaired autophagy 

due to disrupted trafficking of ATG9A (Zavodszky et al., 2014). Furthermore, a study 

has shown that SNpc dopaminergic neurons from VPS35[D620N] knockin mice 

displayed accelerated degradation of LAMP2A, a critical receptor in chaperone-

mediated autophagy (Tang et al., 2015a). As α-synuclein is degraded by this process, 

it is suggested that this may account for the accumulation of α-synuclein seen in 

VPS35[D620N] transgenic mice (Tang et al., 2015a), although not all studies have 

found α-synuclein accumulation in VPS35[D620N] mouse models (Chen et al., 2019).  

1.5.6.3 VPS35 and mitochondrial homeostasis 

Perturbation of VPS35 has been linked with decreased mitochondrial function. Loss 

of VPS35 has been shown to cause reduced mitochondrial membrane potential, 

increased generation of ROS and reduced respiration (Tang et al., 2015b). However, 

overexpression of wild type VPS35 also causes these same phenotypes (Wang et al., 

2016). This could suggest that when VPS35 is overexpressed it may act in a dominant 

negative fashion, which has implications for the interpretation of studies that look at 

the effect of the [D620N] mutation with high exogenous overexpression. Several 

studies have reported that the [D620N] mutation causes a decrease in respiration, 

mitochondrial membrane potential, increased ROS, and reduced ATP levels (Hanss 

et al., 2021; Ma et al., 2021; Niu et al., 2021; Wang et al., 2017, 2016). Some of these 

studies used overexpression systems, however, others used heterozygous knockin 

models and PD patient-derived cells, giving weight to the view that this is a 

physiologically relevant effect.  

Several studies have implicated VPS35 in mitochondrial dynamics. Depletion of 

VPS35 has reported to cause mitochondrial fragmentation, which can be rescued by 

the reintroduction of wild type, but not [D620N] mutant, VPS35 in murine 

dopaminergic neurons (Tang et al., 2015b). However, another study found that 

knockdown of VPS35 in human neuroblastoma M17 cells caused mitochondria to 

become more elongated (Wang et al., 2016). Overexpression of either wild type or 

[D620N] mutant VPS35 has been reported to cause mitochondrial fragmentation, 

suggesting that at high levels of overexpression VPS35 may have a dominant 
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negative effect (Wang et al., 2017, 2016). Cells from the SNpc of homozygous 

[D620N] knockin mice have been shown to display more fragmentated mitochondria 

(Tang et al., 2015b). This finding has been supported by subsequent studies using 

heterozygous [D620N] knockin SH-SY5Y cells, PD patient-derived fibroblasts and 

PD-derived induced dopaminergic neurons which have found increased mitochondrial 

fragmentation (Hanss et al., 2021; Ma et al., 2021; Niu et al., 2021; Wang et al., 2017, 

2016). This suggests that control of mitochondrial dynamics may be relevant to PD 

pathogenicity (Hanss et al., 2021; Wang et al., 2016).  

The VPS35 [D620N] mutation has been shown to increase ubiquitin-mediated 

proteasomal degradation of the fusion protein MFN2 by impairing the removal of the 

E3 ligase MUL1 via MDVs (Tang et al., 2015b). Increased ubiquitylation of MFN2 by 

MUL1 promotes its degradation, leading to fewer fusion events. This tips the balance 

of mitochondrial dynamics towards fission, resulting in mitochondrial fragmentation. 

VPS35 has also been implicated in mitochondrial fission by mediating the transport of 

inactive DRP1 oligomers to the lysosome via MDVs (Wang et al., 2016). This 

interaction is increased by the [D620N] mutation, enhancing its turnover, thus allowing 

for more active DRP1 on the mitochondrial surface, promoting fission and 

fragmentation (Wang et al., 2016).  

Two studies have linked the [D620N] mutation to dysfunctional mitophagy, but found 

different parts of the mitophagy process to be impaired (Hanss et al., 2021; Ma et al., 

2021). In a heterozygous [D620N] knockin SH-SY5Y cell model, CCCP treatment 

failed to induce mitochondrial PINK1 stabilisation and Parkin recruitment, leading to 

fewer mitolysosomes being formed (Ma et al., 2021). Thus, initiation of mitophagy was 

impaired. The authors found that this was because VPS35[D620N] expression led to 

a reduction in basal mitochondrial membrane potential which rendered mitochondria 

less sensitive to mitochondrial depolarisation by CCCP. Conversely, a study using 

induced dopaminergic neurons derived from a PD patient harbouring the 

VPS35[D620N] mutation found that the number of mitolysosomes in response to 

CCCP treatment was elevated compared to control cells (Hanss et al., 2021). They 

noted that the patient-derived induced neurons expressing VPS35[D620N] had 

smaller lysosomes, reduced LAMP1 and LAMP2 levels, and impaired autophagic flux. 

Therefore, the clearance of dysfunctional mitochondria engulfed by autophagosomes 

was impaired.  
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1.5.7 LRRK2 

LRRK2 is a large (2527 amino acid) multi-domain protein with two catalytic domains 

and four protein-protein interaction domains (Figure 1.12). The Ras of complex (Roc) 

GTP-binding domain and the accompanying C-terminal of Roc (COR) domain form 

the Roco catalytic domain which exhibits GTPase activity (Taylor and Alessi, 2020). 

The second catalytic domain of LRRK2 is a serine/threonine kinase that 

phosphorylates substrates, such as a subset of Rab GTPases, and 

autophosphorylates the S1292 residue within LRRK2 (Sheng et al., 2012; Steger et 

al., 2017, 2016). The Armadillo (ARM), ankyrin (ANK), leucine-rich repeat (LRR) and 

WD40 domains are believed to facilitate interactions with other proteins, possibly in a 

scaffolding role (Berwick, 2019). One such interaction is with the cytosolic chaperone 

14-3-3, which binds following the phosphorylation of LRRK2 at the S935 residue 

(Dzamko et al., 2010; Nichols et al., 2010). Interaction with 14-3-3 is believed to 

prevent the self-association of LRRK2 into dimers, thus controlling its activity and 

localisation (Mamais et al., 2014; Nichols et al., 2010).  

 

Figure 1.12 LRRK2 structure  

Structure of LRRK2 domains, their proposed function and the location of pathogenic mutations 

associated with PD.  

ANK, Ankyrin; ARM, Armadillo; COR, carboxy-terminal of Roc; LRR, Leucine-rich repeat; PD, 

Parkinson’s disease; Roc, Ras of complex. 

 

LRRK2 is widely distributed in human tissues, but with high expression in the immune 

cells, lung, kidney and intestine (Taylor and Alessi, 2020). Interestingly, only LRRK2, 

and not its homolog LRRK1, is present in the striatum, the main site of pathology in 

PD (Westerlund et al., 2008). The function of LRRK2 is not well understood and has 

been implicated in mitochondrial homeostasis, membrane trafficking, autophagy, 

neurite growth, ciliogenesis, centrosome positioning and immune signalling (Berwick 

et al., 2019; Wallings and Tansey, 2019). The major substrate of LRRK2 is a subset 
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of Rab GTPases: Rab3A/B/C/D, Rab8A/B, Rab10, Rab12, Rab35, Rab43 and 

possibly Rab29 (Steger et al., 2017, 2016). The localisation and known functions of 

LRRK2 substrate Rabs, and the location of the LRRK2 phosphosite in their Homo 

sapien forms are outlined in Table 1.3.  

Table 1.3 LRRK2 substrate Rabs 

(Eguchi et al., 2018; Goud et al., 2018; Ito et al., 2023; Jeong et al., 2018; Klinkert 

and Echard, 2016; Li and Marlin, 2015; Purlyte et al., 2018; Steger et al., 2017, 

2016; Wauters et al., 2019; Yamano et al., 2018; Zhen and Stenmark, 2015) 

Rab 

protein 

LRRK2 

phosphosite 

Localisation Function 

Rab1A T75 ER ER-Golgi transport 

Rab1B T75 

Rab3A T86 Secretory vesicles 

 

Vesicle exocytosis 

 Rab3B T86 

Rab3C T94 

Rab3D T86 

Rab5A S84 Early endosomes, 

autophagosomes 

Endosome fusion and motility, 

endocytic trafficking, 

mitophagy, autophagosome 

formation 

Rab5B S84 

Rab5C S85 

Rab8A T72 Secretory vesicles, trans-

Golgi network, lysosomes, 

primary cilia 

Cilia biogenesis, lysosome 

repair Rab8B T72 

Rab10 T73 Lysosomes, mitochondria, 

GLUT4 vesicles 

Mitophagy, GLUT4 trafficking,  

Rab12 S106 Recycling endosomes, 

lysosome 

Retrograde transport, 

lysosome positioning 

Rab29 T71, S72  trans-Golgi network LRRK2 activation 

Rab35 T72 Recycling endosomes Endocytic trafficking, cell 

migration, neurite outgrowth 

Rab43 T82 Golgi Golgi-endosome transport, ER-

Golgi transport, trafficking 

through Golgi 

 

 

1.5.7.1 Mechanism of LRRK2 activation and function 

In addition to Rabs being LRRK2 substrates, they also mediate the membrane 

recruitment and activation of LRRK2 (Figure 1.13). Three Rab-binding sites have 
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been identified on LRRK2, with each performing a different role to cumulatively 

regulate LRRK2 activity.  

‘Site 1’ within the ARM domain of LRRK2 is capable of binding to Rab29, Rab8A and 

Rab10. Interaction at this site recruits LRRK2 to the membrane and promotes 

activation of LRRK2 autophosphorylation and substrate Rab phosphorylation (Vides 

et al., 2022). Overexpression of Rab29 drives localisation of LRRK2 to the Golgi, 

however the significance of this at endogenous levels is not known (Purlyte et al., 

2018). Rab29 belongs to a sub-family of closely-related Rabs consisting of Rab29, 

Rab32 and Rab38, all of which are reported to interact with LRRK2 (McGrath et al., 

2021; Waschbüsch et al., 2014). Overexpression of Rab32 has been shown to 

promote localisation of LRRK2 to late endosomes and a recent pre-print has shown 

that endogenous Rab38 promotes membrane recruitment in melanocytes (Unapanta 

et al., 2022; Waschbüsch et al., 2014). Rab32 has been shown to interact with LRRK2 

at its ARM domain (McGrath et al., 2021), therefore it seems likely that all these Rabs 

bind to LRRK2 ‘Site 1’ and promote membrane recruitment. LRRK2 Rab-binding ‘Site 

2’ lies within the N-terminal region of LRRK2 and binds with high affinity to 

phosphorylated Rab8A and Rab10 (Vides et al., 2022). This is thought to facilitate a 

feed-forward mechanism to maintain LRRK2 membrane localisation to drive further 

Rab phosphorylation. Finally, a third Rab-binding site, ‘Site 3’, has recently been 

discovered which binds Rab12 (Dhekne et al., 2023). This interaction is thought to 

promote the configuration of LRRK2 into a conformation with maximal kinase activity. 

The existence of a fourth Rab-binding site which would act to correctly position LRRK2 

towards its substrate Rabs has been proposed (Dhekne et al., 2023). 

LRRK2 phosphorylates its substrate Rabs at a conserved threonine/serine site within 

their switch II motif (Steger et al., 2016). The phosphorylation of Rabs by LRRK2 can 

prevent their extraction from membranes by interfering with their interaction with GDI 

and may also decrease interaction with their GAPs (Eguchi et al., 2018; Liu et al., 

2018; Steger et al., 2016) (Figure 1.13). Furthermore, a group of effectors have been 

identified that preferentially bind to phosphorylated Rabs: RILPL1, RILPL2, JIP3 and 

JIP4 (Steger et al., 2017; Waschbüsch et al., 2020). As such, phosphorylation of Rabs 

by LRRK2 can alter their normal functioning.  

RILPL1 has been shown to interact with phosphorylated Rab8A and Rab10, RILPL2 

with Rab8A, Rab10 and Rab12, JIP3 with Rab10, and JIP4 with Rab10 (Ito et al., 

2023; Steger et al., 2016; Waschbüsch et al., 2020). Rab interacting lysosomal protein 

like 1 (RILP1) and Rab interacting lysosomal protein like 2 (RILP2) have been shown 
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to regulate cilia formation (Schaub and Stearns, 2013). LRRK2 activation impedes 

ciliogenesis through RILPL1 and RILPL2 (Dhekne et al., 2018; Lara Ordónez et al., 

2019). Activation of LRRK2 has also been shown to promote recruitment of RILPL1 

to lysosomes to promote their retrograde transport (Ito et al., 2023). JIP3 and JIP4 

belong to the c-Jun NH2-terminal kinase (JNK)-interacting protein (JIP) family of 

scaffolding proteins that possess an RH1 domain which facilitates interaction with 

cytoskeletal motor proteins. Both JIP3 and JIP4 have been implicated in lysosome 

motility (Rafiq et al., 2022; Willett et al., 2017). Activation of LRRK2 promotes 

recruitment of JIP4 and RILPL1 to lysosomes, regulating their positioning and 

lysosomal tubulation (Bonet-Ponce et al., 2020; Ito et al., 2023; Kluss et al., 2022). 

The effect of LRRK2 activation on JIP3 function is not known. 

The Golgi-localised phosphatase protein phosphatase Mg2+/Mn2+ dependent 1H 

(PPM1H) has been shown to dephosphorylate LRRK2-dependent phosphorylation of 

Rab8A and Rab10 (Berndsen et al., 2019) (Figure 1.13). However, PPM1H does not 

affect the phosphorylation status of other LRRK2 substrates, such as Rab12, 

therefore, other phosphatases that counter the kinase action of LRRK2 must exist 

(Berndsen et al., 2019). 
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Figure 1.13 Overview of phosphorylation of Rabs by LRRK2  

LRRK2 is recruited and activated at membranes via GTP-bound Rabs. LRRK2 then phosphorylates 

itself at S1292 and substrate Rabs at a conserved serine/threonine residue within the Switch II motif. 
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Rab phosphorylation leads to dissociation from their usual effectors and promotes binding to a new 

set of phospho-dependent effectors. Phosphorylation of Rabs also prevent their membrane extraction 

by GDIs, trapping them at membranes. It may also interfere with GTP hydrolysis by the Rab GAP 

proteins. Dephosphorylation at the serine/threonine residue of certain LRRK2 substrate Rabs is 

mediated by the phosphatase PPM1H.  

 

1.5.7.2 LRRK2 and Parkinson’s disease 

Six pathogenic gain-of-function mutations in LRRK2 are associated with PD and are 

all located within the catalytic regions: [R1441C/G/H,] [Y1699C], [G2019S] and 

[I2020T] (Figure 1.12). As well as being linked to familial PD, LRRK2 has also been 

identified as a risk factor for susceptibility to PD through genome-wide association 

studies (Chang et al., 2017; International Parkinson Disease Genomics Consortium 

et al., 2011). The mutations [R1441C/G/H] and [Y1699C] lie within the Roco GTPase 

domain and are reported to decrease GTPase activity (Daniëls et al., 2011; Lewis et 

al., 2007). Lying within the kinase domain of LRRK2, the mutations [G2019S] and 

[I2020T] increase LRRK2 kinase activity (Gloeckner et al., 2006; West et al., 2005). 

Despite the [R1441C/G/H] and [Y1699C] mutations not being located in the kinase 

domain, they also increase Rab phosphorylation, suggesting the kinase activity of 

LRRK2 and its ability to phosphorylate Rabs plays a critical role in its pathogenicity 

(Liu et al., 2018; Steger et al., 2016). Furthermore, phosphoRabs have the potential 

to be used as biomarkers for LRRK2 activity in clinical trials as they can be detected 

in human peripheral mononuclear blood cells (Thirstrup et al., 2017). Binding of 14-3-

3 is also disrupted by PD-linked mutations, causing increased activity of LRRK2 (Li et 

al., 2011; Muda et al., 2014; Nichols et al., 2010).  

1.5.7.3 LRRK2 and the endolysosomal system 

LRRK2 has been implicated in several processes in the endolysosomal network, 

including synaptic vesicle recycling, retrograde trafficking, autophagy and the 

response to endolysosomal stress (Taylor and Alessi, 2020). Loss of Rab29 and 

overexpression of LRRK2[G2019S] have been shown to impair CIMPR retrograde 

trafficking, which can be rescued by overexpression of VPS35 (MacLeod et al., 2013). 

Another study found pathogenic LRRK2 led to impaired recycling of transferrin 

(Mamais et al., 2021). Furthermore, LRRK2 has been shown to interact with the Golgi-

localised tethering complex Golgi-associated retrograde protein (GARP), further 

supporting a role for LRRK2 in regulating trafficking (Beilina et al., 2020). Expression 

of pathogenic LRRK2 has been shown to cause a delay in the Rab5-Rab7 endocytic 

switch, decreased Rab7 activity and a delay in receptor-mediated degradation 
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(Gómez-Suaga et al., 2014). The authors suggest that the impairment in endosome 

maturation and trafficking is due to LRRK2 regulating Rab7. However, later work has 

shown that LRRK2 phosphorylates Rab5, so it is conceivable that these effects are 

due to the inability of phosphorylated Rab5 to recruit the Rab7 GEF Mon1-Ccz1 

(Steger et al., 2017). In support of their hypothesis, Gómez-Suaga and colleagues 

cite a study which shows that the pathogenic mutations in the Drosophila LRRK2 

homologue LRRK promote Rab7-dependent lysosome clustering (Dodson et al., 

2012; Gómez-Suaga et al., 2014). However, unlike humans which possess LRRK1 

and LRRK2 genes, Drosophila possess only one orthologue, LRRK (Seegobin et al., 

2020). It is therefore possible that the effect on Rab7-dependent lysosome positioning 

is linked to an equivalent function of human LRRK1, which is known to phosphorylate 

Rab7 (Malik et al., 2021). 

LRRK2 and VPS35 have been reported to act together in synaptic vesicle recycling 

in Drosophila but, again, interpretation of this result has the caveat that there is only 

one LRRK ortholog in flies (Inoshita et al., 2017). Overexpression of VPS35 in flies 

expressing human pathogenic LRRK2 has been shown to lessen locomotor deficits 

and dopaminergic neurodegeneration, respectively, suggesting a common pathway 

between these proteins exists (Linhart et al., 2014). In support of LRRK2 as part of 

network of interacting PD genes, LRRK2 has also been shown to interact with Parkin 

and the PD risk factor genes GAK and Rab29 (Beilina et al., 2014; Ng et al., 2009).  

Expression of pathogenic LRRK2 variants has been reported to cause multiple 

lysosomal phenotypes, including swelling, perinuclear clustering, impaired 

acidification, and reduced degradative capacity (Henry et al., 2015; Ho et al., 2019; 

Hockey et al., 2015; Ito et al., 2023; MacLeod et al., 2013; Schapansky et al., 2018; 

Ysselstein et al., 2019). Expression of [G2019S] or [R1441C] LRRK2 leads to trapping 

of Rab8a at lysosomes (Mamais et al., 2021). Furthermore, it has been shown that 

LRRK2 negatively regulates lysosomal GCase activity in a Rab10-dependent manner, 

which is exacerbated by PD-linked LRRK2 mutations and could be relieved by LRRK2 

kinase inhibition (Ysselstein et al., 2019). In addition to supporting a role for LRRK2 

at the lysosome, this provides another link between two PD-associated genes. LRRK2 

has also been reported to interact with the v-ATPase V0 subunit a1, which is abolished 

by the [R1141C] mutation, causing an increase in lysosomal pH and decreased 

autolysosome fusion (Wallings et al., 2019). A recent pre-print has found that LRRK2 

negatively regulates lysosomal degradative capacity at a transcriptional level through 

inhibition of MiT/TFE transcription factors, consequently suppressing lysosomal 

biogenesis (Yadavalli and Ferguson, 2023).  
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Several studies support a role for LRRK2 in the response to endolysosomal stress. 

LRRK2 is recruited to endolysosomal structures in response to damage and the 

lysosome-related organelle phagophores in response to infection (Bonet-Ponce et al., 

2020; Eguchi et al., 2018; Herbst et al., 2020; Kuwahara et al., 2020). Recruitment of 

LRRK2 subsequently leads to increased phosphorylation at these membrane 

compartments. Several roles for LRRK2 in the response to endolysosomal stress 

have been proposed. These include the regulation of lysosomal size and contents in 

response to lysosome overload by promoting lysosomal exocytosis (Eguchi et al., 

2018), regulating ESCRT-mediated repair of damaged endomembranes (Herbst et 

al., 2020), and the removal of damaged lysosomal content to functional lysosomes 

via lysosomal tubulation (Bonet-Ponce et al., 2020). 

1.5.7.4 LRRK2 and mitochondrial homeostasis 

There is a growing body of evidence to support a role for LRRK2 at the mitochondria. 

Mutations in LRRK2 have been widely reported to impair mitochondrial function, with 

cells displaying reduced mitochondrial membrane potential, increased ROS, and 

reduced respiration and, subsequently, reduced ATP levels (Hsieh et al., 2016; 

Mortiboys et al., 2010; Niu et al., 2012; Toyofuku et al., 2020; Wang et al., 2012b; 

Wauters et al., 2019). Multiple independent studies have reported a direct interaction 

between LRRK2 and the fission protein DRP1 (Niu et al., 2012; Perez Carrion et al., 

2018; Stafa et al., 2014; Wang et al., 2012b). LRRK2 has been shown to promote the 

recruitment of DRP1 to mitochondria leading to increased fission, which is enhanced 

by pathogenic LRRK2 mutation (Niu et al., 2012; Wang et al., 2012b). However, 

another study reported that LRRK2 impairs the interaction of DRP1 with its receptor 

MID51 under depolarising conditions (Bonello et al., 2019). LRRK2 has also been 

reported to interact with the DRP1 receptor FIS1 (Niu et al., 2012) and the fusion 

proteins MFN1, MFN2 and OPA1 (Stafa et al., 2014). Together, these results suggest 

a role for LRRK2 in regulating mitochondrial dynamics. In different studies, the 

[G2019S] has been reported to cause elongated mitochondrial networks (Mortiboys 

et al., 2010), network fragmentation (Niu et al., 2012; Wang et al., 2012b) and no 

change to mitochondrial morphology (Hsieh et al., 2016; Singh et al., 2021). Clearly, 

more work is needed to understand the role LRRK2 plays in mitochondrial fission and 

fusion, and whether this is situation- or cell-type specific. Furthermore, loss of LRRK2 

or expression of the [G2019S] mutation has shown to impair ER-mitochondrial 

contacts, suggesting a role for LRRK2 in the regulation of these contact sites 

(Toyofuku et al., 2020). 
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LRRK2 has been shown to suppress basal, PINK1-independent mitophagy in a 

kinase dependent manner (Singh et al., 2021; Tasegian et al., 2021). Consequently, 

the hyperactivating LRRK2[G2019S] mutation results in impaired mitophagy. LRRK2 

has also been implicated in depolarisation-induced mitophagy (Bonello et al., 2019; 

Hsieh et al., 2016; Wauters et al., 2019). However, there is disagreement in the 

literature as to whether LRRK2 is acting upstream, downstream, or in a pathway 

parallel to Parkin. Bonello and colleagues reported that LRRK2 impairs the initiation 

of mitophagy by interfering with the interactions between DRP1 and MID51, DRP1 

and Parkin, and Parkin and TOM40 (Bonello et al., 2019). On the other hand, Wauters 

and colleagues propose that LRRK2 interferes with mitophagy at a point downstream 

of Parkin. Fibroblasts from PD patients harbouring LRRK2 [G2019S] or [R1441C] fail 

to accumulate Rab10 at mitochondria in response to depolarisation, therefore it is no 

longer present to recruit the autophagy receptor optineurin (Wauters et al., 2019). The 

authors propose that this is because phosphorylated Rab10 is trapped at another 

membrane compartment (Wauters et al., 2019). Finally, Hsieh and colleagues 

showed that LRRK2 acts in a pathway parallel to PINK1 and Parkin to facilitate the 

clearance of damaged mitochondria. They show that LRRK2 interacts with the 

mitochondrial GTPase Mitochondrial Rho GTPase 1 (Miro1) which functions in the 

tethering of mitochondria to microtubules. In response to depolarisation, Miro1 is 

degraded to stop movement of damaged mitochondria and promote their clearance 

by mitophagy. The LRRK2 [G2019S] mutation was shown to stabilise Miro1 at 

mitochondria, delaying mitophagy (Hsieh et al., 2016).  

1.5.8 An interconnected PD network  

Whilst examining the functions of the gene products mutated in Parkinson’s Disease 

highlights the importance of endolysosomal trafficking and mitochondrial dysfunction 

in pathogenesis, looking at these two processes separately may be a reductive view.  

Several genes have been found to have both mitochondrial and endolysosomal 

trafficking roles, suggesting crosstalk between these two processes. Although 

ATP13A2 is located at the lysosome, knockdown disrupts mitochondrial networks, 

leads to increased ROS production, and accumulation of mitochondrial mass (Gusdon 

et al., 2012; Ramonet et al., 2012). VPS13C has been implicated in both 

endolysosomal-ER and mitochondrial-ER contact sites (Leonzino et al., 2021). 

Although the major role for Parkin appears to be in mediating mitophagy, it has also 

been implicated in endosomal sorting through the ubiquitylation of Rab7 (Song et al., 

2016). As discussed previously (see Sections 1.5.6.2, 1.5.6.3, 1.5.7.3 and 1.5.7.4), 
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pathogenic mutations in VPS35 and LRRK2 have been extensively linked to 

dysfunctions in mitochondrial homeostasis (Figure 1.14) and in the endolysosomal 

system (Figure 1.15). 

Moreover, many of these PD genes interact functionally with each other, suggesting 

that common pathways may exist that underpin disease pathology. The best 

characterised example of this is the PINK1/Parkin-dependent mitophagy pathway. 

However, the finding that the [D620N] mutation in VPS35 hyperactivates LRRK2 

suggests that these proteins may also form a common axis to cause 

neurodegeneration (Mir et al., 2018). 

 

Figure 1.14 PD mutations in LRRK2 and VPS35 cause mitochondrial defects 

The LRRK2[G2019S] has been reported to impair mitophagy due to reduced Rab10-dependent 

optineurin recruitment to mitochondria, stabilisation of Miro1, which prevents mitochondrial arrest prior 

to mitophagy initiation, and decreased recruitment of Parkin. The effect on LRRK2[G2019S] on 

mitochondrial morphology is disputed. The mutation been reported to enhance and impair DRP1 

recruitment and cause mitochondrial elongation and fragmentation. The VPS35[D620N] mutation has 

been reported to impair mitophagy by preventing the delivery of ATG9A vesicles to the growing 

phagophore. The mutation has been shown to cause increased mitochondrial fusion by enhancing 
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the removal of inactive DRP1 oligomers via MDVs. VPS35[D620N] has also been reported to cause 

decreased fusion due to reduced removal of the E3 ligase MUL1 via MDVs, leading to enhanced 

proteasomal degradation of the fusion protein MFN2. Both VPS35[D620N] and LRRK2[G2019S] 

impair mitochondrial bioenergetics.  

ATG, autophagy-related; DRP1, dynamin-related protein 1; FIS1, mitochondrial fission protein 1; LC3, 

microtubule-associated protein 1A/1B-light chain 3; MID51, mitochondrial dynamics protein of 51 kDa; 

MMP, mitochondrial membrane potential; OPTN, optineurin; ROS, reactive oxygen species; Ub, 

ubiquitin. 

 

 

 

Figure 1.15 PD mutations in LRRK2 and VPS35 cause defects in the endolysosomal system 

Pathogenic mutations in LRRK2 and VPS35 cause disruption in endocytic trafficking and cargo 

recycling. The VPS5[D620N] mutation impairs the interaction of retromer with the WASH complex. 

Pathogenic LRRK2 mutations cause increased phosphorylation of Rabs at membrane compartments. 

LRRK2 [R1441C] displays decreased interaction with v-ATPase, raising lysosomal pH and impairing 

autophagy. Mutations in LRRK2 cause lysosomal enlargement.  
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1.6 Aims 

Recent work has shown the Parkinson’s Disease proteins VPS35 and LRRK2 act in 

a common axis, whereby the [D620N] mutation in VPS35 causes 

hyperphosphorylation of LRRK2 substrate Rabs. However, how these two proteins 

interact and the functional consequences of [D620N]-mediated hyperactivation of 

LRRK2 are not understood.  

In this thesis, I set out to further explore the relationship between LRRK2 and VPS35. 

Chapter 3, describes the generation and characterisation of a set of tools to facilitate 

the study of pathogenic VPS35 and LRRK2. This includes the generation of an 

isogenic pair of cell lines expressing either wild type or [D620N] mutant VPS35. I then 

use these tools to investigate the consequences of the VPS35[D620N] mutation on 

endosomal trafficking (Chapter 4) and mitochondrial dynamics and mitophagy 

(Chapter 5), with the aim to investigate whether there is any involvement of LRRK2. 

Finally, Chapter 6 reports efforts to investigate whether VPS35 affects LRRK2’s role 

in the response to endolysosomal damage. 

  

  

  



61 
 

 

2 Materials and Methods 

2.1 Molecular Biology 

2.1.1 Materials and Reagents 

The reagents and materials used in molecular biology experiments are outlined in 

Table 2.1. If not otherwise stated, chemicals were purchased from Merck/Sigma-

Aldrich. All primers were purchased from Eurofins Scientific.  

Table 2.1 Molecular biology reagents and materials 

REAGENT SOURCE CAT. NO. 

Bacterial Cells 

Subcloning Efficiency™ DH5α Competent 

cells 

ThermoFisher Scientific 

(Invitrogen) 

#18265017 

BL21 Competent E. coli New England BioLabs #C2530H 

Media 

SOC (Super Optimal Broth with Catabolite 

Repression) Medium 

ThermoFisher Scientific 

(Invitrogen) 

#15544034 

Gel electrophoresis reagents 

Tris-acetate-EDTA (TAE) buffer, 50x National Diagnostics #EC-872 

Ultrapure™ Agarose powder ThermoFisher Scientific 

(Invitrogen) 

#16500500 

SYBR™ Safe DNA gel stain ThermoFisher Scientific 

(Invitrogen) 

#S33102 

1 kb DNA ladder New England Biolabs #N3232 

100 bp DNA ladder New England Biolabs #N3231 

Gel Loading Dye, Purple (6x), no SDS New England Biolabs #B7025S 

Kits 

MinElute Gel Extraction Kit Qiagen #28604 

QIAprep Spin MiniPrep Kit Qiagen #27106 

HiSpeed Plasmid Maxi Kit Qiagen #12663 

QIAquick PCR Purification Kit Qiagen #28104 

PCR reagents 

PfuUltra II Fusion HotStart DNA 

Polymerase (and associated buffer) 

Agilent  #600670 

PCR nucleotide mix, 25mM Promega #U1431 

Nuclease free water Merck (Sigma-Aldrich) #W4502 

Restriction digest and ligation reagents 

Restriction Endonuclease Enzymes New England Biolabs Various 

CutSmart Buffer New England Biolabs - 

T4 DNA Ligase New England Biolabs #M0202 

T4 DNA Ligase Reaction Buffer New England Biolabs - 

Protein Purification Reagents 

Bacterial protease inhibitors  Merck (Sigma-Aldrich) #P8465 

Deoxyribonuclease I from bovine 

pancreas (DNase) 

Merck (Sigma-Aldrich) #DN25 
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GSTrap™ HP columns Cytiva (GE) #17528101 

Isopropyl ß-D-1-thiogalactopyranoside 

(IPTG) 

Merck (Sigma-Aldrich) #I6758 

Lysozyme  Merck (SAFC) #1052810001 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0mm, 

Mini Protein Gel, 10-well 

ThermoFisher Scientific 

(Invitrogen) 

#NP0321BOX 

NuPAGE™ MES SDS Running Buffer 

(20x) 

ThermoFisher Scientific 

(Invitrogen) 

#NP000202 

PD10 Desalting columns Merck (Cytiva) #GE17-0851-01 

Reduced L-glutathione  Merck (Sigma-Aldrich) #G4251 

SimplyBlue™ SafeStain 

 

ThermoFisher Scientific 

(Invitrogen) 

#LC6060 

XCell SureLock™ Mini-Cell 

Electrophoresis System 

ThermoFisher Scientific 

(Invitrogen) 

#EI001 

 

Plasmids used in this project are listed in Table 2.2. 

Table 2.2 Table of plasmids  

 
 

Plasmid name Obtained from Cat. No 

pcDNA5-FRT/TO HA-VPS35 WT MRC PPU #DU26467 

pcDNA5-FRT/TO HA-VPS35 [D620N] MRC PPU #DU26878 

pcDNA5-FRT/TO NeoR Generated in-house  

pEGFP-C1-Rab7 Gift from Harald 

Stenmark 

 

pEGFP-C1-Rab7-DN [T22N] Gift from Tobias 

Zech 

 

pGEX-4T-3-mR7BD Addgene #79149 

pGEX-6P-1 Merck (Cytiva) #GE28-9546-48 

2.1.2 Polymerase Chain Reaction (PCR) 

DNA amplification by PCR was performed using PfuUltra II Fusion HS DNA 

Polymerase. The primer sequences used are shown in Table 2.3.The PCR reaction 

was set up according to Table 2.4 and run according to the thermal cycler programme 

shown in Table 2.5. 

Table 2.3 List of PCR primers used 

Capital letters in the primer sequence represent the recognition sites for KpnI (forward, F) and NotI 

(reverse, R) restriction enzymes.  

 
 

Target Primer No. 5’-3’ 

HA-VPS35 WT 2545 F gacGGTACCgccaccatgtacccatacg 

2546 R atgaaggtctcatcctttaaGCGGCCgctt 
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Table 2.4 PCR Reaction Mix for DNA amplification 
 

 

 

 

 

 

 

 

 

 

Reagent Volume 

required (µl) 

Sterile water x 

10x Pfu-buffer 5 

dNTPs (25mM) 1 

Forward Primer  1.25 

Reverse Primer  1.25 

Template (50 ng) y 

PfuUltra HF DNA Polymerase 1 

Total volume 50 

 

Table 2.5 Thermocycler programme 

 

Segment Step No. cycles Temp. (°C) Duration 

1 Initial denaturation 1 95 2 min 

2 

Denaturation 

30 

95 30 sec 

Annealing Tm - 5 30 sec 

Extension 68 1 min/kb 

3 Final Extension 1 68 30 min 

 

2.1.3 Restriction enzyme digestion 

Restriction digests were set up according to Table 2.6. For each digest reaction, 1 µg 

of DNA was used. Reaction mixtures were incubated at 37 °C for 90 minutes (min). 

Table 2.6 Restriction Digest Reaction Mix 

RE, restriction endonuclease. 

Reagent 

Volume required (µl) 

Uncut Single Digest Single Digest Double 

Digest 

Sterile water x x x x 

CutSmart Buffer 4 4 4 4 

DNA (1 µg) y y y y 

RE enzyme 1 0 1 0 1 

RE enzyme 2 0 0 1 1 

Total volume 40 40 40 40 
 

 

2.1.4 Ligation 

T4 DNA ligation was performed to ligate insert DNA into a vector using an insert to 

vector molar ratio determined based on the size of each fragment. The reaction was 

set up as shown in Table 2.7 and incubated in a thermocycler at 16 °C for 18 hours 

(h) then kept at 4 °C until use. 
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Table 2.7 Ligation Reaction Mix 

 

 

 

 

 

 

 

 

Reagent Volume 

required (µl) 

Sterile water x 

10x T4 DNA Ligase Buffer 2 

Vector (5 kb – 50 ng) y 

Insert (2.5 kb – 150 ng) z 

T4 DNA Ligase 1 

Total volume 20 

2.1.5 Agarose gel electrophoresis and gel extraction 

Agarose gels were prepared by dissolving electrophoresis grade agarose powder in 

TAE buffer (40 mM Tris-acetate, 1 mM Na2-EDTA) by heating in a microwave for 

approximately 4 minutes. After leaving to cool slightly, SYBR Safe stain was added at 

1:10,000 dilution to allow visualisation of DNA by ultraviolet (UV) light. The gel was 

then poured into a cassette and left to set at room temperature. Before loading, 6x 

DNA loading dye was added to DNA samples. Gels were run in TAE buffer at 136 V 

for 45 minutes. DNA bands were visualised using a UV light. When necessary, DNA 

was extracted from gels using a QIAquick Gel Extraction kit. 

2.1.6 Bacterial transformation 

Transformation of bacteria was carried out using either BL21, DH5α Escherichia coli 

or TOP10 cells. Per transformation, a 50 µl aliquot of competent bacteria was thawed 

on ice before adding 5 µl of ligated DNA (from 20 µl total ligation reaction) or 100 ng 

of DNA. The bacterial suspension was incubated on ice for 20 minutes before 

undergoing heat-shock for 60 seconds (secs) in a water bath set to 42 °C, and then 

placed on ice for 2 minutes. 350 µl of SOC media was added to the bacteria, which 

were then incubated at 37 °C for 1 hour with shaking (250 revolutions per minute, 

rpm). Bacteria were then inoculated onto LB agar plates with the appropriate antibiotic 

selection marker (100 mg/ml ampicillin, 10 mg/ml kanamycin) and incubated overnight 

at 37 °C. For ligations, 200 µl of bacterial suspension was plated. For transformation 

with plasmid DNA, 50 µl of bacterial suspension was plated.  

Individual bacterial colonies were picked from the plates, and each used to inoculate 

5 ml of LB broth containing the appropriate selection antibiotic. Cultures were 

incubated overnight at 37 °C with shaking (250 rpm). DNA was purified from the 

bacterial cultures using a Qiagen MiniPrep Kit according to manufacturer instructions. 

Purified DNA samples were test-digested and, if positive, sent for sequencing at the 

DNA Sequencing Service (University of Dundee, UK). Sequence-verified plasmids 
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were transformed into bacteria as above, and an individual colony was used to 

inoculate 150 ml LB broth under antibiotic selection which was incubated overnight at 

37 °C with shaking (250 rpm). Purified plasmid DNA was extracted using Qiagen 

MiniPrep Kit according to manufacturer instructions and a glycerol stock was 

prepared, as detailed in Section 2.1.7. 

2.1.7 Glycerol stock 

Five millilitres of overnight bacterial culture in LB broth and appropriate antibiotic was 

centrifuged at 4,000 rpm to pellet the bacteria. The pellet was then resuspended in 

40% glycerol and LB broth and stored at -80 °C. 

2.1.8 Strategy for cloning HA-VPS35 plasmids 

The pcDNA5D-FRT/TO-HA-VPS35 WT and [D620N] plasmids contained a 

hygromycin resistance gene which made them incompatible for use as a selection 

marker for the FlpIn system in RPE1 cells as RPE1 cells already harbour hygromycin 

B resistance (Bodnar et al., 1998). It was therefore necessary to clone the HA-VPS35 

inserts into the vector pcDNA5-FRT/TO-NeoR which instead contains a neomycin 

resistance (NeoR) cassette. A schematic of this process is illustrated in Figure 2.1. 

PCR was used to amplify HA-VPS35 and to insert a KpnI restriction site at the 5’ end 

and include a NotI site at the 3’ end, forming KpnI-HA-VPS35-NotI. The PCR product 

was run on a 1% agarose gel by electrophoresis and a band at the expected molecular 

mass was extracted using a MinElute Gel Extraction Kit. This product was then 

restriction digested using KpnI and NotI restriction endonuclease enzymes and the 

digested product subjected to purification using a PCR purification kit. The pcDNA5-

FRT/TO NeoR destination vector was also digested with KpnI and NotI and the two 

digestion products were ligated together using T4 DNA ligase. The ligation mixture 

was transformed into bacteria and DNA was extracted from cultures grown from the 

resulting colonies to be sequence verified. This strategy was successful for cloning 

pcDNA5 FRT/TO NeoR HA-VPS35 WT but failed for HA-VPS35 [D620N].  

Efforts to make pcDNA5 FRT/TO NeoR VPS35 [D620N] by inserting PCR-amplified 

VPS35 D620N into pcDNA5 FRT/TO NeoR were unsuccessful, so the end-product 

was assembled via subcloning the gene of interest from pcDNA5 FRT/TO VPS35 

[D620N] into pcDNA5-FRT/TO-NeoR HA-VPS35 WT, and in the process removing 

HA-VPS35 WT. This work was carried out in collaboration with Hannah Elcocks. 
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Figure 2.1 Cloning process for the creation of pcDNA5/FRT/TO/NeoR HA-VPS35 WT plasmid 

HA-VPS35 cDNA was amplified from pcDNA5/FRT/TO/HA-VPS35 WT by PCR using primers 

designed to create KpnI and preserve NotI restriction sites. The PCR product and 

pcDNA5/FRT/TO/NeoR destination vector were subjected to restriction digest and the relevant 

products ligated together to create pcDNA5/FRT/TO/NeoR HA-VPS35 WT. 
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2.1.9 Production of GST-RILP 

2.1.9.1 Protein production 

To produce GST-RILP for use in the active Rab7 binding assay, GST-mouse Rab7 

binding domain of RILP (GST-RILP) was subcloned out of pGEX-4T-3-mR7BD and 

into the pGEX-6P-1 backbone. Double digests of both constructs were run on a 1% 

agarose gel and the drop-out insert band and digested pGEX-6P-1 vector were 

extracted and ligated to form pGEX-6P-1-RILP using T4 DNA ligation (Section 

2.1.4). 

For protein production, pGEX-6P-1-RILP was transformed into BL21 bacteria as in 

Section 2.1.6. Colonies were grown on LB Agar plates under ampicillin and picked to 

inoculate a 10ml LB broth, which was incubated for 16 hours at 37 ºC with shaking 

(250 rpm). The following day, the starter culture was inoculated into 2 litres of LB broth 

with ampicillin and grown to an OD600 of 0.6-0.8. Protein production was then induced 

with 0.5 mM IPTG for 20 hours at 20 ºC, with shaking (250 rpm). Pre-induction and 

post-induction samples were collected to test induction efficiency (see Section 

2.1.9.2). Bacteria were pelleted in a Jouan centrifuge at 4500 rpm for 15 minutes at 4 

ºC. The pellets were washed in ice-cold PBS and pelleted as previously described. 

Bacterial pellets were flash frozen with liquid nitrogen and stored at -80 ºC until lysis. 

Lysis was performed using ice-cold PBS supplemented with lysozyme (0.5 mg/ml), 

DNase (10 µg/ml) and bacterial protease inhibitors (1:500) on ice for 30 minutes. The 

lysates were then sonicated using a probe set to high for 10 rounds of 20 seconds on 

ice. Lysates were then clarified in an ultracentrifuge at 100,000 x g for 25 minutes at 

4 ºC. The supernatant was then filtered with a 0.2 µm filter before being loaded onto 

an ÄKTA pure protein purification system (Cytiva). 

2.1.9.2 Assessing GST-RILP induction 

Samples from the bacterial culture before and after induction with IPTG were pelleted 

and resuspended in hot lysis buffer (2 % SDS, 1 mM EDTA, 50 mM NaF) and 

incubated at 110 °C for 10 minutes, vortexing at 2-minute intervals. Sample buffer 

(10x) was added to samples before boiling at 95 °C for 5 minutes. Samples were spun 

at maximum speed on a tabletop centrifuge to pellet debris and 10 µl of each sample 

was resolved by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) (described in Section 2.3.8). Proteins were visualised by incubating with 

SimplyBlue SafeStain for one hour, followed by a one-hour and an overnight wash in 

distilled water.  
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2.1.9.3 Purification of GST-RILP 

Lysates were loaded onto a 1 ml GSTrap Column on an ÄKTA pure protein purification 

system (Cytiva). The column was washed with three column volumes of PBS and 

bound protein was eluted with 50mM Tris-HCl and 10 mM reduced glutathione. 

Fractions were collected in 500 µl volumes and the UV trace was used to determine 

which should contain GST-RILP protein. Samples from each fraction were resolved 

by SDS-PAGE and visualised using SimplyBlue SafeStain to assess their purity. 

Relevant fractions were pooled for buffer exchange using PD10 desalting columns. 

As per the manufacturer’s instructions, the PD10 columns were equilibrated with GST 

storage buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol 

(DTT), 10% glycerol) and then the sample was applied to the columns three times, 

thus removing reduced glutathione and exchanging GST-RILP protein into GST 

storage buffer. The collected samples were pooled, and the concentration of the 

purified protein was calculated using a Pierce 660 nm assay (Section 2.3.3). Single-

use aliquots of the purified protein were flash frozen in liquid nitrogen and stored at -

80 ºC until they were to be used in the assay. This work was carried out in 

collaboration with Hannah Elcocks. 

2.2 Cell Biology 

2.2.1 Materials and Reagents 

The reagents and materials used in cell biology experiments are outlined in Table 2.8. 

If not otherwise stated, chemicals were purchased from Merck/Sigma-Aldrich. All 

siRNA oligonucleotides were purchased from Horizon Discovery (UK).  

Table 2.8 Cell biology reagents and materials 

REAGENT SOURCE CAT. NO. 

Cell lines 

HEK293 Flp-In™ T-REx™  Invitrogen (UK) R78007 

hTERT RPE1 FRT/TR  Dr Jonathon Pines (ICR, 

London) 

- 

hTERT RPE1 FlpIn mitokeima Generated by Dr Elena 

Marcassa and Dr Hannah 

Elcocks (MCSU, 

Liverpool) from hTERT 

RPE1 FRT/TR from Dr 

Jonathon Pines (ICR, 

London) 

- 

Cell culture media and supplements 

Dulbecco’s Modified Eagle’s Medium 

(DMEM), low glucose, GlutaMAX™ 

Supplement, pyruvate, Gibco™ 

ThermoFisher Scientific #21885025 
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DMEM/F-12, GlutaMAX™ Supplement, 

Gibco™ 

ThermoFisher Scientific #31331093 

Opti-MEM™ Reduced Serum Medium, 

GlutaMAX™ Supplement, Gibco™ 

ThermoFisher Scientific #51985034 

Fetal Bovine Serum (FBS), qualified, Brazil, 

Gibco™ 

ThermoFisher Scientific #10270106 

MEM Non-Essential Amino Acids Solution 

(100x), Gibco™ 

ThermoFisher Scientific #11140035 

Trypsin-EDTA (0.5%), no phenol red (10x), 

Gibco™ 

ThermoFisher Scientific #15400054 

Transfection Reagents 

GeneJuice® Transfection Reagent Merck Millipore #70967 

Lipofectamine™ RNAiMAX Invitrogen #13778075 

Selection antibiotics 

Blasticidin S ThermoFisher Scientific 

(Invitrogen) 

#R21001 

G418 Merck (Sigma-Aldrich) #4727878001 

Zeocin ThermoFisher Scientific 

(Invitrogen) 

#R25005 

Induction antibiotics 

Doxycycline hyclate Merck (Sigma-Aldrich) #D9891 

Treatment compounds 

Antimycin A Merck (Sigma-Aldrich) #A8674 

Apilimod dimesylate Tocris Bioscience #7283 

Carbonyl cyanide 3-chlorophenylhydrazone 

(CCCP) 

Merck (Sigma-Aldrich) #C2759 

Chloroquine diphosphate salt Merck (Sigma-Aldrich) #C6628 

Concanamycin A Merck (Sigma-Aldrich) #C9705 

Epoxomicin Merck (Sigma-Aldrich, 

Calbiochem) 

#324800 

L-Leucyl-L-Leucine methyl ester (LLOMe) 

hydrochloride 

Cambridge Bioscience 

(Cayman Chemicals) 

#CAY16008 

MLi-2 Tocris (Abingdon, UK) #5756 

MLN-4924 (Pevonedistat) Chemgood #C-1231 

Nigericin sodium salt  Merck (Sigma-Aldrich) #N7143 

Oligomycin A Merck (Sigma-Aldrich) #75351 

 

Viral vectors used in this project are listed in Table 2.9. 

Table 2.9 Table of lentiviruses  

 
 

Viral vector Obtained from Cat. No 

LV-CMV-eGFP-LRRK2 wild-type KU Leuven PD-12-197.2 

LV-CMV-eGFP-LRRK2 G2019S KU Leuven PD-12-289 

LV-CMV-eGFP-LRRK2 G2019S/D1994A KU Leuven PD-12-279 
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2.2.2 Cell Culture 

RPE1 FlpIn Parental (hTERT RPE1 FRT/TR) and hTERT RPE1 FlpIn mitokeima cells 

were maintained in Dulbecco’s Modified Eagle’s Medium: Nutrient Mixture F-12 

(DMEM/F-12) + GlutaMAX™. Parental HEK293 FlpIn (HEK293 Flp-In™ T-REx™) 

cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM). Media were 

supplemented with 10 % heat-inactivated foetal bovine serum (FBS) and 1 % MEM 

non-essential amino acids (NEAA). All RPE1 FlpIn HA-VPS35 cell lines were 

maintained in the presence of 400 µg/ml G418 and 5 µg/ml blasticidin to retain 

expression of the constructs. All cells were maintained at 37 °C in a humidified 5% 

CO2 atmosphere and split 1:5 – 1:10 when sub-confluent, as appropriate, to be 

passaged again after 2-3 days.  

2.2.3 The lacZeo Flp-In T-REx System 

Developed by ThermoFisher Scientific, the lacZeo Flp-In™ T-REx™ system 

(hereafter referred to as the FlpIn system) is used to generate stable cell lines carrying 

a gene of interest, the expression of which is under the control of a tetracycline 

repressor. The FlpIn system takes advantage of a site-specific DNA recombinase 

derived from S. cerevisiae to integrate the gene of interest into a host cell line.  

The benefits of the FlpIn system are its efficiency, ease, and multi-use once a FlpIn 

Parental cell line has been generated. The gene of interest is only integrated into the 

host genome once, at a specific site, allowing for limited disruption of existing genes. 

As expression can be controlled by tetracycline-class antibiotics, it allows expression 

of the gene of interest to be titrated and facilitates study of genes where constitutive 

expression would lead to toxicity. 

FlpIn Parental cells are generated by the integration of two plasmids, pcDNA6/TR and 

pFRT/lacZeo, into the selected host cell line (Figure 2.2). The pcDNA6/TR plasmid 

encodes a Tet repressor (TetR) gene and a gene conferring blasticidin resistance. 

Both genes are constitutively expressed under the control of a human 

cytomegalovirus (CMV) promoter and simian virus 40 (SV40) early promoter, 

respectively. The pFRT/lacZeo plasmid encodes a Flp recombination target site (FRT) 

and a lacZ-Zeocin fusion gene. The FRT region is the site of binding of the enzyme 

Flp recombinase which orchestrates DNA recombination.  

Following transfection, cells are maintained under blasticidin and zeocin selection to 

ensure that all cells have stable integration of the two plasmids. It is also important 

when selecting a FlpIn Parental cell clone that there is only a single insertion of the 
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FRT site and that there is high TetR expression to allow strong control of expression 

of the gene of interest.  

     

Figure 2.2 FRT/lacZeo and TR genes are stably and randomly integrated into the genome of 
the host cell line 

The RPE1 lacZeo Flp-In T-REx Parental cell line is generated by transfection with pFRT/lacZeo and 

pcDNA6/TR plasmids. Adapted from Flp-In™ T-REx™ Core Kit manual (Invitrogen). 

AmpR, ampicillin resistance; FRT, Flp Recombinase Target; PCMV, cytomegalovirus promoter; PSV40, 

simian virus 40 early promoter; pUC ori, origin of replication; SV40 pA, SV40 polyadenylation signal; 

TetR, tetracycline repressor.  

 

Introduction of the gene of interest into the FlpIn Parental cells requires co-

transfection of the pCDNA5/FRT/TO expression vector with pOG44, which encodes 

a Flp recombinase. The pCDNA5/FRT/TO expression vector contains the gene of 

interest under the control of a tetracycline-inducible promotor (TO), an FRT site, and 

an antibiotic resistance gene lacking its ATG initiator codon. The pOG44 vector 

encodes a Flp recombinase which mediates DNA recombination at FRT sites.  

The Flp recombinase mediates homologous recombination between the FRT site in 

genome, originating from the pFRT/lacZeo plasmid, and the FRT site in the 

pCDNA5/FRT/TO expression vector (Figure 2.3). Integration of the 

pCDNA5/FRT/TO/NeoR expression vector within the FRT site in the genome disrupts 

the lacZ-Zeocin gene, leading to loss of zeocin resistance and β-galactosidase 

activity. The ATG initiator codon for lacZeo is then in frame for neomycin resistance. 

Random integration would not confer neomycin resistance, allowing selection of 

clones only where the gene of interest has been inserted within the FRT site.  

Expression of the gene of interest is under the control of a tetracycline-regulated, 

hybrid human cytomegalovirus promoter (CMV/2xTetO2) (Figure 2.4). Homodimers 

of Tet repressor protein, encoded by the TetR gene originating from the pcDNA6/TR 
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plasmid, bind with high affinity to the two Tet operator regions (TetO2) in the 

pcDNA5/FRT/TO/NeoR sequence. As a result, transcription is repressed. Upon 

addition of tetracycline-class antibiotics, such as tetracycline or doxycycline, the 

antibiotic binds to TetR, causing its dissociation from the Tet operator. Transcription 

is thus derepressed, permitting expression of the gene of interest. 

 

Figure 2.3 Integration of gene of interest into host cell line genome by Flp-mediated DNA 
recombination 

Co-transfection of a pcDNA5/FRT/TO/NeoR expression vector and pOG44 encoding a Flp 

recombinase into a Flp-In T-REx parental cell line leads to the integration of the gene of interest 

(VPS35) into the host genome. Adapted from Flp-In™ T-REx™ Core Kit manual (Invitrogen). 

AmpR, ampicillin resistance; BGH pA, Bovine Growth Hormone polyadenylation signa; FRT, Flp 

Recombinase Target; NeoR, neomycin resistance gene; PCMV, cytomegalovirus promoter; PSV40, 

simian virus 40 early promoter; pUC ori, origin of replication; SV40 pA, SV40 polyadenylation signal; 

PCMV/TetO2, hybrid cytomegalovirus/ 2x tetracycline operator promoter; TetR, tetracycline repressor; 

VPS35, vacuolar protein sorting 35. 
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Figure 2.4 Tetracycline-inducible expression of gene of interest 

The TetR gene, originating from pcDNA5D/TR plasmid, is constitutively expressed in the host cell line, 

resulting in the production of TetR protein. Homodimers of TetR bind with high affinity to TetO2 regions, 

repressing transcription of genes under the control of a CMV/2xTetO2 promoter. Upon addition of 

tetracycline-class antibiotics such as tetracycline or doxycycline, they bind to TetR causing a 

conformational change that leads to dissociation from TetO2, derepressing gene transcription. 

Adapted from Flp-In™ T-REx™ Core Kit manual (Invitrogen). 
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CMV, cytomegalovirus; PCMV, cytomegalovirus promoter; PCMV/TetO2, hybrid cytomegalovirus/ 2x 

tetracycline operator promoter; SV40 pA, simian virus 40 polyadenylation signal; TetO2, Tetracycline 

operator 2; TetR, tetracycline repressor; VPS35, vacuolar protein sorting 35. 

2.2.4 Generation of VPS35 FlpIn Cell Lines 

For one week prior to transfection, RPE1 FlpIn parental cells were maintained in 10% 

FBS DMEM/F-12 media containing 10 µg/ml blasticidin and 100 µg/ml zeocin. Using 

GeneJuice DNA transfection (see Section 2.2.7), 200,000 RPE1 FlpIn parental cells 

were co-transfected with a 10:1 ratio of pOG44-Flp plasmid (900 ng) and pCDNA5 

FRT/TO NeoR harbouring either an HA-VPS35 WT or [D620N] mutant insert (100 

ng). A control transfection was also performed using a GFP plasmid to assess 

transfection efficiency, which was approximately 30 % after 24 hours.  

Twenty-four hours post-transfection, cells were split 1:4 from a 6-well plate to a 10cm 

dish and incubated with selection media (10% FBS DMEM/F-12, 1% NEAA, 400 µg/ml 

G418, 10 µg/ml blasticidin) to yield single colonies expressing both plasmids. Single 

cell-derived colonies were then left to grow, and once visible were picked and 

transferred into 24-well plates. Clonal cultures were expanded once confluent into 

gradually larger culture vessels.  

For screening of HA-VPS35 induction, clones were seeded onto 6-well plates and 

treated with doxycycline (1 µg/ml) for 24 hours. Cells were then lysed and assessed 

by western blotting for HA and VPS35 (see Section 2.3.8). 

2.2.5 Isolating monoclonal populations by single-cell dilution 

Single cell dilution was performed on RPE1 FlpIn VPS35 WT C4 and [D620N] M9 cell 

lines to isolate a pure population. 

Cell lines were trypsinised and resuspended in DMEM/F12 media containing 400 

µg/ml G418 and 10 µg/ml blasticidin. From the homogenised solution, a dilute cell 

solution of 5 cells/mL was prepared. Cells were seeded into two 96 well plates at 100 

µL cell solution per well. This achieves an average density of 0.5 cells/well to increase 

the likelihood that several wells will receive a single cell and decrease the chance of 

wells receiving more than one cell. The plates were then left undisturbed for 10 days, 

at which point they were checked to see if there were observable colonies. Once 

colonies had grown, they were trypsinised and moved to successively larger culture 

vessels and then screened.  
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2.2.6 Generation of VPS35 FlpIn Cell Lines stably expressing 

eGFP-LRRK2 

RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 clones obtained by single-cell dilution 

(Section 2.2.5) were transduced with wildtype, hyperactive [G2019S], or kinase dead 

[G2019S/D1994A] eGFP-LRRK2 lentivirus at a multiplicity of infection of 0.8 in full 

media containing polybrene. After 48 hours, media were exchanged. Lentiviral 

transduction was carried out by Hannah Elcocks. To isolate transduced cells, GFP-

positive cells were sorted using fluorescence-activated cell sorting (FACS). In brief, 

cells were trypsinised, washed in PBS and then resuspended in FACS buffer (PBS + 

1% FBS) before being sorted by flow cytometry, using a polybrene only control to set 

the gate. FACS was carried out by Dr Ailbhe Brazel. Positive cells were expanded 

and screened by live cell imaging and western blotting for eGFP-LRRK2 expression. 

To obtain cell lines with homogenous eGFP-LRRK2 expression, the pooled cells were 

single cell diluted using the methods described in Section 2.2.5. 

2.2.7 DNA Transfection 

Cells were seeded into 6-well plates 24 hours prior to transfection. For transient DNA 

transfections, 6 µl GeneJuice was added to 250 µl Opti-MEM media per well, gently 

mixed, then incubated for 5 minutes at room temperature. Plasmid DNA was then 

added to the mixture, mixed gently, then incubated for 15 minutes at room 

temperature. The transfection mix was added dropwise to cells in 1750 µl fresh full 

media. After 24 hours, cells were harvested.  

2.2.8 siRNA Transfection 

RPE1 FlpIn cells were seeded 24 hours prior to transfection. Cells incubated in serum-

free DMEM/F12 media were transfected with 40 nM siRNA in Opti-MEM media using 

Lipofectamine RNAiMAX in Opti-MEM at a 1:1 ratio. Serum-free DMEM/F12 media 

were exchanged for full DMEM/F12 media after 6 hours. In general, knockdowns were 

left for 72 hours and then cells were fixed or lysed. For double hit knockdowns, at 72 

hours post-transfection cells were transfected again with 40 nM siRNA using the same 

method and left for 96 hours. To prevent cells becoming over-confluent in double hit 

knockdowns, cells were split 24 hours after each transfection. For GST-RILP assays, 

transfected cells were expanded from a 6 cm dish to a 15 cm dish 24 hours after 

siRNA transfection. siRNA oligonucleotides used in this project are listed in Table 

2.10. 
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Table 2.10 Sequences of ON-TARGETplus siRNA oligonucleotides used for transfection 

All siRNAs were purchased from Horizon Discovery (UK) and targeted against the human gene. 

Reagent Catalogue No. Target sequence 

LRRK2 (SMARTpool) L-006323-00 GAAAUUAUCAUCCGACUAU 

   GGAGGGAUCUUCUUUAAUU 

   UUACCGAGAUGCCGUAUUA 

    CAAGUUAUUUCAAGGCAAA 

Rab10 (SMARTpool) L-010823-00 GCAAGGGAGCAUGGUAUUA 

   CACGUUAGCUGAAGAUAUC 

   GAUGAUGCCUUCAAAUACUA 

    GAAUAGACUUCAAGAUCAA 

Rab29 (SMARTpool) L-010556-00 GAGAACGGUUUCACAGGUU 

   CAGGACAGCUUCAGCAAAC 

   GGACCAGAUUGACCGGUUC 

    GCUAGUAGUGUUUGGCUUA 

TBC1D5 (SMARTpool) L-020775-01 AGAUAAAGAACUUCGAUCA 

   GAAUUAAGAGCAUGGUAUA 

   CCGAAUCACAAUUUAGAAU 

    AUCCAAGACCAGUGACUUA 

VPS26A (SMARTpool) L-013195-00 SEQUENCES NOT PROVIDED 

VPS29 (SMARTpool) L-009764-01 AUGUGAAAGUAGAACGAAU 

    CAAGUGAAACUACGGAUAU 

    UGAGAGGAGACUUCGAUGA 

    AUAUUAAAGUGGACGAGAU 

VPS35 (D5) J-010894-05 GAACAUAUUGCUACCAGUA 

VPS35 (D6) J-010894-06 GAAAGAGCAUGAGUUGUUA 

VPS35 (D7) J-010894-07 GUUGUAAACUGUAGGGAUG 

VPS35 (D8) J-010894-08 GAACAAAUUUGGUGCGCCU 

VPS35 (SMARTpool) L-010894-00 GAACAUAUUGCUACCAGUA 

   GAAAGAGCAUGAGUUGUUA 

   GUUGUAAACUGUAGGGAUG 

    GAACAAAUUUGGUGCGCCU 

Non-targeting Control (Control #1) D-001810-01 TGGTTTACATGTCGACTAA 
 

 

2.2.9 Drug Treatments 

Antimycin A, apilimod, CCCP, epoxomicin, LLOMe, MLi-2, MLN4924 and oligomycin 

A were solubilised in DMSO. Chloroquine was solubilised in filtered sterile water. 

Nigericin was solubilised in 100 % ethanol. Drug treatments were performed in full 

media and added to cells at 0.1 % of the total volume of media. Control cells were 

treated with vehicle at 0.1 % of the total volume of media for the longest incubation 

time point in a particular experiment.  
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2.3 Protein Biochemistry 

2.3.1 Materials and Reagents 

The reagents and materials used in biochemistry experiments are outlined in Table 

2.11. If not otherwise stated, chemicals were purchased from Merck/Sigma-Aldrich.  

Table 2.11 Protein biochemistry reagents and materials 

REAGENT SOURCE CAT. NO. 

Inhibitors 

Protease Inhibitor Cocktail Merck (Sigma-Aldrich) #P8340 

cOmplete™, Mini, EDTA-free Protease 

Inhibitor Cocktail 

Merck (Sigma-Aldrich) #1183617001 

PhosSTOP™ Merck (Roche) #4906837001 

Immunoprecipitation Reagents 

Pierce™ Anti-HA Magnetic Beads ThermoFisher 

Scientific 

#88836 

Glutathione Sepharose 4B Merck (GE/Cytiva) #GE17-056-01 

MagnaRack™ Magnetic Separation Rack ThermoFisher 

Scientific (Invitrogen) 

#CS15000 

Subcellular fractionation Reagents 

Trypan Blue Stain (0.4%) ThermoFisher 

Scientific (Invitrogen) 

#T10282 

Commercial protein assays   

Pierce™ 660nm Protein Assay Kit ThermoFisher 

Scientific 

#22662 

Pierce™ BCA Protein Assay Reagent A ThermoFisher 

Scientific 

#23223 

Pierce™ BCA Protein Assay Reagent B ThermoFisher 

Scientific 

#23224 

IgG from bovine serum, lyophilised powder Merck (Sigma-Aldrich) #I5506 

IgG from bovine serum, buffered aqueous 

solution 

Merck (Sigma-Aldrich) #I9640 

Precast gels and molecular weight markers 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0mm, Mini 

Protein Gel, 10-well 

ThermoFisher 

Scientific (Invitrogen) 

#NP0321BOX 

NuPAGE™ 4 to 12%, Bis-Tris, 1.5mm, Mini 

Protein Gel, 10-well 

ThermoFisher 

Scientific (Invitrogen) 

#NP0335BOX 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0mm, Mini 

Protein Gel, 15-well 

ThermoFisher 

Scientific (Invitrogen) 

#NP0336BOX 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0mm, Midi 

Protein Gel, 20-well 

ThermoFisher 

Scientific (Invitrogen) 

#WG1402BOX 

Unstained Protein Standard, Broad Range 

(10-200 kDa) 

New England BioLabs #P7717 

Amersham™ ECL™ Rainbow™ Marker – 

Full range 

Merck (Cytiva) #RPN800E 

2-Mercaptoethanol Merck (Sigma-Aldrich) #M6250 

Running buffers 
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NuPAGE™ MOPS SDS Running Buffer (20x) ThermoFisher 

Scientific (Invitrogen) 

#NP000102 

NuPAGE™ MES SDS Running Buffer (20x) ThermoFisher 

Scientific (Invitrogen) 

#NP000202 

Equipment 

XCell SureLock™ Mini-Cell Electrophoresis 

System 

ThermoFisher 

Scientific (Invitrogen) 

#EI001 

XCell SureLock™ Midi-Cell Electrophoresis 

System 

ThermoFisher 

Scientific (Invitrogen) 

#WR0100 

Genie Blotter with platinised titanium anode, 

15 x 17 cm 

IDEA Scientific 

company 

#4017 

Western Blot Products 

Amersham™ Protran® Western blotting 

membranes, nitrocellulose, pore size 0.2 µm 

Merck (Cytiva) #GE10600001 

Amersham™ Protran® Western blotting 

membranes, nitrocellulose, pore size 0.45 µm 

Merck (Cytiva) #GE10600002 

Ponceau S solution Merck (Sigma-Aldrich) #P7170 

Revert™ 700 Total Protein Stain LI-COR #926-11021 

Marvel Original Dried Skimmed Milk Powder Premier Brands (UK) - 

Bovine Serum Albumin (BSA) First Link (UK) #40-00410 

 

2.3.2 Cell Lysis 

For routine western blotting, a monolayer of adherent cells were washed twice with 

ice-cold PBS then lysed in radioimmunoprecipitation assay (RIPA) buffer (150 mM 

NaCl, 1% sodium deoxycholate, 10 mM Tris-HCl, pH 7.5, 0.1% SDS, 1% Triton X-

100) or NP40 cell lysis buffer (100 mM NaCl, 25 mM Tris-HCl pH 7.5, 50 mM NaF, 

0.5% NP40) supplemented with mammalian protease inhibitor cocktail (1:250) for 15 

minutes on ice, with rocking. If phosphorylation was to be investigated, a phosSTOP 

phosphatase inhibitor tablet was also added to the lysis buffer (1 tablet per 10 ml). 

Lysates were cleared by centrifugation at 21,000 x g for 30 minutes, and the 

supernatant collected.  

For the GST-RILP active Rab7 pulldown assay (see Section 2.3.4 below), which 

required greater amounts of protein, cells were scraped in ice-cold PBS using a rubber 

scraper, then spun down at 1000 x g for 2 minutes at 4 °C. The cell pellet was then 

resuspended in high magnesium ‘Rab7 lysis buffer’ (20 mM Tris HCl, pH 7.8, 50 mM 

NaCl, 0.5% Triton X-100, 1 mM MgCl2) supplemented with Roche protease inhibitor 

without EDTA. Lysates were clarified by centrifugation for 30 minutes at 21,000 x g at 

4 °C and the supernatant collected. 
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2.3.3 Protein Assay 

To determine the protein concentration of cell lysates, two colorimetric assays were 

used. In most cases a BCA assay was performed, with bovine IgG used to establish 

a standard curve. Table 2.12 shows the set-up for a typical BCA assay, which was 

incubated at 37 °C for 30 minutes before being read at OD562 using a BioRad plate 

reader.  

Table 2.12 BCA Protein Assay 

Typical BCA protein assay. * BCA Working Reagent made by mixing 50 parts BCA Reagent A with 1 

part BCA Reagent B. 

 Standard Curve (x2) Sample 

(x3) 

Water (µl) 10 8 6 4 2 0 10 

IgG (µl) 0 2 4 6 8 10 0 

Lysis Buffer (µl) 3 3 3 3 3 3 - 

Cell Lysate (µl) - 3 

BCA Working 

Reagent* (µl) 

200 

 

 

For some experiments, protein concentration was ascertained using a Pierce 660nm 

Protein assay kit. Duplicates of the provided pre-diluted albumin standards were used 

to create a standard curve. After adding Pierce 660nm Protein Reagent, samples 

were incubated for 5 minutes at room temperature before being read at OD660 on a 

BioRad plate reader. 

After determining protein concentrations, samples were diluted in lysis buffer and 5x 

sample buffer (312.5mM Tris-HCl, pH6.8, 15% w/v SDS, 50% w/v glycerol, 16% w/w 

2-Mercaptoethanol, 0.05% w/v Bromophenol Blue) to standardise concentrations, 

then boiled for 5 minutes at 95 °C. 

2.3.4 GST-RILP active Rab7 pulldown assay 

Glutathione sepharose beads (20 µl per condition) were washed three times with 

PBS. To the washed beads, 5 or 10 µg GST-RILP fusion protein was added, and the 

mixture was rotated on a wheel overnight at 4 °C. 

The next day, the beads were washed in ‘Rab7 lysis buffer’. Cells were harvested with 

‘Rab7 lysis buffer’ (see Section 2.3.2) and protein concentration was determined (see 

Section 2.3.3). A 10 µg ‘Input’ sample was taken for each condition, equalised to the 

same protein concentration, diluted in 5x sample buffer, and boiled at 95 °C for 5 

minutes. The GST-RILP coupled beads were washed three times with ‘Rab7 lysis 

buffer’ and incubated with cell lysates according to the maximum amount of protein 
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available in all cell lysate samples (i.e. µg protein in the least concentrated sample). 

The sample and bead mixtures were then incubated for 2 hours at 4 °C on a spinning 

wheel. After incubation, beads were washed twice in ‘Rab7 wash buffer’ (20 mM Tris 

HCl, pH 7.8, 50 mM NaCl, 3 mM MgCl2), followed by a final wash in 10 mM Tris-HCl 

(pH 7.5). After the final spin, the supernatant was removed, and bound Rab7 was 

eluted from immobilised GST-RILP using 2.5x sample buffer. Samples were boiled at 

95 °C for 5 minutes and then resolved by gel electrophoresis (see Section 2.3.8). 

2.3.5 Immunoprecipitation 

For immunoprecipitation experiments, cells were lysed in NP40 lysis buffer 

supplemented with MPIs and HA-precipitated using anti-HA magnetic beads. 

Approximately 10% of lysate was retained as an input sample and prepared as usual 

for western blotting (Section 2.3.8). For each condition, 25 µl of magnetic anti-HA 

bead slurry was washed three times with TBS / 0.05% Tween-20 (TBS-T) using a 

magnetic stand. Cell lysates were then added to the pre-washed beads and incubated 

on a wheel for 90 minutes at 4 ºC. After incubation, samples were washed twice in 

NP40 buffer and once in 10 mM Tris-HCl (pH 7.5). To elute proteins, 40 µL of 1x 

sample buffer was added to each tube and mixed gently before being heated at 95 ºC 

for 10 minutes. Samples were vortexed for 5-10 seconds and the beads magnetically 

separated from the final sample. Samples were then subjected to the standard 

immunoblotting protocol, with the entire sample being loaded onto the gel (Section 

2.3.8). 

2.3.6 Cathepsin D secretion assay 

For assessment of basal secretion, cells were washed three times in warmed PBS 

and media were exchanged for serum-free Opti-MEM (1 ml per well of a 6-well plate) 

and incubated for 16 hours. For endolysosomal stress experiments, cells were 

washed three times in warmed PBS and media were exchanged for serum-free Opti-

MEM media containing treatments (1 ml per well of a 6-well plate) and incubated for 

3 hours. Conditioned media were collected, and the adherent cells were washed twice 

with ice-cold PBS and lysed in NP40 buffer (see Section 2.3.2). Media were spun at 

3,000 x g for 10 minutes at 4 °C to pellet dead cells and cell debris, then 900 µl was 

transferred to a new tube. Haemoglobin/PBS was then added (100 µL) to aid protein 

precipitation and visualisation of the pellet. Sodium deoxycholate was added to the 

media at final concentration of 0.02%, which was then vortexed and incubated on ice 

for 30 minutes. Trichloroacetic acid (TCA) (100% w/v) was added to a final 

concentration of 10% w/v, mixed, then incubated on ice for one hour. Media samples 
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were then centrifuged at 21 000 x g for 30 minutes at 4 °C to pellet the protein 

precipitates. The supernatant was removed, and the resulting pellet was washed 

twice in ice-cold acetone. After the final acetone wash, pellets were left at room 

temperature for 10 minutes to allow any remaining acetone to evaporate. The pellet 

was then resuspended in 1x SDS sample buffer. If the sample buffer turned yellow, 

unbuffered Tris (1M) was added in 1 µl increments until it turned blue. Samples were 

then boiled at 95 °C for 5 minutes and subjected to the standard immunoblotting 

protocol, with the entire media samples being loaded onto the gel (Section 2.3.8). 

2.3.7 Subcellular fractionation 

All elements of the subcellular fractionation procedure were performed using ice-cold 

reagents and equipment that was pre-cooled and maintained at 4 °C. Two 15 cm 

dishes per condition were washed twice with ice-cold PBS and then each scraped in 

5 ml PBS using a rubber scraper. Cell suspensions from the duplicate dishes were 

combined and centrifuged for 2 minutes at 1000 x g. The resulting cell pellets were 

washed in 5 ml HIM buffer and centrifuged for 5 minutes at 1000 x g. The cells were 

resuspended in 1 ml HIM buffer supplemented with MPIs and mechanically 

homogenised by shearing through a 23 gauge needle between three and six times. 

Efficient homogenisation was confirmed using Trypan Blue staining. Cell 

homogenates were centrifuged at 600 x g for 10 minutes to pellet nuclei and obtain a 

post nuclear supernatant (PNS). A 100 µl sample of PNS was retained and the 

remaining sample was further separated by ultracentrifugation at 100,000 x g for 30 

minutes to obtain cytosol supernatant and membrane pellet fractions. The membrane 

pellet was resuspended in 200 µl HIM buffer. The protein concentration of the samples 

was determined by BCA assay (see Section 2.3.3) and samples within each fraction 

were adjusted to the same final concentration. Equivalent amounts of PNS, 

membrane and cytosol fractions were analysed by western blotting (Section 2.3.8). 

2.3.8 SDS-PAGE and Western Blotting 

Equal amounts of protein from each sample were loaded onto 4-12 % Bis-Tris precast 

NuPAGE gels. A pre-stained rainbow molecular weight marker and an unstained 

broad range marker were run alongside samples as standards. Gels were resolved at 

100 V for 20 minutes then at 150 V for 70 minutes. In general, MOPS buffer was used. 

When resolving mainly low molecular weight proteins MES buffer was used.  

Resolved gels were then transferred onto nitrocellulose membrane in transfer buffer 

(25 mM Tris, 192 mM Glycine, 20 % v/v methanol). When looking at low molecular 

weight proteins, 0.2 µm nitrocellulose was used. Otherwise, 0.45 µm nitrocellulose 
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membrane was used as standard. Transfers were performed at ~1 A / 25 V for 2 hours 

on ice or 1 hour at room temperature. Ponceau S stain was used to check transfer 

efficiency and loading consistency. An image of the Ponceau-stained blot was taken 

using a light box. Where appropriate, membranes were cut horizontally, using the 

molecular weight markers for reference, to maximise the number of proteins that could 

be probed for per blot. Ponceau was then washed off the blot with TBS-T (0.1 % w/v 

Tween-20) for 5 minutes.  

Membranes were blocked for one hour in 5 % Marvel skimmed milk powder / TBS-T. 

Primary antibodies were incubated with the membranes according to the conditions 

shown in Table 2.13 in 5% Marvel/TBS-T for most antibodies, apart from phospho-

Rab10 and phospho-Rab12 antibodies which were incubated in 5% BSA/TBS-T. 

Membranes were washed 3 times for 5 minutes each in TBS-T before incubation with 

the appropriate secondary antibody (see Table 2.14) for 45-60 minutes at room 

temperature. Membranes were visualised using a LI-COR Odyssey Imaging System. 

Quantification was performed using LI-COR Odyssey Image Studio. Line traces were 

generated using Fiji software.  

Table 2.13 Primary antibodies used in Western Blotting 

M - mouse; Rb – rabbit; Sh – sheep; G – goat; O/N – overnight; RT - room temperature. 

Protein Species Source  Catalogue 

no. 

Dilution Incubation 

conditions 

Actin M Proteintech 66009-1-IG 1:10000 O/N, 4 ºC or 

20 min, RT 

Actin Rb Proteintech 20536-1-AP 1:2000 1 h, RT 

ALIX M Santa Cruz sc-53540 1:1000 O/N, 4 ºC 

Cathepsin D Rb Calbiochem 219361 1:2000 O/N, 4 ºC or 1 

h, RT 

CIMPR Rb Gift from Paul 

Luzio 

 1:1000 O/N, 4 ºC 

Cullin 2 Rb Bethyl A302-476A 1:2000 O/N, 4 ºC 

FIS1 Rb Proteintech 10956-1-AP 1:1000 O/N, 4 ºC 

HA M Covance MMS-101P 1:1000 O/N, 4 ºC or 1 

h, RT 

HRS M Axxora ALX-804-

382-C050 

1:3000 O/N, 4 ºC 

HSP60 G Santa Cruz sc-1052 1:1000 O/N, 4 ºC 

JIP4  Rb Cell Signalling 

Technology 

5519 

(D72F4) 

1:1000 O/N, 4 ºC 

LC3  M Nanotools 5F10 1:200 1 h, RT 

LRRK2 M NeuroMab N241A/34 1:50 O/N, 4 ºC 

MFN2 M Abcam Ab56889 1:1000 O/N, 4 ºC 

MUL1 Rb Invitrogen PA5-29550 1:1000 O/N, 4 ºC 

OPA1 Rb Abcam ab42364 1:1000 O/N, 4 ºC 
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p62/SQSTM1 

– Lck ligand 

M BD Biosciences 610833 1:1000 O/N, 4 ºC 

PINK1 Rb Cell Signalling 6946 1:1000 O/N, 4 ºC 

Rab10  Rb CST 8127 

(D36C4) 

1:1000 O/N, 4 ºC 

Rab10 pT73 Rb Abcam ab230261 1 µg/ml O/N, 4 ºC or 1 

h, RT 

Rab12  Sh MRC PPU SA227 1 µg/ml O/N, 4 ºC 

Rab12 

pS106 

Rb Abcam ab256487 1:1000 O/N, 4 ºC or 1 

h, RT 

Rab29 Sh MRC PPU DU50291 1:400 O/N, 4 ºC 

Rab7 Rb Abcam ab137039 1:1000 O/N, 4 ºC 

Sortilin Rb Abcam ab16640 1:1000 O/N, 4 ºC 

TBC1D5 M Santa Cruz sc-376296 1:1000 O/N, 4 ºC 

TOM20 Rb Proteintech 11802-1-AP 1:1000 O/N, 4 ºC 

TOM40 Rb Novus 

Biotechne 

NBP2-

38289 

1:1000 O/N, 4 ºC 

Ubiquitin 

pS65 

Rb Millipore 05-1308 1:1000 O/N, 4 ºC 

Ubiquitin 

pS65 

Rb Cell Signalling 62802 1:1000 O/N, 4 ºC 

VDAC1 M Abcam ab14734 1:1000 O/N, 4 ºC 

VPS26A Rb Abcam ab23892 1:1000 O/N, 4 ºC 

VPS29 Rb Abcam ab98929 1:500 O/N, 4 ºC 

VPS35 G Abcam ab10099 1:1000 O/N, 4 ºC 

WASHC1 Rb Sigma Aldrich HPA002689 1:2000 O/N, 4 ºC 
 

Table 2.14 Secondary antibodies used in Western Blotting 

Secondary Antibody Source  Catalogue no. Dilution 

Donkey anti-mouse IRDye 800CW LI-COR  #926-32212 1:10,000 

Donkey anti-mouse IRDye 680CW LI-COR  #926-32222 1:10,000 

Donkey anti-rabbit IRDye 800CW LI-COR  #926-32213 1:10,000 

Donkey anti-rabbit IRDye 680CW LI-COR  #926-32223 1:10,000 

Donkey anti-goat IRDye 800CW LI-COR  #925-32214 1:10,000 

Donkey anti-sheep IRDye 680CW LI-COR  #926-32224 1:10,000 
 

 

2.4 Microscopy 

2.4.1 Materials and reagents 

The reagents and materials used in imaging experiments are outlined in Table 2.11. 

If not otherwise stated, chemicals were purchased from Merck/Sigma-Aldrich.  

Table 2.15 Protein biochemistry reagents and materials 

REAGENT SOURCE CAT. NO. 

Fixed-cell reagents 

Pierce™ 16% Formaldehyde (w/v), Methanol-

free ampoules 

ThermoFisher 

Scientific 

#28908 

Bovine Serum Albumin (BSA) First Link (UK) #40-00410 

Goat Serum Donor Herd  Merck (Sigma-Aldrich) #G6767 
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DAPI (4’,6’diamidino-2-phenylindole) ThermoFisher 

Scientific (Invitrogen) 

#D1306 

MOWIOL® 4-88 Reagent Merck (Millipore) #475904-M 

Live-cell Imaging Reagents 

µ-Slide 8 Well Chamber Slide ibidi #80821 

µ-Dish 35 mm, high ibidi #81156 

DMEM/F12, no phenol red Fisher Scientific 

(Gibco) 

#21041025 

Hoechst 33342 ThermoFisher 

Scientific (Invitrogen) 

#62249 

LysoTracker™ Red DND-99 ThermoFisher 

Scientific (Invitrogen) 

#L7528 

MitoTracker™ Green FM ThermoFisher 

Scientific (Invitrogen) 

# M7514 

Tetramethylrhodamine, Ethyl Ester, 

Perchlorate (TMRE) 

ThermoFisher 

Scientific (Invitrogen) 

Gift from Shankar 

Varadarajan 

#T669 

 

2.4.2 Immunofluorescence 

When using paraformaldehyde (PFA) fixation, all steps were performed at room 

temperature using room temperature reagents. Cells adhered to coverslips were 

washed twice with PBS before being incubated with 4% PFA/PBS for 15 minutes. The 

PFA was then quenched using 50 mM ammonium chloride (NH4Cl) for 10 minutes. 

After washing twice again with PBS, cell membranes were permeabilised by 

incubation with 0.2% Triton X-100 for 4 minutes. In some instances, methanol fixation 

and permeabilisation was employed. Cells were washed with room temperature PBS 

followed by incubation with ice-cold methanol for 5 minutes at -20 °C. In general, 

methanol fixation was used when TGN46 and LC3 primary antibodies were used. 

Following either method of fixation, cells were blocked for 30 minutes in either 10 % 

goat serum /PBS or 3 % BSA/PBS. In general, BSA was used when LAMP antibodies 

were used or when one of the primary antibodies was raised in goat. After blocking, 

cells were incubated with primary antibodies for 1 hour (Table 2.16). Cells were then 

washed twice in PBS before incubating with secondary antibody in the same 

incubation buffer used for the primary antibodies for 30 minutes ( 

Table 2.17). After two washes in PBS, coverslips were dipped in PBS, then in Millipore 

H2O and then mounted onto glass slides with Mowiol containing DAPI (1:5000). 

Coverslips were left to dry overnight in a dark room before being stored at 4 °C.  
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Table 2.16 Primary antibodies used for immunofluorescence staining 

M - mouse; Rb – rabbit; Sh – sheep; G – goat 

Target  Species Source  Cat. No. Dilution 

ALIX M Santa Cruz Sc-53540 1:500 

CD63 M DSHB H5C6 1:500 

CHMP2B Rb Abcam ab157208 1:500 

CIMPR Rb Gift Paul Luzio  1:500 

EEA1 M BD 610456 1:500 

FAM21C Rb Merck ABT79 1:1000 

HA G Novus Biotechne NB600-362 1:400 

HA M Covance MMS-101P 1:500 

HA Rat Roche 11867423001 1:500 

HRS M Axxora ALX-804-382-C050 1:500  

HSP60 G Santa Cruz sc01952 1:500 

LAMP1 M DSHB  H4A3 1:200 

LAMP1 Rb Cell Signalling Technology 9091 (D2D11) 1:200 

LAMP2 M DSHB H4B4 1:500 

LC3 M Nanotools 5F10 1:200 

p230 M Biorad 611281 1:500 

Rab7 Rb Abcam ab137029 1:500 

Sortilin Rb Abcam ab16640 1:1000 

TGN46 Sh Biorad AHP500 1:500 

TIMM44 Rb Sigma HPA043052 1:500 

TOM20 M BD Transduction 612278 1:500 

TOM20 Rb Sigma  HPA01152 1:100 

VPS26A Rb Abcam ab23892 1:800 

VPS35 G Abcam ab10099 1:150 

WASHC1 Rb Sigma Aldrich HPA002689 1:100 
 

 

Table 2.17 Secondary antibodies used for immunofluorescence staining 

Secondary Antibody Source (Catalogue no.) Dilution 

Donkey anti-mouse AlexaFluor-488 Invitrogen (A21202) 1:500 

Donkey anti-rabbit AlexaFluor-488 Invitrogen (A21206) 1:500 

Donkey anti-sheep AlexaFluor-488 Invitrogen (A11015) 1:500 

Donkey anti-mouse AlexaFluor-594 Invitrogen (A21203) 1:500 

Donkey anti-rabbit AlexaFluor-594 Invitrogen (A21207) 1:500 

Donkey anti-rat AlexaFluor-594 Invitrogen (A21209) 1:500 

Donkey anti-sheep AlexaFluor-594 Invitrogen (A11018) 1:500 

Donkey anti-mouse AlexaFluor-647 Invitrogen (A32787) 1:500 

Donkey anti-rabbit AlexaFluor-647 Invitrogen (A32795) 1:500 

Donkey anti-goat AlexaFluor-647 Invitrogen (A21447) 1:500 

Goat anti-rat AlexaFluor-488 Invitrogen (A11006) 1:500 

Goat anti-rat AlexaFluor-594 Invitrogen (A11007) 1:500 

Goat anti-rat AlexaFluor-647 Invitrogen (A48265) 1:500 
 

 

2.4.3 Live cell staining 

For Mitotracker and Lysotracker assays, cells were seeded into 35 mm glass 

bottomed ibidi dishes. Cells were stained with 50 nM Mitotracker Green for 30 

minutes, after which the media were exchanged, and cells were stained with 500 nM 
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Lysotracker Red DND-99 for 5 minutes. Cells were washed twice with PBS and 

incubated with DMEM/F12 without Phenol Red for 15 minutes before live cell imaging.  

For assessment of mitochondrial membrane potential, cells were seeded into 35 mm 

glass bottomed ibidi dishes. Cells were stained with 50 nM TMRE and 0.5 µg/ml 

Hoechst 33342 for 30 minutes before being washed in PBS and the media exchanged 

for fresh DMEM/F12. Dishes were left to equilibrate for at least 20 minutes prior to 

imaging.  

2.4.4 Image acquisition 

Brightfield and fluorescence images for fixed samples were taking using a Nikon Ti-

Eclipse brightfield microscope equipped with a CFI Plan Fluor DLL 10x air objective, 

a CFI Plan Apo 40x air objective or a CFI Plan Apochromat VC 63x oil objective lens. 

Confocal images were acquired on a Zeiss LSM800 or LSM900 confocal microscope 

with Airyscan using an APO 63x 1.4 NA oil objective or 40x LD C-Apochromat water 

objective. 

For live cell confocal microscopy, cells were placed in a humidified chamber with 5% 

CO2 at 37 °C. Confocal images were acquired with a 3i Marianas spinning disk 

confocal microscope (3i, Intelligent Imaging Innovations, Germany), using either a 40x 

1.3 NA oil or a Plan-Apo 63x/1.4 NA oil objective lens or a Zeiss LSM900 confocal 

microscope with Airyscan with an 40x LD C-Apochromat water objective. For 

lysokeima assays, cells were seeded into ibidi 8-well chamber slides. Prior to imaging, 

media were exchanged for DMEM/F12 without phenol red. Lysokeima and mitokeima 

imaging was performed on a 3i Marianas spinning disk confocal microscope 

(photometrics Evolve EMCCD camera, acquisition software Slide Book 3i v3.0) 

Images were acquired sequentially (445 nm excitation, 617/73 nm emission; 561 nm 

excitation, 617/73 nm emission). 

2.4.5 Image processing 

Images were processed using Fiji, OMERO.web version 5.5 and Adobe Photoshop 

(2023). Figures were assembled using Abode Illustrator (2023).  

2.4.6 Image analysis 

2.4.6.1 Corrected total cell fluorescence 

The fluorescence intensity within individual cells was determined by calculating the 

Corrected Total Cell Fluorescence (CTCF) using Fiji. The outline of individual cells 

was manually traced using the Freehand Selection Tool and the area, integrated 
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density and mean grey value measured. Two to three areas of background were also 

selected and their mean grey values were used to calculate the average background 

fluorescence. The CTCF was calculated using the following equation: 

CTCF = Cell Integrated density – (area of selected cell x mean background 

fluorescence) 

2.4.6.2 Particle analysis 

The ‘Analyze Particle’ command on Fiji was used to quantify and measure objects 

within images. First, cell outlines were manually traced using the Freehand Selection 

Tool. Images were processed using a ‘Median’ or ‘Gaussian Blur’ filter to remove 

noise. The images were then segmented using either a manual or automatic threshold 

as appropriate for the particular experiment. If necessary, ‘Fill Holes’ and ‘Watershed’ 

functions were used to fill in hollow objects or separate overlapping objects, 

respectively. The ‘Analyse Particles’ command was then performed on the binary 

image using the ‘Summarize’ function to count the number of objects within each cell, 

their average size, total area, and the proportion of the cell occupied by the objects.  

For measurement of the intensity of the particles, image segmentation was performed 

on a duplicate image and the ‘Analyse Particles’ command was set to redirect 

measurements so they were taken from the unsegmented image.  

2.4.6.3 Organelle distribution analysis 

The distribution of lysosomes and endosomes was analysed using a method adapted 

from (Starling et al., 2016). Cell outlines were manually traced using the Freehand 

selection tool. The cell area shape was scaled in 10% decrements to create concentric 

regions of interest around the centre of the cell. For each region, the integrated density 

was calculated and plotted as a function of the integrated density of the whole cell to 

generate the cumulative integrated signal intensity. Data points were then plotted to 

generate a positioning curve to inform on the distribution of organelles (Figure 2.5). 

A leftward shift of the curve indicates indicates clustering towards the cell center, 

whereas a rightward shift of the curve indicates a more peripheral distribution. 
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Figure 2.5 Example of organelle distribution analysis 

Example of organelle distribution analysis workflow. RPE1 FlpIn VPS35 WT 3B4 cells stained for 

LAMP1 (right). Individual cells are outlined manually using the Freehand Selection Tool. The whole 

cell region of interest is used to generate concentric regions at 10% size decrements (middle). The 

integrated density of LAMP1 signal is measured for each region and calculated as a function of the 

integrated density for the whole cell area to generate the cumulative LAMP1 signal intensity. Mean 

values for each decile are calculated from the cells analysed and plotted to generate a positioning 

curve (left). Scale bar 10 µm. 

2.4.6.4 Co-localisation analysis 

The co-localisation of two proteins of interest was calculated using the Coloc 2 plugin 

in Fiji. The outlines of individual cells were manually traced using the Freehand 

Selection Tool and Coloc 2 co-localisation analysis was performed to calculate the 

Pearson’s correlation coefficient.  

2.4.6.5 Mitochondrial network analysis 

The MiNA (Mitochondrial Network Analysis) plugin was used to characterise the 

morphology of the mitochondrial network using the mitochondrial marker TOM20 

(Valente et al., 2017). Briefly, the Freehand Selection Tool was used to manually trace 

individual cell outlines. If necessary, images were pre-processed using an ‘Unsharp 

Mask’ and a ‘Median’ filter to reduce noise. Within the MiNA plugin, a binary mask of 

the mitochondrial network is generated and used to calculate the area of the cell 

occupied by the mitochondrial network, the so-called ‘mitochondrial footprint’ (Figure 

2.6). The binary mask is then skeletonised and used to compute several parameters 

about the mitochondrial network morphology, including the mean number of branches 

per cell (number of mitochondrial branches stemming from a junction node) and the 

mean branch length.  
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Figure 2.6 Example of MiNA plugin analysis 

Exemplar image of implementation of MiNA Fiji plugin on RPE1 FlpIn VPS35 WT 3B4 cells stained 

for TOM20. Individual cells are outlined manually using the Freehand Selection Tool. From the original 

image (left), the MiNA plugin creates a binary mask of the mitochondrial network which is used 

calculate the area of the cell occupied by mitochondria (purple outline). The binary mask is 

skeletonised to compute information on the network morphology. Blue dots represent network junction 

nodes. Yellow dots represent network endpoints. Green lines indicate mitochondrial network 

branches. Scale bar 10 µm. 
 

2.4.6.6 Mitophagy quantification 

Mitophagy was quantified using the ‘mito-QC Counter’ plugin in Fiji, described in 

(Montava-Garriga et al., 2020). Briefly, outlines of cells were manually traced using 

the Freehand Selection Tool and added as overlays onto the image which was then 

saved as a separate image file. This was repeated for all images. Optimal settings for 

the radius for smoothing images, the ratio threshold (tolerance) and red channel 

threshold standard deviation above the mean were determined using a test set of 

images from each condition. The mitolysosomes identified by the counter were 

compared to manual counting and visual inspection of the original images. The 

following parameters were used: radius for smoothing images = 1, ratio threshold = 

0.6, and red channel threshold = mean + 1 SD. Next, the mito-QC counter plugin was 

run in batch mode on all images to calculate the number of mitolysosomes per cell 

and the mean mitolysosome area (µm2) per cell. 

2.5 Statistical Methods 

Graphs were prepared and statistical analyses were performed using GraphPad 

Prism 10. n represents the number of independent experimental repeats. Graphs 

indicate mean and standard deviation (when n ≥ 3) or range (when n = 2). For 

experiments with at least three independent repeats, statistical significance was 

determined. In experiments with two conditions, unpaired or paired t-tests were used. 

In experiments with more than two conditions, statistical significance was determined 

using an ordinary one-way analysis of variance (ANOVA) with either Tukey’s or 

Šídák’s multiple comparisons tests, as indicated in the corresponding figure legends. 

P-values are represented as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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3 Assembling the tools to explore the VPS35-LRRK2 

connection 

3.1 Introduction 

When analysing the functions of the PARK gene products, two overarching biological 

processes stand out; endolysosomal trafficking and mitochondrial function. Given the 

emergence of these common themes, it suggests dysfunction in these processes is 

integral to disease pathology. This begs the question as to whether a subset of these 

PARK genes are causing dysfunction in common pathways, as has been shown in 

the case of cancer, where multiple genes in the Receptor Tyrosine Kinase (RTK)/ Ras 

GTPase/ MAP kinase pathway are found to be mutated (Sanchez-Vega et al., 2018). 

This notion was confirmed by the discovery that the PD genes PINK1 and Parkin act 

in concert to mediate the removal of damaged mitochondria by mitophagy (Clark et 

al., 2006; Narendra et al., 2008; Park et al., 2006).  

Likewise, Parkinson’s mutations in both VPS35 and LRRK2 have been shown to 

cause similar cellular phenotypes, including disrupted endocytic trafficking, defects in 

autophagy and mitochondrial dysfunction (Erb and Moore, 2020; Singh et al., 2019; 

Williams et al., 2017). Trafficking defects caused by mutant LRRK2 can be rescued 

by overexpression of wild type VPS35, suggesting a common axis involving these 

proteins (MacLeod et al., 2013). Furthermore, defects in dopamine transporter 

trafficking and striatal dopamine transmission observed in VPS35[D620N] knockin 

mice can be ameliorated by LRRK2 kinase inhibition, suggesting that VPS35 may lie 

upstream in this pathway (Bu et al., 2023). The [D620N] mutation in VPS35 has been 

shown to cause hyperphosphorylation of a number of Rab proteins through the action 

of LRRK2, (Mir et al., 2018). This finding has since been reproduced by independent 

groups, however, how VPS35 causes hyperactivation of LRRK2 function is not yet 

understood (Bu et al., 2023; Kadgien et al., 2021). Evidence for a direct interaction 

between LRRK2 and VPS35 is lacking. Two studies have shown that endogenous 

LRRK2 and VPS35 can be co-immunoprecipitated from mouse brain lysates (Kadgien 

et al., 2021; MacLeod et al., 2013), and when over-expressed in SH-SY5Y cells 

(MacLeod et al., 2013), however Inoshita and colleagues reported a failure to detect 

an interaction (data not shown in paper, methodology unclear) (Inoshita et al., 2017).  

The small GTPase Rab7 plays a fundamental role in the endolysosomal system, 

controlling trafficking, endosome maturation and lysosome function, positioning and 

biogenesis (Guerra and Bucci, 2016). VPS35 has been shown to play an integral role 
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in the cycling of Rab7 from active to inactive and membrane bound to cytosolic states, 

where deletion of VPS35 causes accumulation of active Rab7 at lysosomes (Jimenez‐

Orgaz et al., 2018). PD-linked mutations in LRRK2 have been reported to decrease 

Rab7 activity (Gómez-Suaga et al., 2014). Given that VPS35 and LRRK2 have been 

shown to be functionally linked and that both affect Rab7 activity, it is possible that 

Rab7 dysfunction plays a part in this VPS35-LRRK2 axis. 

The following chapter outlines the generation and characterisation of tools that I made 

to further explore the link between VPS35 and LRRK2, which includes: 

• Assessing the suitability of RPE1 cells as a model to study VPS35 and LRRK2 

• Creating isogenic cell lines expressing wild type and [D620N] VPS35 in RPE1 

cells using the Flp-In™ T-Rex™ system 

• Generating RPE1 FlpIn HA-VPS35 cells stably overexpressing LRRK2 

through lentiviral transduction 

• Establishing the GST-RILP assay in the lab as a method to measure active 

Rab7 

The generation of cell lines and development of the GST-RILP assay described in this 

chapter was carried out in collaboration with Hannah Elcocks. 

3.2 RPE1 cells as a system for looking at VPS35 and LRRK2  

3.2.1 RPE1 cells express endogenous VPS35 and LRRK2 

To choose a cell line to use in this project, the endogenous levels of LRRK2, VPS35, 

Rab7 and Rab29 were assessed by western blotting across a panel of cell lines from 

several origins; pigmented (MNT1, 501mel) and non-pigmented (WM266.4, A375P) 

melanoma, neuroblastoma (SH-SY5Y, SKNBE2), retinal pigment epithelium (RPE1) 

and osteosarcoma (U2OS) (Figure 3.1).  

The expression of VPS35 was similar between cell lines, but the highest levels were 

seen in MNT1 cells (Figure 3.1B). In contrast, the levels of Rab7 varied greatly 

between different cell lines. The highest levels of Rab7 were observed in melanoma 

cells, particularly the pigmented lines 501mel and MNT1. Of the non-melanoma cell 

lines, RPE1, SKNBE2 and SH-SY5Y cells all had similar Rab7 expression (Figure 

3.1C). The expression of Rab29 was also higher in melanoma cell lines compared to 

those from other origins but did not follow the same pattern as Rab7 and was not 

higher in the pigmented melanoma lines (Figure 3.1E). 
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LRRK2 expression differed greatly between the cell lines tested, ranging from highest 

expression in the non-pigmented melanoma WM266.4 cells, to almost undetectable 

in pigmented melanoma line 501mel and the two neuroblastoma cell lines SH-SY5Y 

and SKNBE2 (Figure 3.1D). This is in accordance with data from the Cancer Cell 

Line Encyclopaedia (CCLE) which shows that across a database of cancer cell lines, 

LRRK2 mRNA abundance was high in melanoma and cancers of the bone (Ewing’s 

sarcoma and Giant cell tumour), and low in neuroblastoma (Barretina et al., 2012). In 

the U2OS sample, two bands were visible for LRRK2 at ~200 kDa and 150 kDa. This 

has been reported before in neutrophils and has been attributed to a proteolysed form 

of LRRK2 (Mir et al., 2018).  

As RPE1 cells expressed endogenous VPS35 and LRRK2 and we had RPE1 cells 

stably expressing the Flp-In™ T-Rex™ system available in the laboratory, I decided 

to use this line for my project. This cell line also has the advantage of being ‘near-

diploid’ compared to the aberrant karyotypes seen in immortalised cancer cell lines.  

  

Figure 3.1 VPS35 and LRRK2 expression in a panel of cell lines 

A A375P, WM266.4, 501mel, MNT1, RPE1, SKNBE2, SH-SY5Y and U2OS cell lysates were 

analysed by immunoblotting for expression of VPS35, Rab7, LRRK2 and Rab29. Dashed line 

indicates a lane that has been removed. B-E Quantification of western blots shown in A. Values 

normalised to actin. Data from a single experiment, n = 1. 

 

3.2.2 Optimisation of retromer knockdown 

To allow the study of retromer function in RPE1 cells, I first confirmed the efficiency 

of depleting cells of retromer sub-units using siRNA-mediated gene silencing. 
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Previous lab members had employed a double-hit protocol to knockdown the retromer 

complex in other cell lines where 72 hours after cells were first transfected with siRNA, 

they are transfected again and left for another 72-81 hours before lysis, totalling either 

144 or 165 hours. The rationale behind the extended, double-hit knockdown protocol 

was based on the fact that the half-life of VPS35 is reportedly 138 hours 

(Schwanhäusser et al., 2011). I compared the efficiency of retromer knockdown using 

the single- and double-hit protocols in RPE1 cells (Figure 3.2). Using immunoblotting 

to look at the levels of retromer subunits after knockdown of VPS35 or VPS29, I found 

that 72 hour knockdown was sufficient to cause substantial depletion of the targeted 

protein and little to no further loss was evident at the 144-hour time-point (Figure 

3.2A). 

Depletion of VPS35 caused a concomitant reduction of VPS26A and VPS29. 

Similarly, VPS35 and VPS26 were depleted following knockdown of VPS29. This co-

regulatory effect on other retromer components was also apparent by 

immunofluorescence microscopy. After depletion of VPS35, qualitatively there was an 

overall decrease in the VPS26A fluorescent signal, and the pool localised to EEA1-

positive endosomes was lost (Figure 3.2B).  

 

 

Figure 3.2 VPS35 knockdown destabilises retromer  

A RPE1 FlpIn Parental cells were subjected to siRNA knockdown for 72 or 144 hours with control 

(non-targeting #1; NT1) or a pool of VPS29 or VPS35 targeting oligonucleotides before being lysed in 

RIPA buffer and analysed by immunoblotting. Arrowhead indicates specific band, asterisk indicates 

non-specific band. Data from a single experiment, n = 1.  B RPE1 FlpIn Parental cells were subjected 

to siRNA knockdown for 72 hours with NT1 or VPS35 targeting oligonucleotides before being fixed 

and stained with the indicated antibodies and DAPI (DNA). z-stack images (5 slices, 0.2 μm step) 

were acquired on a Zeiss LSM900 confocal microscope using a 63x objective. Scale bar 20 μm. Data 

from a single experiment, n = 1. 
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3.2.3 Measuring endogenous LRRK2 activity in RPE1 cells 

After confirming that LRRK2 was expressed endogenously in RPE1 cells, I set out to 

assess whether it is possible to measure basal LRRK2 activity. Following the 

discovery that LRRK2 phosphorylates a subset of Rab proteins, specific antibodies 

against Rab10 and Rab12 phosphorylated at the conserved serine/threonine residue 

have been developed which allow LRRK2 activity to be measured indirectly by 

western blotting (Lis et al., 2018; Mir et al., 2018). To test whether the basal pT73-

Rab10 signal is specific in RPE1 cells, and as such could be used as a read-out of 

LRRK2, I took two approaches - manipulating Rab10 levels by siRNA knockdown and 

inhibiting LRRK2 with the specific inhibitor MLi-2. 

Knockdown of Rab10 by siRNA reduced total Rab10 levels by 83%, whereas the 

reduction of pT73-Rab10 signal was only reduced by 39% (Figure 3.3A and B). As it 

is estimated that only around 1-3% of Rabs are phosphorylated at basal levels 

(Berndsen et al., 2019; Ito et al., 2016; Karayel et al., 2020), the incomplete 

disappearance of the pT73-Rab10 signal may signify that not all of the signal is 

specific, or that there is sufficient Rab10 remaining after the knockdown to maintain 

the phosphorylated pool. 

After identifying that a population of Rab10 was phosphorylated under baseline 

conditions in RPE1 cells, I assessed whether this could be modulated by altering 

LRRK2 activity pharmacologically. Several potent and specific inhibitors against 

LRRK2 have been developed, one of which has recently entered Phase III clinical 

 

Figure 3.3 Rab10 is phosphorylated at steady state in RPE1 cells  

A RPE1 FlpIn Parental cells were subjected to siRNA knockdown for 72 hours with control (non-

targeting #1; NT1) or a pool of Rab10 targeting oligonucleotides before being lysed in RIPA buffer and 

analysed by immunoblotting. Grey arrowhead indicates band corresponding to phosphorylated Rab10. 

B Quantification of total and phosphorylated Rab10 expression normalised to NT1 control. Data from a 

single experiment with duplicate samples, n = 1. Bars represent mean ± range. 
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trials (BIIB122/DNL151) (Biogen, 2023). Two types of LRRK2 kinase inhibitor have 

been developed, Type I, which bind to the kinase domain in its closed active 

conformation and compete with ATP binding, and Type II, which lock the kinase 

domain in an open and inactive conformation (Azeggagh and Berwick, 2022). Both 

Type I (e.g. GSK3357679A, LRRK2-IN-1, MLi-2) and Type II (e.g. ponatinib, 

rebastinib, GZD-824) inhibit Rab10 and Rab12 phosphorylation, however only Type I 

inhibitors reduce phosphorylation of LRRK2 at S935 (Tasegian et al., 2021). Another 

difference between the two types of LRRK2 inhibitors is that Type II inhibitors show a 

greater potency towards wild type LRRK2 compared to the [G2019S] variant (Liu et 

al., 2013; Tasegian et al., 2021).  

I monitored Rab10 phosphorylation by western blotting after a one-hour treatment of 

MLi-2 at a range of concentrations (Figure 3.4). At concentrations above 5 nM, MLi-

2 treatment significantly decreased Rab10-T73 phosphorylation. Above 50 nM MLi-2, 

there was no further decrease in Rab10 phosphorylation, remaining at approximately 

50-60% of the level in the vehicle control. This is akin to what I observed with Rab10 

knockdown, suggesting this may represent the dynamic range of the effect of LRRK2 

on Rab10 phosphorylation that can be measured in RPE1 cells. It has also been 

suggested that residual signal of Rab10 phosphorylation after LRRK2 inhibition may 

represent the action of another as yet unknown kinase (Karayel et al., 2020). I chose 

100 nM as the optimal concentration to use for further experiments as Rab10 

phosphorylation does not seem to further decrease at concentrations above this, and 

the use of high concentrations may increase the likelihood of off-target effects.  
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Figure 3.4 Inhibition of LRRK2 reduces Rab10 phosphorylation in RPE1 cells 

A and C RPE1 FlpIn parental cells were treated with MLi-2 at the concentrations indicated or vehicle 

(DMSO) for 1 hour before being lysed in RIPA buffer and analysed by western blotting. A 

representative western blot is shown. B and D Quantification of Rab10 pT73 expression normalised 

to DMSO. n = 3. Each independent experiment is colour-coded. Bars represent mean ± SD. One-way 

ANOVA with Dunnett’s multiple comparisons test performed on values normalised to mean of signal 

within a replicate. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 

 

3.3 Generating isogenic RPE1 FlpIn HA-VPS35 cells 

To enable the study of the PD-linked pathogenic VPS35[D620N] mutation, I 

generated isogenic cell lines stably expressing either wild type or [D620N] mutant 

VPS35. To do this, I made use of the Flp-In™ T-Rex™ system (see Section 2.2.3) to 

integrate HA-tagged VPS35 into RPE1 cells, a method which had been used in the 

lab previously for other genes of interest. The small nature of the HA tag (9 amino 

acids) means that it is less likely to interfere with the protein distribution and function 

than larger tags such as GFP (238 amino acids). The advantage of the FlpIn system 

compared to random integration is that it results in integration of only a single copy of 

the gene of interest at a specific site in the same locus, meaning all cells should 

express similar levels of the protein, both within the wild type and mutant VPS35-

expressing cell populations and between the cell line pair. Integration at the same 
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locus means that there will be less variation in gene expression caused by cis-acting 

elements such as promoters and enhancers. The expression of HA-tagged VPS35 in 

this system is also inducible with doxycycline, allowing for titration of exogenous 

VPS35 expression to a 1:1 ratio with endogenous VPS35. This recapitulates the 

scenario in the autosomal dominant PD patient, who have one wild type and one 

mutated allele of VPS35. 

3.3.1 Screening of RPE1 FlpIn VPS35 cell lines 

RPE1 FlpIn parental cells were co-transfected with pcDNA5D/FRT/TO NeoR VPS35 

(WT/[D620N]) plasmid and pOG44 Flp recombinase plasmids in a 6-well plate, and 

after two days, ¼ of the cells were transferred into a 10cm dish and grown under 

selection with G418 and blasticidin. After approximately 2 weeks, single colonies were 

picked and subsequently expanded. 

The cells were then screened for HA-VPS35 expression. Cells were treated with 1 

µg/ml doxycycline (dox) for 24 hours before lysis and analysed by western blotting for 

endogenous and exogenous VPS35 expression (Figure 3.5). All colonies had 

integrated the HA-VPS35 plasmid and showed similar expression to each other. 

Clone M7 expressed HA-VPS35 both with and without doxycycline induction, 

suggesting that this colony may have lost expression of the Tet repressor. It is also 

possible that the sample was accidentally treated with doxycycline. A faint HA band 

was also visible in the other cell lines in the absence of doxycycline, which could be 

due to leakiness of the plasmid or small amounts of tetracycline in the FBS in the 

growth medium. However, the level of expression was very low compared to the 

doxycycline treated conditions and not apparent when probing for VPS35. 

From the multiple cell lines, I selected ‘C4’ wild type and ‘M9’ mutant clones to take 

forward for further investigation, based on the near-endogenous level of HA-VPS35 

expression which approximates the 1:1 ratio between exogenous and endogenous 

VPS35. 
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Figure 3.5 Screening RPE1 FlpIn VPS35 cell lines for doxycycline-inducible VPS35 expression 

Control RPE1 FlpIn parental cells (Par) and colonies picked from RPE1 FlpIn cells transfected with A 

wild type (C) or B [D620N] (M) pCDNA5-FRT/TO-NeoR-HA-VPS35 constructs were screened for HA-

VPS35 expression after induction of expression with 1 μg/ml doxycycline (dox) for 24 hours. Cells 

were then lysed in RIPA buffer and analysed by western blotting. Pink arrowhead indicates 

endogenous VPS35, blue arrowhead indicates HA-VPS35. Data from a single experiment, n = 1. 

3.3.2 Optimisation of induction of HA-VPS35 expression  

Next, I performed a time-course to determine the optimum length of induction with 

doxycycline and tested this at two different concentrations, 0.1 µg/ml and 1 µg/ml 

(Figure 3.6). Both WT and [D620N] cell lines expressed similar levels of HA-VPS35, 

as is expected with the FlpIn system. A higher concentration of doxycycline did not 

result in higher levels of expression so I decided that 0.1 µg/ml would be used going 

forward. As increasing concentrations of doxycycline have been shown to be cytotoxic 
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and concentrations as low as 1 µg/ml have been found to alter metabolism in human 

cell lines, this lower concentration should also minimise these deleterious side effects 

(Ahler et al., 2013; Xie et al., 2008). Using 0.1 µg/ml doxycycline for induction, I then 

performed a time-course experiment with more time points ranging from one to 24 

hours. Expression of HA-VPS35 was apparent after 4 hours and became more 

pronounced at the longer time points, plateauing after 20 hours (Figure 3.7). In these 

experiments the expression of HA-tagged VPS35 only increased by 50%, unlike that 

seen in Figure 3.5. The same batch of doxycycline was used for all experiments, so 

we wondered whether some cells had lost expression of the transgene and decided 

to look at the cells by immunofluorescence microscopy and stain for HA. 

 

 

Figure 3.6 Optimisation of dox-induced HA-VPS35 expression in RPE1 FlpIn VPS35 cell lines 

A RPE1 FlpIn Parental (Par) and FlpIn VPS35 WT C4 and [D620N] M9 cells were treated with either 

0.1 or 1 μg/ml doxycycline for 4, 20 and 24 hours. Cells were then lysed in RIPA buffer and analysed 

by western blotting. B Quantification of results shown in A. Signal intensity values were normalised to 

actin then to uninduced condition for each cell line. Data from a single experiment, n = 1. 
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Figure 3.7 Extended doxycycline induction time course in RPE1 FlpIn VPS35 cell lines 

A RPE1 FlpIn Parental (Par) and FlpIn VPS35 WT C4 and [D620N] M9 cells were treated with 0.1 

μg/ml doxycycline for the indicated time points. Cells were then lysed in RIPA buffer and analysed by 

western blotting. Pink arrowhead indicates endogenous VPS35, blue arrowhead indicates HA-VPS35 

B Quantification of results shown in A. C Quantification of results shown in A. Values normalised to -

dox condition for each cell line. Data from a single experiment, n = 1. 

 

3.3.3 Initial RPE1 FlpIn HA-VPS35 cell line characterisation by IF 

To assess expression of HA-VPS35 by immunofluorescence, cells were induced with 

doxycycline for 24 hours, fixed, then stained for HA and the early endosomal marker 

EEA1 (Figure 3.8A). This revealed that not all the cells were expressing the construct. 

58% of C4 were positive for HA expression and 44% for M9 (Figure 3.8B). The same 

was also seen with other clones (Figure 3.8B). Going forward, these cells were only 

used for IF experiments where I was able to compare HA-VPS35 positive and 



101 
 

negative cells side-by-side. To obtain a homogenously expressing, monoclonal 

population, WT C4 and [D620N] M9 cell lines were single cell diluted. 

 

Figure 3.8 Heterogenous expression of HA-VPS35 in RPE1 FlpIn TRex cells 

A RPE1 FlpIn VPS35 WT C4 and [D620N] M9 cells were treated with 0.1 μg/ml doxycycline for 24 

hours, fixed and stained with the indicated antibodies and DAPI (DNA). Single slice images were 

acquired on a Zeiss LSM800 confocal microscope using a 63x objective. Scale bar 10 μm. Dashed 

outlines highlight HA-negative cells. B Quantification of HA-positive cells in selected RPE1 FlpIn HA-

VPS35 cell lines. n = number of cells quantified. Data from a single experiment, n = 1. 

 

3.3.4 Single cell dilution of RPE1 FlpIn VPS35 cell lines  

Several clones expressing either WT and [D620N] HA-VPS35 were obtained by 

limited dilution and screened by both western blotting and immunofluorescence to 

assess their relative HA-VPS35 expression and their purity, respectively. All clones 

expressed HA-VPS35 after doxycycline induction (Figure 3.9) and appeared to be 

homogenous (Figure 3.10). The fold overexpression of VPS35 was similar between 

the mutant clones tested and more variable in the wild type clones (Figure 3.9B). The 

lines ‘WT 3B4’ and ‘[D620N] 1F3’ were selected for used for future work. The 2-fold 

increase in VPS35 expression seen upon induction with doxycycline in these lines 

was verified across four biological replicates (Figure 3.11A and B). This corresponds 

to a 1:1 ratio of WT:WT or WT:[D620N] VPS35. Just as for the original WT C4 and 
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[D620N] M9 clones, HA-VPS35 correctly localised to EEA1-positive endosomes 

(Figure 3.11C). The new ‘3B4’ and ‘1F3’ lines were amplified and aliquots were stored 

in liquid nitrogen. Unfortunately, I have observed that after thawing vials of these cells, 

not all the cells are HA-positive. When kept in selection, a 90% HA-VPS35 positive 

population can be achieved, however this also begins to decrease over time. To 

control for this, cells were regularly checked for HA expression. 

 

 

Figure 3.9 Screening of RPE1 FlpIn VPS35 single cell clones by western blotting 

A RPE1 FlpIn VPS35 WT and [D620N] cell lines obtained by limited dilution were treated with 0.1 

μg/ml doxycycline for 24 hours and screened for HA-VPS35 expression. Cells were lysed in RIPA 

buffer and analysed by western blotting. Pink arrowhead indicates endogenous VPS35, blue 

arrowhead indicates HA-VPS35 B Quantification of VPS35 expression in A, normalised to actin then 

to - Dox for each cell line. C Quantification of HA expression of + Dox samples in A, normalised to 

actin. Data from a single experiment, n = 1. 
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Figure 3.10 Screening of RPE1 FlpIn VPS35 single cell clones by immunofluorescence 

RPE1 FlpIn VPS35 WT and [D620N] cell lines obtained by limited dilution were treated with 0.1 μg/ml 

doxycycline for 24 hours and screened for HA-VPS35 expression. Cells were fixed and stained with 

an antibody against HA and DAPI (DNA). Single slice images were acquired on a Nikon Ti-Eclipse 

widefield microscope using a 20x objective. Scale bar 50 μm. Data from a single experiment, n = 1. 
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Figure 3.11 Selected RPE1 FlpIn VPS35 single cell clones 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours and screened for HA-VPS35 expression. Cells were lysed in RIPA buffer and analysed by 

western blotting. B Quantification of total VPS35 expression normalised over actin then to ‘- dox’ for 

each cell line. n = 2-4. Each independent experiment is colour-coded. Bars represent mean ± SD. C 

RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours, fixed and stained with the indicated antibodies and DAPI (DNA). Single slice images were 

acquired on a Nikon Ti-Eclipse widefield microscope using a 40x objective. Scale bar 20 μm. D 

Quantification of percentage of cell population expressing HA-VPS35, as assessed by microscopy. n 

= 3, >135 cells counted per condition per experiment. Each independent experiment is colour-coded. 

Bars represent mean ± SD.  

 

3.3.5 Initial characterisation of HA-VPS35 “single clone” lines 

To assess the stability of HA-VPS35 wild type and mutant constructs, I induced 

expression with doxycycline for 24 hours and then withdrew the doxycycline by 

replacing the culture media with fresh media without doxycycline. I then lysed cells 

after increasing lengths of time following doxycycline withdrawal and analysed the 

levels of HA-VPS35 (Figure 3.12A). This revealed that the HA-VPS35 is very stable, 

with levels remaining steady even after 48 hours of doxycycline withdrawal (Figure 

3.12C). This was the case for both wild type and mutant VPS35 suggesting that, at 

least over this time frame, the [D620N] mutation does not affect VPS35 stability. 

Interestingly, in the WT 3B4 cell line the endogenous band for VPS35 appeared to 

decrease after prolonged wash-out, resulting in a decrease in total VPS35 signal, 
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suggesting an autoregulatory effect in which overexpression of VPS35 leads to 

downregulation of endogenous VPS35 levels (Figure 3.12B and D). This effect was 

absent in the VPS35[D620N] mutant-expressing cell line. Expression of the HA-

VPS35 also caused a small increase in VPS26 levels in both WT 3B4 and [D620N] 

1F3 cell lines (Figure 3.12E). 

 

 

Figure 3.12 The [D620N] mutation does not affect stability of VPS35  
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A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours and then media were exchanged for fresh media without doxycycline. The cells were incubated 

for the times indicated before being lysed in RIPA buffer and analysed by western blotting. Pink 

arrowhead indicates endogenous VPS35, blue arrowhead indicates HA-VPS35. B Line graph of 

VPS35 signal measured between red lines indicated in A. C Quantification of HA-VPS35 expression 

normalised to actin. D Quantification of VPS35 expression in A normalised to actin then to uninduced 

control for each cell line. D Quantification of VPS26A expression normalised actin then to uninduced 

control for each cell line. Data from a single experiment, n = 1. 

 

To look at the distribution of wild type and [D620N] HA-VPS35, I employed subcellular 

fractionation by differential centrifugation to isolate total membranes from the cytosol 

from a post-nuclear supernatant (Figure 3.13A). In uninduced cells, approximately 

50-60% of VPS35 resided at membranes. This ratio was slightly decreased upon 

expression of HA-VPS35, 37% and 38% for WT and [D620N] VPS35, respectively 

(Figure 3.13B). Similarly, the percentage of HA present in the membrane fraction was 

33% for WT VPS35 and 38% for [D620N] VPS35 (Figure 3.13B). This suggests that 

the [D620N] mutation does not affect the ability of retromer to be recruited to 

membranes. The decrease in distribution after induction may reflect a point at which 

no further VPS35 can be recruited to membranes due to lack of available binding 

sites. The resolution of endogenous and exogenous VPS35 bands is insufficient to 

quantify these separately, but by eye it appears that the 1:1 stoichiometry of 

exogenous to endogenous is retained at membranes in both cell lines.  

Supporting this mixed distribution of retromer, HA-VPS35 localisation was part 

cytosolic and part punctate by confocal microscopy (Figure 3.13C and D). The RPE1 

parental cells that were plated as a negative control on the same coverslips with the 

HA-VPS35 expressing cell lines show that both these HA staining patterns are 

specific. Co-staining with the early endosome marker EEA1 and the retromer 

component VPS26A shows that HA-VPS35 co-localises with VPS26A at a distinct 

EEA1-negative subdomain within early endosomes (Figure 3.13E). This suggests 

that the exogenous VPS35 is successfully incorporated into retromer complexes and 

recruited to the recycling subdomains of early endosomes. Additionally, expression of 

wild type and [D620N] HA-VPS35 did not perturb early endosome morphology as their 

appearance was indistinguishable from those in the neighbouring RPE1 parental cells 

(Figure 3.13C). 
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Figure 3.13 HA-VPS35 distribution in RPE1 FlpIn VPS35 isogenic cell lines 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours before being homogenised in HIM buffer + MPIs. Post nuclear supernatants (PNS) were isolated 

by centrifugation at 600 x g for 10 minutes. Membrane and cytosolic fractions were separated by 

centrifugation at 100,000 x g for 30 minutes. Equal proportions of fractions corresponding to 30 μl PNS 

were loaded onto SDS-PAGE gels and analysed by immunoblotting. A representative western blot is 

shown. Dashed line represents where a lane has been cropped out. Pink arrowhead indicates 

endogenous VPS35, blue arrowhead indicates HA-VPS35. B Quantification of A. Bars represent mean 

± range. n = 2. Each independent experiment is colour-coded. C and D RPE1 FlpIn VPS35 WT 3B4 and 

[D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline and after 72 hours fixed and stained for the 

indicated antibodies. z-stack images (3 slices, 0.31 μm step) were acquired on a Zeiss LSM800 confocal 



108 
 

microscope using a 63x objective. Scale bar 10 μm. Data from a single experiment, n = 1. E RPE1 FlpIn 

VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 hours, fixed and 

stained for the indicated antibodies. Single slice images were acquired on a Zeiss LSM800 confocal 

microscope in Airyscan mode using a 63x objective. Scale bar 10 μm. Data from a single experiment, n 

= 1. 

 

3.3.6 RPE1 FlpIn VPS35 [D620N] cells display elevated Rab 

phosphorylation  

To evaluate the suitability of the RPE1 FlpIn VPS35 model for studying the 

relationship between VPS35 and LRRK2, I set out to assess the finding by Mir and 

colleagues that the [D620N] mutation in VPS35 leads to enhancement of LRRK2 

activation (Mir et al., 2018). To do this I induced wild type and [D620N] HA-VPS35 

expression with doxycycline for 24 hours before lysing the cells and analysing 

phosphoRab levels by immunoblotting (Figure 3.14). In RPE1 FlpIn VPS35 WT 3B4 

cells, expression of wild type VPS35 had no effect on the levels of pT73-Rab10 or 

pS106-Rab12. On the other hand, expression of [D620N] VPS35 in RPE1 FlpIn 

VPS35 [D620N] 1F3 cells lead to an 1.55-fold increase in Rab12 phosphorylation and 

a 1.4-fold increase in Rab10 phosphorylation when normalised to WT 3B4 uninduced 

samples (Figure 3.14B). Expression of total Rab10 and Rab12 was unaffected by 

expression of wild type or mutant VPS35, indicating this is a phosphorylation-specific 

effect. Furthermore, addition of MLi-2 one hour prior to lysis reduced this to below 

untreated uninduced levels, confirming that this effect is dependent on LRRK2. This 

result confirms that the [D620N] mutation causes hyperphosphorylation of Rab 

proteins via the action of LRRK2.  
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Figure 3.14 HA-VPS35 [D620N] enhances basal LRRK2-dependent Rab phosphorylation 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours and treated with 100 nM MLi-2 or vehicle (DMSO) for one hour prior to lysis. Samples were 

analysed by immunoblotting. A representative western blot is shown. B Quantification of A. Values were 

normalised to ‘WT – DOX’ for each experiment. n = 3 independent experiments. Each independent 

experiment is colour-coded. Bars represent mean ± SD. One-way ANOVA with Tukey’s multiple 

comparisons test performed on values normalised to sum of the signal within a replicate. * P < 0.05, ** 

P < 0.01, **** P < 0.0001. 

 

3.4 Creation of RPE1 FlpIn HA-VPS35 lines expressing eGFP-

LRRK2 

To generate cell lines overexpressing LRRK2, RPE1 FlpIn HA-VPS35 WT (3B4) and 

[D620N] (1F3) were transduced with either wild type, hyperactive [G2019S] or kinase 

dead [G2019S/D1994A], N-terminally eGFP-tagged LRRK2 with lentiviruses. This 

was performed by a colleague, Hannah Elcocks. A multiplicity of infection of 0.8 was 

used to increase the likelihood of only one viral integration per cell. Cells were then 

sorted using FACS by another colleague, Dr Ailbhe Brazel, to isolate the transduced 

eGFP-positive populations. The eGFP-positive pools for each cell line were expanded 

and assessed for eGFP-LRRK2 expression. Expression levels were variable across 

the cell populations and thus monoclonal populations were obtained by limited 

dilution. Monoclonal populations were screened for eGFP signal by live-cell imaging 

and those with low-to-medium levels of expression were selected for further screening 
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by western blotting and immunofluorescence (Figure 3.15). This confirmed that the 

cell lines showed comparable LRRK2 expression to one another. Using Rab10 

phosphorylation as a read-out for kinase activity, I confirmed that the constructs were 

behaving as expected, with the hyperactivating [G2019S] mutation (clones G3 and 

DG1) increasing Rab10 phosphorylation compared to WT (clones W1, DW2 and 

DW3), and the kinase-dead [D1994A] (clones D3 and DD1) decreasing it. The clone 

RPE1 FlpIn HA-VPS35 WT eGFP-LRRK2 [G2019S] G1 had undetectable levels of 

LRRK2 by immunoblotting yet gave an eGFP signal when analysed by microscopy. It 

is possible that in this clone the construct harbours a random mutation in its sequence 

leading to the generation of an early stop codon or a frameshift such that it expresses 

a truncated eGFP-tagged product. This could be assessed by western blotting by 

probing the entire membrane for LRRK2 and GFP to look for lower molecular weight 

species. In RPE1 VPS35 WT eGFP-LRRK WT W1, induction of HA-VPS35 

expression led to a small increase in Rab10 phosphorylation, which was not present 

in the equivalent VPS35 [D620N] cell line. This result is only preliminary and would 

need to be repeated to be ensure that this is a true result. It is possible that by 

introducing such a high level of LRRK2 we oversaturate the system by which VPS35 

[D620N] hyperactivates LRRK2 and so a differential cannot be seen. 

 

 

Figure 3.15 Screening RPE1 FlpIn HA-VPS35 + eGFP-LRRK2 single cell clones 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 eGFP-LRRK2 lentiviral cell lines were treated with 0.1 

μg/ml doxycycline for 24 hours and screened for LRRK2 expression and Rab10 phosphorylation. Cells 
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were lysed in RIPA buffer and analysed by western blotting. Pink arrowhead indicates endogenous 

VPS35, blue arrowhead indicates HA-VPS35. Data from a single experiment, n = 1. B RPE1 FlpIn VPS35 

WT 3B4 and [D620N] 1F3 GFP-LRRK2 lentiviral cell lines were treated with 0.1 μg/ml doxycycline for 24 

hours and fixed. Single slice images were acquired on a Zeiss LSM800 confocal microscope using a 63x 

objective. Scale bar 20 μm. Data from a single experiment, n = 1. 

 

3.5 Establishing GST-RILP active Rab7 binding assay 

To measure levels of Rab7 activity, we set up the ‘active Rab7 binding assay’ in the 

lab, which has been characterised and used by several independent groups (Gómez-

Suaga et al., 2014; Jimenez‐Orgaz et al., 2018; Sun et al., 2009). The assay uses a 

GST fusion protein containing the Rab7a binding domain (R7BD) of RILP, which is 

exclusively able to bind active GTP-bound Rab7 (Sun et al., 2009). This fusion protein 

can then be immobilised on glutathione coupled sepharose beads to isolate active 

Rab7 from whole cell lysates. The production of GST-RILP fusion protein and the 

validation of the assay described in this section and methods Section 2.1.9 was 

carried out in collaboration with Hannah Elcocks. 

3.5.1 Production of GST-RILP fusion protein 

When testing the induction of GST-RILP protein expression from BL21 bacteria 

transformed with pGEX-4T3-mR7BD, we noted that there was almost the same 

amount of free GST expressed as GST-RILP, suggesting a significant amount of 

spontaneous cleavage of the fusion protein at the thrombin site between the GST and 

the Rab7 binding domain of RILP (Figure 3.16A). In an effort to reduce this cleavage, 

we subcloned the mR7BD fragment into the vector pGEX-6P-1 that instead has a 

PreScission™ protease cleavage site. This enzyme recognition site is longer and 

more stable than the thrombin cleavage site in pGEX-4T3. This successfully yielded 

a higher proportion of uncleaved GST-RILP compared to the pGEX-4T3 vector after 

induction with IPTG (Figure 3.16B). 

GST-RILP fusion protein was purified using a GSTrap™ column on an ÄKTA 

purification system. Bound proteins were eluted with reduced glutathione and the UV 

trace was used to determine the fractions containing the bulk of the eluted protein 

(Figure 3.17A). Fractions A2 to A11 were analysed by SDS-PAGE to confirm these 

contained eluted protein and to determine purity (Figure 3.17B). Fractions A3 to A9 

contained most of the GST-RILP so were pooled and run through PD10 desalting 

columns to remove the glutathione. A proportion of the eluted protein was GST tag 

alone, which was expected from the induction gels. The concentration of the 
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preparation was determined, and aliquots were frozen to then be added to beads the 

day before an experiment. 

 

Figure 3.16 Induction of recombinant GST-RILP fusion protein expression in BL21 bacteria 

BL21 bacteria were transformed with either pGEX-4T3-mR7BD (A) or pGEX-6P1-mR7BD (B) and 

grown on agar plates under ampicillin selection. Individual colonies were picked to inoculate a starter 

culture which was then diluted into 1 litre maxi cultures. Cultures were grown to an OD600 of 0.6 then 

induced with 0.25 mM IPTG and shaken for 20 hours at 20 °C. Pre- and post-induction samples were 

analysed by SDS-PAGE. Total protein was visualised with SimplyBlue Stain. Blue arrowhead 

indicates GST-RILP, pink arrowhead indicates GST alone. 
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Figure 3.17 Purification of GST-RILP fusion protein 

GST-tagged protein was purified from bacterial lysates transformed with pGEX-6P1-mR7BD using a 

GSTrap column on an ÄKTA Protein Purification System. Bound proteins were eluted with 10 mM 

reduced glutathione. A The UV trace was used to determine which fractions contained GST-tagged 

protein. B Fractions were visualised by SDS-PAGE to ascertain purity of GST-RILP protein prep. Blue 

arrowhead indicates GST-RILP, pink arrowhead indicates GST alone. 

 

3.5.2 Validation of active Rab7 binding assay 

To validate the active Rab7 binding assay using the GST-RILP fusion protein we had 

produced, I carried out a test experiment in HEK293 FlpIn parental cells which are 

commonly used in the lab for pulldown experiments as they yield high protein amounts 

after lysis relative to other cell lines. HEK293 FlpIn parental cells were transfected 

with GFP-tagged wild type or dominant negative mutant Rab7[T22N] for 24 hours, 

lysed and then the GST-RILP assay was carried out on the resulting cell lysates 

(Figure 3.18A).  
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A strong band at the expected molecular weight of GFP-Rab7 (50-60kDa) and fainter 

band corresponding to endogenous Rab7 (23kDa) was visible in the pulldowns, 

indicating that the assay is capable of isolating and detecting overexpressed and 

endogenous Rab7. The amount of dominant negative [T22N] GFP-Rab7 pulled down 

is reduced compared to wild type, even though the inputs show similar amounts of 

overexpressed protein, demonstrating that the assay is sensitive to changes in Rab7 

activity. 

 

Figure 3.18 Validation of active Rab7 binding assay 

A HEK293 FlpIn Parental cells were transfected with pEGFP empty vector or pEGFP-Rab7 (WT, wild 

type; DN, dominant negative [T22N]) for 24 hours. Lysates were incubated with immobilised GST-

RILP for 2 hours and the resulting eluates were analysed by immunoblotting for active (GST-RILP-

bound) Rab7. Green arrowhead indicates GFP-tagged Rab7. Grey arrowhead indicates endogenous 

Rab7. Data from a single experiment, n = 1. B RPE1 FlpIn Parental cells were subjected to siRNA 

knockdown for 72 hours with control (non-targeting #1; NT1) or TBC1D5 (pooled) targeting 

oligonucleotides before being lysed and incubated with immobilised GST-RILP for 2 hours. Eluted 

GST-RILP-bound Rab7 was analysed by immunoblotting. Grey arrowhead indicates endogenous 

Rab7. Data from a single experiment, n = 1. 

 

I next tested the GST-RILP assay in RPE1 cells, as this would be the cell line I would 

use for future experiments. TBC1D5 is one of several Rab7 GAPs that are responsible 

for the conversion of the GTP bound to Rab7 to GDP. Knockdown of the Rab7 GAP 

TBC1D5 led to an increase in the levels of active Rab7, indicating an increase in GTP 

bound Rab7. This result further validates that the active Rab7 binding assay can 

detect changes to Rab7-GTP levels. It was necessary to load substantially more 
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protein onto the beads to obtain a good endogenous Rab7 signal when using RPE1 

cells compared to HEK293 cells (800µg vs 300µg), which may mean that there is a 

smaller pool of Rab7 that is active at baseline conditions in this cell line. 

3.5.3 Optimisation of active Rab7 binding assay 

Given the low level of endogenous active Rab7 signal observed in the RILP pulldown 

from RPE1 lysates, I carried out further optimisation of the assay to try to enhance 

this signal. I compared the lysis buffer used in my validation experiments and by 

Jimenez-Orgaz and colleagues to a higher stringency buffer containing more sodium 

chloride that was used in a manuscript from Gómez-Suaga and colleagues to see if 

this decreased background binding and increased Rab7 signal (Figure 3.19) (Gómez-

Suaga et al., 2014; Jimenez‐Orgaz et al., 2018). There was a marginal decrease in 

background binding with the high stringency buffer as assessed by total protein 

staining, however the total active Rab7 signal was also reduced. I also tested the 

effect of increasing the amount of GST-RILP immobilised to the sepharose beads 

from 5 µg to between 10 and 20 µg. There was an increase in Rab7 signal with 10 µg 

of GST-RILP but this was not enhanced further when using greater amounts of GST-

RILP. From these results I chose to continue to use the low stringency buffer but 

increased the amount of GST-RILP added to 10 µg for future experiments to achieve 

a stronger active Rab7 signal. 

 

Figure 3.19 Optimisation of active Rab7 binding assay 
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RPE1 FlpIn Parental cells were lysed in low stringency (20mM Tris-HCl pH 7.8, 50 mM NaCl, 0.5 % 

Triton X-100, 1 mM MgCl2) or high stringency (20 mM HEPES pH 7.4, 100 mM NaCl, 1 % Triton X-

100, 5 mM MgCl2) buffer and incubated with different amounts of GST-RILP fusion protein immobilised 

to Glutathione Sepharose beads. Bound proteins were eluted in sample buffer and analysed by 

immunoblotting. TPS, total protein stain. Data from a single experiment, n = 1. 

 

3.6 Discussion 

In this chapter I have outlined the steps I took to establish a set of tools to enable me 

to study the relationship between VPS35 and LRRK2.  

3.6.1 RPE1 cells as a model system for studying VPS35 and LRRK2 

I first screened a panel of cell lines for expression of VPS35, LRRK2, Rab29 and 

Rab7. While VPS35 was ubiquitously expressed in all cell lines, the levels of the other 

proteins were more variable. Rab7 expression was much higher in melanoma cell 

lines compared to non-melanoma cells. Up-regulation of Rab7 levels has been shown 

to be critical in driving initial melanoma progression, which is then reduced in a 

‘phenotypic switch’ when melanomas gain invasive potential (Alonso-Curbelo et al., 

2014). The authors of this manuscript also showed an enrichment of lysosomal genes 

in melanoma cell lines compared to other cancer cell types, including colon, 

leukaemia and renal, but did not investigate whether any of the other lysosomal genes 

also respond in the same manner as Rab7 to the phenotypic switch. This may explain 

why we also saw higher levels of Rab29 in the melanoma lines, as Rab GTPases are 

critical regulators of vesicular trafficking events in the endolysosomal system. 

Although Rab29 is not traditionally considered a lysosomal Rab, Eguchi et al. (2018) 

have shown that lysosomal stress can trigger its recruitment to lysosomal 

membranes, suggesting it may have some function at this organelle.  

In the cell lines that I tested, levels of LRRK2 varied greatly. LRRK2 was expressed 

highest in WM266.4 and A375P cells, which a previous PhD student in the lab, 

Hannah Elcocks, has found is inversely proportional to their pigmentation and 

invasion potential. This suggests LRRK2 may be another marker for melanoma 

phenotypic switching and invasiveness, but in a manner opposite to Rab7, with 

LRRK2 being up-regulated in later stages of melanoma progression. I chose RPE1 

cells as the model cell line for my project as I felt they had the best balance of 

expression of all these proteins, while also being diploid and good for imaging 

experiments. 
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LRRK2 contains several serines which have been shown to be differentially 

phosphorylated in the presence of familial PD mutations and have been used 

previously as read-outs for kinase activity. These include the autophosphorylation site 

S1292 and a cluster of serines between the ANK and LRR domain 

(S910/935/955/973) (Marchand et al., 2020; Sheng et al., 2012). LRRK2 inhibition 

causes dephosphorylation at S935, but only with Type I inhibitors and not Type II. 

Using commercially available antibodies against pS1292-LRRK2 and pS935-LRRK2, 

I was unable to detect any signal in RPE1 cells with endogenous levels of LRRK2. 

Therefore, to measure LRRK2 activity I measured LRRK2 substrate Rab 

phosphorylation using the phosphosite specific antibodies against pT73-Rab10 and 

pS106-Rab12 as a proxy readout of LRRK2. By immunoblotting for pT73-Rab10, I 

confirmed that endogenous LRRK2 is active basally in RPE1 cells, albeit at quite low 

levels. The small dynamic range between basal Rab10 phosphorylation and the 

residual LRRK2 independent signal measured in the presence of LRRK2 inhibitors 

may present difficulties when trying to assess a reduction in phosphorylation in future 

experiments. However, there should be no problem assessing hyperactivation, which 

is the most important aspect for my project, as we can see a very strong signal when 

exogenous wild type and [G2019S] variant eGFP-LRRK2 are introduced. This 

suggests the limiting factor for Rab10 phosphorylation in these cells is the activity and 

expression of LRRK2 rather than levels of total Rab10 or PPM1H, the LRRK2 

phosphosite-specific phosphatase of Rab10 (Berndsen et al., 2019).  

Another commonly used antibody to detect LRRK2 activity is one raised against pT72-

Rab8A. However, this antibody is not specific and cross-reacts with phosphorylated 

Rab3A, Rab10, Rab35 and Rab43. Despite this, it still holds value in its use as a ‘pan-

phospho-Rab’ antibody. 

3.6.2 Generation of RPE1 cell lines expressing exogenous VPS35 

and LRRK2 

Using the Flp-In™ TRex™ system I have generated an isogenic pair of cell lines which 

express wild type or [D620N] mutant HA-VPS35. After performing 

immunofluorescence staining on the cell lines, we found that not all the cells 

expressed HA-VPS35. I hypothesised that this was because the colonies that were 

picked after transfection were not pure and contained untransfected cells. To obtain 

pure clones, the cell lines were single cell diluted and screened by 

immunofluorescence for HA staining. I have since found that expression is lost in 40-

60% of the cells immediately after rethawing. This suggests that the reason that not 
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all cells express HA-VPS35 is that there has been loss or repression of the cassette. 

The Invitrogen protocol for generating Flp-In cell lines reports that down-regulation of 

the CMV promoter and loss of gene expression is observed in 3T3 and BHK cells 

(Invitrogen, 2012), and so this may also be the case for the RPE1 FlpIn cells. In some, 

but not all, cases, maintaining the cells under antibiotic selection increased the 

percentage of HA positive cells to up to 90%, which are then more suitable for use in 

biochemical experiments to allow us to better see any differences caused by the 

mutation.  

It is likely that this is also the reason that the original ‘mixed’ clones were impure - I 

did not have the opportunity to screen them by immunofluorescence before freezing 

them down due to the covid lockdown. Ultimately, this means that care needs to be 

taken with these cell lines to ensure that a suitable proportion of the cells are 

expressing HA-VPS35 and at similar levels between the WT and [D620N] pair to 

reveal any subtle differences caused by the mutation in biochemical experiments. 

This is achieved by regular screening by immunofluorescence. For fixed 

immunofluorescence microscopy experiments, both the original mixed cells and ‘pure’ 

clones can be used at any percentage of positive cells provided that the cells are co-

stained with HA to identify expressing cells. 

I also generated clones of the WT and [D620N] VPS35 FlpIn cells expressing 

lentivirus transfected eGFP-LRRK2 at equivalent levels. Overexpression of LRRK2 

could help overcome the low basal Rab phosphorylation observed in the RPE1 cells 

due to low endogenous LRRK2 expression. These cell lines will facilitate the study of 

wild type, hyperactive and kinase-dead LRRK2 in RPE1 cells, and in combination with 

the VPS35[D620N] mutant. However, it is possible that the large increase in Rab 

phosphorylation due to overexpression of LRRK2 may have such a strong effect that 

it masks any effect of [D620N]VPS35 which we have aimed to only express at near-

endogenous levels in this model. It has been suggested that the placement of larger 

tags such as eGFP on the N-terminus of LRRK2 may disrupt membrane localisation 

(Vides et al., 2022). In our cell lines, the majority of eGFP-LRRK2 is cytosolic, with 

only the occasional punctate structure. This is in line with previous reports that have 

found LRRK2 to be 90% cytosolic at steady state (Berger et al., 2010; Purlyte et al., 

2018). Many over-expression studies also show LRRK2 to have a cytoplasmic 

localisation but have also shown its presence at punctate structures, including 

endosomes and lysosomes, and at mitochondria (Biskup et al., 2006; Eguchi et al., 

2018; Henry et al., 2015; Purlyte et al., 2018). Compounds which cause 

endolysosomal stress, such as chloroquine and LLOMe, have been shown to trigger 
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the recruitment of LRRK2 to lysosomal membranes (Eguchi et al., 2018; Herbst et al., 

2020). Treatment with one of these agents could be used to check whether eGFP-

tagged LRRK2 is able to be properly recruited to membranes in our cell lines. 

Alternatively, this could be tested by overexpressing Rab29, which drives LRRK2 

recruitment at the Golgi (Purlyte et al., 2018). 

3.6.3 Characterisation of RPE1 FlpIn VPS35 cell lines 

Through cellular fractionation and immunofluorescence microscopy I have shown that 

[D620N] mutant VPS35 is able to properly localise to membranes and that its 

distribution and localisation to EEA1 positive early endosomes is unchanged, 

consistent with previous studies (Follett et al., 2014; McGough et al., 2014; Tsika et 

al., 2014). 

Expression levels of retromer components are highly co-regulated. Depletion of either 

VPS35 or VPS29 by siRNA transfection also depleted cells of the other retromer 

subunits, indicating that loss of one retromer subunit causes destabilisation of the 

trimeric complex and its degradation. This has been observed previously in multiple 

studies (Fuse et al., 2015; Jimenez‐Orgaz et al., 2018; Simonetti et al., 2017). By 

assessing HA-VPS35 levels in the RPE1 FlpIn VPS35 cells after withdrawal of 

doxycycline, I found that HA-VPS35 is very stable and persists at a similar level even 

48 hours after withdrawal, and that this is not affected by the [D620N] mutation. This 

is consistent with previous studies looking at stability and assembly of the retromer 

core (McGough et al., 2014; Tsika et al., 2014; Zavodszky et al., 2014). According to 

the Invitrogen handbook for generating Flp-In T-REx cell lines, doxycycline has a half-

life of 48 hours (Invitrogen, 2012). Therefore, combined with washing and exchange 

of media, it is unlikely that a significant amount of HA-VPS35 is still being transcribed. 

Upon induction of HA-VPS35 expression we also observe a small increase in VPS26, 

supporting the notion that the levels of retromer core components are highly 

dependent on each other.  

Interestingly, after eight hours of doxycycline withdrawal there appeared to be a 

reduction in endogenous VPS35 in the WT 3B4 cells. VPS35 has recently been shown 

to undergo autoregulation in primary neuron cultures, whereby introduction of high 

titres of exogenous VPS35 causes a decrease in endogenous VPS35 to maintain total 

VPS35 levels (Qureshi et al., 2022). The authors attributed this to the instability of 

VPS35 when not part of the retromer complex (Fuse et al., 2015; Jimenez‐Orgaz et 

al., 2018; Qureshi et al., 2022; Simonetti et al., 2017). That we do not see this auto-

regulatory effect in the [D620N] cell may be due to the slightly lower levels of 
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exogenous expression so there is less competition for incorporation into retromer sub-

units. By fractionation we can see similar levels of wild type and [D620N] HA-VPS35 

present in the membrane fraction, but more in the PNS and cytoplasmic fraction in 

the wild type cells which may have a stronger autoregulatory effect on endogenous 

VPS35 levels. However, further study would be needed to confirm that this difference 

in impact on endogenous VPS35 levels is due to differential expression levels and not 

due to the [D620N] mutation. 

I confirmed the validity of the RPE1 FlpIn VPS35 system as a model for investigating 

the relationship between endogenous LRRK2 and VPS35 by showing that expression 

of VPS35[D620N] leads to an increase in Rab phosphorylation. The enhanced Rab 

phosphorylation was sensitive to LRRK2 inhibition, confirming that this effect is via a 

VPS35-LRRK2-Rab axis. The increase in Rab phosphorylation seen in the RPE1 cells 

is modest compared to what has previously been reported (Mir et al., 2018). For 

instance, Rab10 phosphorylation was elevated 4-5-fold in heterozygous knockin 

VPS35[D620N] mouse embryonic fibroblasts (MEFs) (Mir et al., 2018). This difference 

may reflect the relatively low expression and activity of LRRK2 in RPE1 cells. 

3.6.4 RILP assay 

Loss of VPS35 has been shown to increase Rab7 activity through subsequent loss of 

TBC1D5 control over Rab7, however it is not known what effect the [D620N] mutation 

has on levels of active Rab7 (Jimenez‐Orgaz et al., 2018). Despite Rab7 not being a 

direct substrate for LRRK2, PD-causing mutations in LRRK2 have been shown to 

decrease Rab7-GTP levels (Gómez-Suaga et al., 2014). As perturbation of VPS35 

levels and LRRK2 activity both affect levels of active Rab7, it is possible they act in a 

shared pathway to affect this change. As Rab7 is known to be a key player in the 

functioning of the endolysosomal system, this could be of relevance to the numerous 

trafficking and autophagy defects that have been reported in models of Parkinson’s 

disease, including those with VPS35 and LRRK2 mutations.  

To explore the effect of the [D620N] mutation on levels of active Rab7, we have 

established the GST-RILP active Rab7 binding assay in the lab. In this chapter, I have 

described the production of GST-RILP fusion protein to be used to isolate GTP-bound 

Rab7 from cell lysates, optimisation of the assay and its validation using TBC1D5 

knockdown and expression of Rab7 wild type and dominant negative constructs. 

Together, the tools I have generated in this chapter provide a platform for investigating 

the effects of the VPS35[D620N] mutation, with a focus on the relationship between 

VPS35, LRRK2 and Rab7. 
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4 VPS35, LRRK2 and endosomal trafficking 

4.1 Introduction 

Dysfunction in the endolysosomal system has been implicated in several 

neurodegenerative diseases, highlighting the importance of its normal function in the 

central nervous system. Retromer itself has been linked to the pathology of several 

neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s Disease and 

Amyotrophic Lateral Sclerosis (ALS) (Williams et al., 2022). Perhaps the most 

compelling link between retromer dysfunction and neurodegeneration is that the 

missense mutation Asp620Asn, [D620N], in VPS35 causes autosomal dominant 

familial Parkinson’s disease.  

In 2014, two independent groups showed that the [D620N] mutation impaired the 

interaction of VPS35 with the tail of FAM21 of the WASH complex (McGough et al., 

2014; Zavodszky et al., 2014). The functional consequences of this decreased 

association with the WASH complex remain unclear, both with regards to the effect 

on the WASH complex and on the trafficking function of retromer. Zavodszky and 

colleagues reported that the [D620N] mutation decreased WASH complex localisation 

to the endosome (Zavodszky et al., 2014), whereas McGough and colleagues found 

this to be unchanged (McGough et al., 2014). 

These two studies also investigated the effect of the mutation on cargo recycling but 

again came to different conclusions, despite using similar approaches and operating 

in overlapping cell lines. Zavodszky and colleagues reported that stable expression 

of VPS35[D620N] in HeLa cells depleted of endogenous VPS35 led to defects in 

GLUT1, but not CIMPR, sorting, suggesting a defect in retrograde transport to the 

plasma membrane (Zavodszky et al., 2014). Conversely, the parallel study by 

McGough and colleagues found that expression of VPS35[D620N] was able to rescue 

GLUT1 mis-sorting following depletion of VPS35 in HeLa cells (McGough et al., 2014). 

The authors also showed that expression of VPS35[D620N] failed to rescue CIMPR 

trafficking defects in RPE1 cells depleted of VPS35. Furthermore, they observed 

CIMPR distribution was altered in VPS35[D620N] patient fibroblasts compared to a 

healthy control (McGough et al., 2014). From these results, the authors surmised that 

the [D620N] mutation causes a defect in trafficking to the trans-Golgi network. Studies 

using transient overexpression of VPS35[D620N] in other immortalised mammalian 

cell lines have also seen a defect in CIMPR trafficking (Follett et al., 2014; MacLeod 

et al., 2013), whereas in rat primary cortical neurons overexpressing VPS35[D620N] 
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and patient-derived fibroblasts sorting of CIMPR was found to be unaffected (Tsika et 

al., 2014). The latter study also showed sortilin and sorLA trafficking were unaffected 

by the [D620N] mutation when overexpressed in primary cortical neurons (Tsika et 

al., 2014).  

It is worth noting that recent evidence has called into question the role of retromer in 

CIMPR trafficking, leading to the suggestion that CIMPR may be recycled via a 

different sorting complex, ESCPE-1 (Evans et al., 2020; Kvainickas et al., 2017). 

ESCPE-1 comprises the SNX-BAR dimer, SNX1/2 and SNX5/6, which acts together 

with the core retromer trimer of VPS35-VPS29-VPS26 in yeast but can function 

independently in mammals (Kvainickas et al., 2017; Seaman et al., 1998; Simonetti 

et al., 2017). This complicates the task of identifying the effect of the [D620N] mutation 

in my chosen system when the role of retromer in the trafficking of one of its once 

widely accepted cargoes is debated. 

A recently proposed additional role for retromer is acting as a checkpoint protein in 

endosome maturation through its control of Rab7 activity and localisation (Daly et al., 

2023). By recruiting the Rab7 GAP TBC1D5, retromer limits the amount of active 

Rab7 present at endosomes. Without retromer, active Rab7 accumulates on late 

endosomes/lysosomal structures (Daly et al., 2023; Jimenez‐Orgaz et al., 2018). This 

is proposed to cause disruption to endosome maturation by promoting the rate of 

endolysosome fusion, whilst also causing a failure in lysosome reformation from the 

hybrid endolysosome organelles. This concept extends the role of retromer from 

sorting cargo at the endosome to being a master regulator of endosome-lysosome 

homeostasis. The effect of the VPS35[D620N] mutant on Rab7 has not yet been 

investigated. 

In summary, despite the intensive study of the effect of the VPS35[D620N] mutation 

on trafficking, a clear consensus is lacking. Different conclusions have been made as 

to whether retrograde trafficking is affected in the direction of the trans-Golgi network, 

or the plasma membrane, in both, or in neither (Table 4.1). I hypothesised that the 

conflicting results may arise from the different experimental models used in the 

studies, such as re-expression of wild type or [D620N] mutant VPS35 in a knockout 

background, stably expressing VPS35 cell lines with knockdown of endogenous 

VPS35, transient overexpression and patient-derived fibroblasts. It would thus be 

beneficial to systematically test the different endosomal phenotypes that have been 

previously reported in different cell models in the literature using the RPE1 FlpIn 
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VPS35 cell system I have described in Chapter 3, wherein wildtype and [D620N] 

mutant VPS35 are expressed at a 1:1 ratio with endogenous VPS35.  

Table 4.1 Summary of the effects of depletion and [D620N] mutation of VPS35 on the 
endosomal network 

PM, plasma membrane; TGN, trans-Golgi network.  
 

Phenotype 
Retromer loss/inactivation VPS35 [D620N] 

Effect Reference Effect Reference 

CIMPR 

trafficking 

to the TGN 

Impaired (Arighi et al., 

2004; Hao et al., 

2013; MacDonald 

et al., 2018; 

MacLeod et al., 

2013; McGough et 

al., 2014; 

Seaman, 2004)  

Impaired (Follett et al., 

2014; MacLeod et 

al., 2013; 

McGough et al., 

2014) 

Unchanged (Evans et al., 

2020; Kvainickas 

et al., 2017) 

Unchanged (Tsika et al., 

2014; Zavodszky 

et al., 2014) 

GLUT1 

trafficking  

to the PM 

Impaired (McGough et al., 

2014; Piotrowski 

et al., 2013; 

Steinberg et al., 

2013) 

Impaired  (Zavodszky et al., 

2014) 

Unchanged  (McGough et al., 

2014) 

Sortilin 

trafficking 

Impaired  (Canuel et al., 

2008) 

Unchanged (Tsika et al., 

2014) 

SorLA 

trafficking 

Impaired (Fjorback et al., 

2012) 

Unchanged (Tsika et al., 

2014) 

Rab7 activity Increased  (Jimenez‐Orgaz et 

al., 2018) 

Not tested  

Rab7 

localisation 

Accumulation 

on lysosomes  

(Daly et al., 2023; 

Jimenez‐Orgaz et 

al., 2018) 

Not tested  

 

In this chapter, I describe the work I performed to investigate the effect of the [D620N] 

mutation in VPS35 on some of these endosomal phenotypes in RPE1 cells and how 

this contrasts with the effect of VPS35 depletion. The phenotypes studied include: 

• The interaction of the WASH complex with retromer 

• Endosomal localisation of the WASH complex 

• Trafficking of the lysosomal hydrolase receptors CIMPR and sortilin 
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• Localisation and activity of Rab7 

Parkinson’s disease-causing mutations in LRRK2 have been linked to delayed EGFR 

receptor trafficking, CIMPR mis-sorting and decreased Rab7 activity, suggesting that 

LRRK2 plays a role within the endosomal network (Gómez-Suaga et al., 2014; 

MacLeod et al., 2013). Overexpression of wild type VPS35 is capable of rescuing the 

CIMPR trafficking defects, suggesting the existence of a VPS35-LRRK2 axis in 

endosomal trafficking (MacLeod et al., 2013). In this chapter, I also set out to 

investigate whether any endosomal defects caused by the VPS35[D620N] mutation 

could be rescued by LRRK2 inhibition.  

 

4.2 VPS35 and the WASH complex 

4.2.1 VPS35[D620N] impairs WASH association but not its 

localisation 

To assess whether the [D620N] mutation causes a decrease in WASH complex 

association, I performed immunoprecipitation experiments using anti-HA magnetic 

beads to pull down HA-VPS35 and look at the binding of interactors by western 

blotting (Figure 4.1A). Addition of doxycycline caused a strong increase in HA signal 

in the pulldown blot showing HA-VPS35 was successfully isolated by the anti-HA 

magnetic beads. The small amount of signal present in the negative control condition 

performed in the absence of doxycycline is likely due to some leakiness of the 

construct as a faint HA bind is visible in the uninduced (- DOX) conditions in the whole 

cell lysates. The binding of VPS26 to wild type and [D620N] mutant VPS35 was 

similar, suggesting that this interaction is minimally affected by the [D620N] mutation 

(Figure 4.1B). On the other hand, binding of WASHC1, a sub-unit of the WASH 

complex, was clearly reduced by 60% for the [D620N] mutant (Figure 4.1C). This 

confirms that WASH complex association with VPS35 is impaired by the [D620N] 

mutation in my cell system.  

Next, I used immunofluorescence microscopy to see if the distribution of the WASH 

complex was affected by its reduced association with retromer. I seeded RPE1 FlpIn 

HA-VPS35 wild type or [D620N] cells mixed at a 2:1 ratio with RPE1 FlpIn parental 

cells into 6-well plates and induced HA-VPS35 expression with 0.1 µg/ml doxycycline. 

After 24 hours, I replated the cell mixtures onto coverslips and grew them in the 

absence of doxycycline for 48 hours before fixing and staining them for HA and the 

WASH complex subunits WASHC1 and FAM21. This experimental set-up allowed me 
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to compare WASH complex localisation in wild-type and [D620N] VPS35-expressing 

cells directly to parental cells that do not express the constructs on the same 

coverslips.  

Staining for FAM21 revealed a punctate distribution with some cytosolic staining. 

These punctate structures co-localised with HA-VPS35 in the wild type and [D620N] 

expressing cells (Figure 4.1D). Quantification of the number of FAM21C puncta 

showed a small increase in VPS35-expressing cells compared to controls, however 

this was a minor effect when considering the spread of the data (Figure 4.1E). This 

increase may reflect that there is more VPS35 at the endosomes in these cells to 

recruit the WASH complex. The number nor the size of FAM21C puncta were 

changed comparing wild type and [D620N] cells. As expected, WASHC1 showed the 

same punctate distribution as FAM21C (Figure 4.1F). The number and size of 

WASHC1 puncta appeared to increase in the presence of the [D620N] mutation 

compared to wild-type, however this difference was not apparent when compared to 

parental cells on the same coverslip (Figure 4.1G). This suggests the increase in size 

and number of WASHC1 puncta may reflect some difference between the samples 

(coverslips), such as differing confluency or quality of antibody staining, rather than a 

biological difference between cells expressing wild type and mutant VPS35.  
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Figure 4.1 The [D620N] mutation impairs the interaction of WASH complex with retromer but 
not its endosomal association  

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours. Cells were lysed in NP40 buffer and subjected to immunoprecipitation (IP) using anti-HA 

magnetic beads. A representative western blot is shown. B Quantification of VPS26 binding in the 

HA-IP relative to the mean of WT + DOX condition per experiment. n = 2 independent experiments 

with duplicate samples. Each independent experiment is colour-coded. Transparent circles with no 

outline represent values for each sample in an experiment, opaque circles with black outlines 

correspond to mean values for each experiment. Bars represent mean ± range. C Quantification of 
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WASHC1 binding in the HA-IP relative to mean of WT + DOX condition per experiment. n = 2 

independent experiments with duplicate samples. Each independent experiment is colour-coded. 

Transparent circles with no outline represent values for each sample in an experiment, opaque circles 

with black outlines correspond to mean values for each experiment. Bars represent mean ± range. D 

RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline to induce 

HA-VPS35 expression. After 24 hours cells were mixed with RPE1 FlpIn Parental cells (green only in 

the merge) and replated onto coverslips. Cells were fixed 48 hours after replating and stained for the 

indicated antibodies. z-stack images (3 slices, 0.31 μm step) were acquired on a Zeiss LSM800 

confocal microscope using a 63x objective. Scale bar 10 μm. E Quantification of the number and size 

of FAM21 particles, >38 cells counted per condition. Bars represent mean ± SD. Data from a single 

experiment. F RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml 

doxycycline to induce HA-VPS35 expression. After 24 hours cells were mixed with RPE1 FlpIn 

Parental cells (green only in the merge) and replated onto coverslips. Cells were fixed 48 hours after 

replating and stained for the indicated antibodies. z-stack images (3 slices, 0.31 μm step) were 

acquired on a Zeiss LSM800 confocal microscope using a 63x objective. Scale bar 10 μm. G 

Quantification of WASHC1 particles, >38 cells counted per condition. Bars represent mean ± SD. 

Data from a single experiment. 

 

Actin polymerisation at endosomes mediated by the WASH complex is proposed to 

maintain and segregate distinct degradative and recycling endosomal subdomains 

(Simonetti and Cullen, 2019). I sought to investigate whether the [D620N] mutation in 

VPS35 perturbed the ability of WASH to regulate endosomal subdomain organisation. 

To do so, I stained RPE1 FlpIn HA-VPS35 wild type and [D620N] cells with antibodies 

against HRS, FAM21 and HA after 72 hours of induction with doxycycline (Figure 

4.2). To enable the distinction between the different endosomal subdomains, cells 

were imaged using a Zeiss LSM900 microscope with Airyscan 2 which allows for 

confocal super-resolution. Using this method, HRS and FAM21 punctate structures 

appeared in close apposition to each other but showed little co-incidence, whereas 

there was significant overlap between HA-VPS35 and FAM21 puncta. This 

demonstrates the ability to differentiate between the HRS-positive degradative and 

VPS35 and FAM21 positive recycling subdomains. Expression of HA-VPS35 [D620N] 

caused no apparent change in the overlap between HRS and FAM21. This suggests 

that the [D620N] mutation does not affect the maintenance of discrete subdomains at 

the endosome. 



128 
 

 

Figure 4.2 The [D620N] mutation does not disrupt the segregation of recycling and degradative 
endosomal subdomains 

RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline and after 

72 hours fixed and stained with the indicated antibodies. Images were acquired on a Zeiss LSM900 

confocal microscope in Airyscan 2 mode using a 63x objective. Scale bar 10 μm. Data from a single 

experiment, n = 1. 

 

4.2.2 Depletion of VPS35 causes loss of endosomal WASH 

The lack of effect of the [D620N] mutation on the localisation of the WASH complex 

to endosomes lies in stark contrast with the effect of depletion of VPS35 in RPE1 

Parental cells. Knockdown of VPS35 for 72 hours caused a marked decrease in the 

number of FAM21C and WASHC1 puncta at EEA1-positive early endosomes when 

assessed qualitatively (Figure 4.3). A small portion of WASH complex remained at 

endosomes following depletion of retromer, indicating the existence of a retromer-

independent mechanism of WASH complex recruitment. It has been shown that HRS 

is also required for WASH complex association, and so this may be one mechanism 

for recruiting the residual WASH complex seen at endosomes in VPS35-depleted 

RPE1 cells (MacDonald et al., 2018). A recent study has also identified a retromer-

independent mechanism for WASH complex endosome association whereby the 

SWIP sub-unit binds phosphoinositide species within the endosomal membrane, 

primarily PI(3,5)P2 (Dostál et al., 2023). 
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Figure 4.3 WASH complex association to the endosome is dependent on VPS35  

RPE1 FlpIn Parental cells were subjected to siRNA knockdown for 72 hours with control (non-

targeting #1; NT1) or VPS35 (pooled) targeting oligonucleotides before being fixed and stained for 

EEA1, DAPI (DNA) and either WASHC1 (A) or FAM21C (B). z-stack images (3 slices, 0.2μm step) 

were acquired on a Zeiss LSM900 confocal microscope using a 63x objective. Max projection shown. 

Scale bar 10 μm. Representative images shown from one of two independent experiments, n = 2. 

 

4.3 VPS35 and cargo recycling 

4.3.1 VPS35[D620N] and CIMPR trafficking 

The trafficking of the cation-independent mannose-6-phosphate receptor (CIMPR) 

has been shown to be perturbed by the VPS35[D620N] mutation in some studies (Cui 

et al., 2021; Follett et al., 2014; MacLeod et al., 2013; McGough et al., 2014), but not 

others (Tsika et al., 2014; Zavodszky et al., 2014). I sought to investigate whether the 

[D620N] mutation affected CIMPR trafficking in the RPE FlpIn isogenic cell model 

system. Figure 4.4A shows the distribution of CIMPR by immunofluorescence 

microscopy in cells induced for HA-VPS35 expression for 72 hours. In uninduced 

control WT 3B4 and [D620N] 1F3 cells, CIMPR staining showed a strong co-

localisation with the trans-Golgi marker trans-Golgi Network Glycoprotein 46 

(TGN46). Expression of wild type or mutant VPS35 did not alter this distribution when 

assessed qualitatively. I have also looked at the localisation of CIMPR after a shorter, 

24-hour induction and likewise did not find any disruption to its localisation.  
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Figure 4.4 VPS35[D620N] does not affect steady-state CIMPR distribution  

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline and 

after 72 hours fixed and stained with the indicated antibodies. Images were acquired on a Zeiss 

LSM800 confocal microscope using a 63x objective. Scale bar 10 μm. Images are representative of 

two experiments, n = 2. Blue asterisks indicate cells expressing HA-VPS35. B Schematic of Cathepsin 

D (CatD) processing. C RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 
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μg/ml doxycycline then lysed at the indicated time points and analysed by immunoblotting. D 

Quantification of C. Signals were quantified and normalised to actin signal and WT 0h Dox condition. 

Graphs represent CIMPR (D), pro CatD (E), intermediate CatD (F) and mature CatD (G). Data from 

a single experiment, n = 1. 

In addition, I looked at the total levels of CIMPR and cathepsin D by western blotting. 

Cathepsin D is a lysosomal protease which CIMPR is responsible for delivering to the 

endolysosomal system from the trans-Golgi network (Pohlmann et al., 1995; Press et 

al., 1998). Pre-pro-cathepsin D is synthesised in the ER and transits to the Golgi 

where the signal peptide is removed to generate inactive 52 kDa precursor pro-

cathepsin D. This precursor form is then trafficked to early and late endosomes by 

CIMPR, where it loses the N-terminal pro-peptide residues to become an 

enzymatically active intermediate 48 kDa form (Saftig and Klumperman, 2009; Szulc-

Dąbrowska et al., 2020). Intermediate cathepsin D then undergoes autocatalysis in 

the low pH environment of the lysosome to form the active, mature double-chain form 

of cathepsin D (Figure 4.4B) (Szulc-Dąbrowska et al., 2020).  

I compared the levels of CIMPR and the proportion of the different cathepsin D forms 

upon expression of HA-VPS35 wild type or [D620N] mutant for 24 to 72 hours (Figure 

4.4C). I speculated that 24 hours may not be long enough to see impaired trafficking 

of de novo synthesised cathepsin D and so also included a longer induction time. I 

observed no marked difference in CIMPR levels upon expression of wild-type or 

[D620N] VPS35 expression (Figure 4.4D). Immunoblotting for cathepsin D revealed 

several bands, corresponding to the pro, intermediate and mature forms. Basally, the 

majority of cathepsin D exists in the mature form in RPE1 cells. Expression of wild-

type VPS35 did not alter the levels of any form of cathepsin D at 24- and 48-hours 

post-induction (Figure 4.4E-G). After 72 hours of induction there was increased pro- 

and intermediate cathepsin D in both wild-type and [D620N] VPS35 conditions. 

Expression of intermediate cathepsin D was at least 1.5-fold higher at all time-points 

in VPS35 [D620N] 1F3 cells compared to VPS35 WT 3B4, but this was also the case 

in the absence of doxycycline, suggesting a clonal difference rather than an effect of 

the [D620N] mutation. Together, these results suggest that the [D620N] mutation 

does not affect the trafficking of CIMPR.  

4.3.2 VPS35[D620N] does not perturb trans-Golgi morphology 

Overexpression of hyperactive [G2019S] mutant LRRK2 has been shown to cause 

dispersal of the Golgi network, which can be rescued by LRRK2 inhibition (Purlyte et 

al., 2018). As the [D620N] mutation in VPS35 also causes hyperactivation of LRRK2 

(Mir et al., 2018), I sought to look at the effect of VPS35[D620N] expression on the 
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morphology of the trans-Golgi network. RPE1 FlpIn WT 3B4 and [D620N] 1F3 cells 

were co-stained with p230 and HA after induction of HA-VPS35 expression with 

doxycycline for 24 hours (Figure 4.5A). The area occupied by the trans-Golgi network 

was not significantly altered upon expression of either wild type or [D620N] mutant 

VPS35 (Figure 4.5B). This is in agreement with data from a previous study which 

showed that VPS35[D620N] patient fibroblasts display a normal Golgi morphology 

(McGough et al., 2014), but contrasts with other work which showed HeLa cells 

expressing VPS35 [D620N] display an abnormal Golgi morphology (Zavodszky et al., 

2014). As I did not observe any change to the morphology of trans-Golgi network, I 

was therefore unable to investigate a role for LRRK2 in this context. 

 

Figure 4.5 VPS35[D620N] does not cause dispersal of the Golgi in RPE1 cells 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours before being fixed and stained with the indicated antibodies. Single slice images were acquired 

on a Zeiss LSM900 confocal microscope using a 40x objective. Scale bar 10 μm. B Quantification of 

the trans-Golgi area occupied by p230. n = 2. Each independent experiment is colour-coded. 

Transparent circles with no outline represent values for each cell in an experiment, opaque circles 

with black outlines correspond to mean values for each experiment. Bars represent mean and range. 

One-way ANOVA with Tukey’s multiple comparisons test. ns, not significant.  

 

4.3.3 Depletion of VPS35 does not alter the steady-state 

distribution of CIMPR 

Recently, the role of retromer in CIMPR trafficking has been called into question. 

Despite studies from several independent groups showing that depletion of VPS35 

causes a redistribution of CIMPR from the Golgi to peripheral endosomal structures 

(Arighi et al., 2004; Cui et al., 2021; Harbour et al., 2010; MacDonald et al., 2014; 

McGough et al., 2014; Seaman, 2004), it is now thought that CIMPR is instead an 
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ESCPE-1 complex cargo. Contrary to initial studies, more recent work has, in fact, 

found recycling of CI-MPR to the TGN to be enhanced in VPS35 knockout HeLa cells 

(Kvainickas et al., 2017; Simonetti et al., 2017). To investigate the role of retromer in 

CIMPR trafficking in RPE1 cells, I performed a 72-hour siRNA knockdown to deplete 

cells of VPS35 and processed the cells for immunofluorescence microscopy, probing 

for CIMPR and the trans-Golgi marker p230 (Figure 4.6A). Knockdown of VPS35 did 

not cause a redistribution of CIMPR from the trans-Golgi network in RPE1 cells. The 

Pearson’s correlation co-efficient between CIMPR and p230 staining was not 

significantly changed between control and VPS35 knockdown conditions (Figure 

4.6B). By western blotting, knockdown of VPS35 caused a small increase in total 

levels of CIMPR (Figure 4.6C). 

Disruption of the mannose-6-phosphate-dependent lysosomal hydrolase trafficking 

pathway can cause mistargeting of pro-cathepsin D into the extracellular medium via 

the secretory pathway (Davidson, 1995; Gaffet et al., 1997; MacDonald et al., 2014). 

To assess whether depletion of VPS35 caused misdirection of cathepsin D to the 

secretory pathway in RPE1 cells, I analysed the amount of cathepsin D in the growth 

medium (Figure 4.6D). After 56 hours of siRNA-mediated knockdown of VPS35, 

adherent cells were washed thoroughly with PBS and the regular DMEM/F12 growth 

media were replaced with serum free Opti-MEM media. The condition media were 

then collected, and proteins were precipitated from the media using sodium 

deoxycholate and TCA (method described in detail in Section 2.3.6). Precipitated 

proteins were resuspended in sample buffer and resolved using SDS-PAGE and 

western blotting. Adherent cells were lysed in NP40 and processed as usual for 

immunoblotting. In the whole cell lysate samples, depletion of VPS35 did not affect 

the expression of the different Cathepsin D forms (Figure 4.6F-H). In the media, a 

band at approximately 50 kDa was detectable, corresponding to the molecular weight 

of the pro form of cathepsin D. The levels of this were unaffected by VPS35 

knockdown (Figure 4.6D and E). These results support the hypothesis that CIMPR 

trafficking occurs via a retromer-independent pathway in RPE1 FlpIn cells. However, 

it cannot be excluded that there is a potential defect in the biosynthetic pathway in 

retromer-depleted cells which would block the secretion of pro-cathepsin D from the 

Golgi. 
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Figure 4.6 Depletion of VPS35 does not affect CIMPR trafficking in RPE1 cells 

A RPE1 FlpIn Parental cells were subjected to siRNA knockdown for 72 hours with control (non-

targeting #1; NT1) or VPS35 (pooled) targeting oligonucleotides before being fixed and stained with 

the indicated antibodies. z-stack images (3 slices, 0.2μm step) were acquired on a Zeiss LSM900 

confocal microscope using a 63x objective. Max projections are shown. Scale bar 10 μm. B Pearson’s 

correlation of CIMPR vs p230. n = 2. Each independent experiment is colour-coded. Bars represent 

mean and range. Paired t-test. ns, not significant. C RPE1 FlpIn Parental cells were subjected to 

siRNA knockdown for 72 hours with control (non-targeting #1; NT1) or VPS35 (pooled) targeting 

oligonucleotides before being lysed and subjected to immunoblotting. Values represent signal 

intensity of CIMPR and VPS35 signal, normalised to actin and then NT1 control. D Immunoblot of 

levels of cathepsin D (CatD) species in media and whole cell lysates in RPE1 FlpIn Parental cells 

subjected to siRNA knockdown for 72 hours with control (non-targeting #1; NT1) or VPS35 (pooled) 



135 
 

targeting oligonucleotides. A representative western blot is shown. E-F Quantification of D. Signals 

were quantified and normalised to actin then to the NT1 control condition. Graphs represent CIMPR 

(E), pro CatD, intermediate CatD (G) and mature CatD (H). n = 2-3. Each independent experiment is 

colour-coded. Bars represent mean ± SD. 

 

4.3.4 VPS35[D620N] does not alter steady-state distribution of 

sortilin 

Retromer has been reported to be required for the retrograde trafficking of the 

lysosomal hydrolase receptor sortilin from the endosome to the TGN in HeLa and 

COS-7 cells (Canuel et al., 2008; Seaman, 2007). Depletion of VPS26A led to the 

accumulation of sortilin in peripheral structures and reduced localisation at the Golgi 

compared to control cells (Canuel et al., 2008). However, overexpression of VPS35 

wild-type or [D620N] was not seen to cause a change in the steady-state distribution 

of sortilin in cortical neurons in another study (Tsika et al., 2014). I next assessed the 

effect of the [D620N] mutation on the distribution of sortilin in the RPE1 FlpIn cell lines.  

RPE1 FlpIn WT 3B4 and [D620N] 1F3 cells were processed for immunocytochemistry 

72 hours after doxycycline induction and stained for sortilin, HA and TGN46 (Figure 

4.7A). The majority of sortilin was localised in a tight perinuclear area that co-localised 

with the trans-Golgi marker TGN46. There was also a population of peripheral sortilin 

puncta which co-localised with HA-VPS35, suggesting this belonged to an endosomal 

compartment. There was no observable redistribution of sortilin upon expression of 

either wild-type or [D620N] VPS35 by eye, suggesting the trafficking of this receptor 

is unaffected by the [D620N] mutation in RPE1 cells. Assessment of sortilin by 

immunoblotting 24 hours after of induction HA-VPS35 likewise showed no impact on 

sortilin expression levels (Figure 4.7B). 
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Figure 4.7 VPS35 [D620N] does not affect the steady-state levels and distribution of sortilin 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline and 

after 72 hours fixed and stained with the indicated antibodies. Images were acquired on a Zeiss 

LSM800 confocal microscope using a 63x objective. Scale bar 10 μm. Images are representative of 

two experiments, n = 2. Blue asterisks indicate cells expressing HA-VPS35. B RPE1 FlpIn VPS35 

WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 hours, then lysed and 

analysed by immunoblotting. 

 

4.3.5 Depletion of VPS35 does not alter steady-state distribution of 

sortilin 

I next performed an siRNA knockdown of VPS35 and looked at the distribution of 

sortilin by immunofluorescence. The cells were co-stained with the Golgi marker 

p230, early endosome marker EEA1 or the late endosome/lysosome marker LAMP1 

(Figure 4.8). As described previously, most sortilin resided at the Golgi compartment 

with a population present at early endosomes in control cells. There was no 

observable co-localisation of sortilin with LAMP1-positive late endosomes/lysosomes. 

By qualitative assessment, this distribution has not affected by depletion of VPS35.  
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Figure 4.8 VPS35 depletion does not affect the steady-state distribution of sortilin 

A RPE1 FlpIn Parental cells were subjected to siRNA knockdown for 72 hours with control (non-

targeting #1; NT1) or VPS35 (pooled) targeting oligonucleotides before being fixed and stained with 

the indicated antibodies. Images were acquired on a Zeiss LSM800 confocal microscope using a 63x 

objective. Scale bar 10 μm. Data from a single experiment, n = 1.  

 

4.4 VPS35, LRRK2 and Rab7 

4.4.1 Depletion of VPS35 causes a reduction in total Rab7  

When optimising the VPS35 knockdown protocol, I observed that depletion of VPS35 

caused a small but reproducible reduction of Rab7 by approximately 30% (Figure 

4.9A and B). To confirm that this reduction of Rab7 was not caused by an off-target 

effect of the siRNA, I performed a deconvolution of the VPS35-directed siRNA 

oligonucleotide pool (Figure 4.9C). The individual oligonucleotides targeting VPS35 

showed variability in the degree of Rab7 reduction, but Rab7 expression was reduced 

with all four oligonucleotides, confirming this effect is specific and correlates with 

depletion of VPS35 (Figure 4.9D). To see if the variability in the decrease in Rab7 as 
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a result of VPS35 knockdown was related to the efficiency of VPS35 depletion, I 

plotted the VPS35 signal against the Rab7 signal in the pooled and deconvoluted 

knockdowns relative to NT1 (Figure 4.9E). I then performed a simple linear regression 

on the data, which yielded an r2 value of 0.13, suggesting there was a poor correlation 

between the efficiency of VPS35 knockdown and Rab7 reduction. 

 

Figure 4.9 Depletion of VPS35 causes a reduction in Rab7 

A Representative immunoblot of Rab7 levels in RPE1 FlpIn Parental cells subjected to siRNA 

knockdown with control (non-targeting #1; NT1) or VPS35 (pooled) targeting oligonucleotides before 

for 72 hours. B Quantification of A. Values were normalised to actin then to NT1 control. n = 7 

independent experiments. Bars represent mean ± SD. Unpaired t-tests performed on values 

normalised to sum of signal within a replicate then to actin. P *** < 0.001. C siRNA deconvolution of 

pooled VPS35 targeting oligonucleotides. 72-hour knockdown. A representative western blot is 

shown. D Quantification of C. Values were normalised to actin then NT1 control. n = 2. Each 

independent experiment is colour-coded. Bars represent mean and range. E Scatter plot of VPS35 

and Rab7 signal in VPS35 knockdown conditions relative to NT1 control from experiments shown in 

B and D. Values were normalised to actin then NT1 control. Line of best fit calculated using simple 

linear regression model. F Subcellular fractionation of 72-hour NT1 control and pooled VPS35 
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knockdown. PNS; post-nuclear supernatant, TPS; total protein stain. G Quantification of F. Values 

were normalised to NT1 control for each fraction. Data from a single experiment, n = 1. 

 

I wondered whether this reduction of Rab7 corresponded to a loss of a specific pool 

of Rab7 i.e. active, membrane-bound Rab7 or inactive cytosolic Rab7. To look at the 

distribution of Rab7, I isolated total membranes from the cytosol using centrifugation 

in control and VPS35 knockdown cells (Figure 4.9E). A decrease in Rab7 could be 

observed in the post-nuclear supernatant and cytosolic and membrane fractions, 

indicating that the loss of Rab7 is not specific to a particular pool and rather affects 

the whole population (Figure 4.9F). However, the degree of loss appeared to be 

slightly greater in the membrane fraction.  

The fractionation experiment showed that there was little change in the distribution of 

Rab7 between the membrane and the cytosol, but this does not provide information 

on whether the distribution of Rab7 to different membrane compartments is altered 

as only a total membrane fraction was collected. To investigate whether this loss of 

Rab7 upon knockdown of VPS35 affected the subcellular localisation of Rab7, I co-

stained control and VPS35 knockdown cells with antibodies against Rab7 and LAMP2 

(Figure 4.10A). Previous studies have shown that knockout of retromer increases 

Rab7 localisation to lysosomes in H4 and Hela cells (Daly et al., 2023; Jimenez‐Orgaz 

et al., 2018). In contrast to these previously reported findings, knockdown of VPS35 

did not result in an increase in the co-localisation of Rab7 and LAMP2 in the RPE1 

cell model. In agreement with the immunoblotting data, there was a trend towards a 

decrease in Rab7 puncta and the total area occupied by Rab7 punctate structures in 

the cell (Figure 4.10C and E). However, the Rab7 reduction by western blotting did 

not translate into a decrease in the total intensity of Rab7 fluorescence staining 

(Figure 4.10B). The average size of these puncta was also not affected by VPS35 

knockdown (Figure 4.10D). 
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Figure 4.10 Depletion of VPS35 does not affect Rab7 localisation to lysosomes 

A RPE1 FlpIn Parental cells were subjected to siRNA knockdown for 72 hours with NT1 control or 

pooled VPS35 targeting oligonucleotides before being fixed and stained with the indicated antibodies. 

Images were acquired on a Zeiss LSM800 confocal microscope using a 63x objective. Scale bar 10 

μm. B Corrected total cell fluorescence (CTCF) of Rab7 staining normalised to NT1 control. C 

Quantification of the number (C), average size (D) and total area (E) of Rab7 particles. n = 3, > 15 

cells quantified per condition per independent. Each independent experiment is colour-coded. 

Transparent circles with no outline represent values for each cell in an experiment, opaque circles 

with black outlines correspond to mean values for each experiment. Bars represent mean ± SD. 

Paired t-tests. ns, not significant.  

 

Next, I investigated whether this change in Rab7 expression altered the activity status 

of Rab7. To do this I utilised the GST-RILP active Rab7 binding assay (Figure 4.11A). 

Knockdown of VPS35 reduced the amount of GTP-bound, active Rab7 pulled down 

with the GST-RILP beads (Figure 4.11D). However, after normalising the amount of 

active Rab7 to the total Rab7 in the input, the proportion of active Rab7 did not change 

on average (Figure 4.11E). It must be noted that the results are variable between 

replicate experiments making it difficult to draw firm conclusions from this data. This 

may reflect the poor Rab7 pulldown signal in the assay, making it sensitive to slight 

differences in loading of samples. As shown before in Section 3.5.2, and consistent 

with its role as a Rab7 GAP, depletion of TBC1D5 increased the proportion of active 

GTP-bound Rab7. However, the high variability in the increase in active Rab7 

compared to untransfected controls illustrates the high variability of the assay. 



141 
 

In the same set of experiments, I also looked at the effect of depletion of LRRK2, 

Rab29 and Rab10 on Rab7 activity status. Confirmation of the knockdown of these 

proteins is shown in Figure 4.11B. Knockdown of LRRK2 and Rab29 caused no 

change in the proportion of Rab7 that was active, whereas depletion of Rab10 caused 

a small decrease in the proportion of active Rab7 relative to total levels.  

 

Figure 4.11 Effect of various knockdowns on active Rab7  

A RPE1 FlpIn Parental cells were subjected to siRNA knockdown for 72 hours with NT1 control or 

pooled oligonucleotides as indicated before being lysed and incubated with immobilised GST-RILP 

for 2 hours. Eluted GST-RILP-bound Rab7 was analysed by immunoblotting. A representative 

western blot is shown. B Immunoblot of samples processed as in A. C-E Quantification of A. Values 

were normalised to NT1 control. n = 4. Each independent experiment is colour-coded. Bars represent 

mean ± SD. One-way ANOVA with Dunnett’s multiple comparisons test performed on values 

normalised to sum of signal within a replicate. * P < 0.05. 

 

4.4.2 VPS35[D620N] does not affect Rab7 distribution and activity 

The effect the [D620N] mutation in VPS35 has on Rab7 localisation and activity is not 

known and so I set out to explore this. Firstly, I looked at the distribution of Rab7 in 
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the FlpIn VPS35 cell lines after 72 hours of doxycycline induction using 

immunofluorescence microscopy. Qualitatively, there appeared to be no change in 

the co-occurrence of Rab7 and the lysosomal marker LAMP2, suggesting that the 

[D620N] mutation does not disrupt the localisation of Rab7 (Figure 4.12A). When 

assessed by fractionation, the membrane-cytosol distribution of Rab7 was not 

changed by expression of either wild-type of mutant VPS35 (Figure 4.12B). 

I also assessed whether expression of [D620N] VPS35 altered the amount of active 

Rab7 using the GST-RILP assay (Figure 4.13A). For each experiment, duplicate 

samples were prepared to ascertain technical reproducibility. Quantification revealed 

a trend towards an increase in the amount of proportion of active Rab7 in the [D620N]-

expressing cells, despite a significant degree of variability between experiments and 

technical replicates (Figure 4.13B). I also repeated the experiment using more GST-

RILP bound to the beads (Figure 4.13C). This gave the same result but also the same 

degree of variability (Figure 4.13D). Given the degree of variability and the fact that 

the change is rather small, I decided that the assay would not be sensitive enough to 

look at the effect of LRRK2 inhibition on this change. 
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Figure 4.12 Expression of VPS35 [D620N] does not affect distribution of Rab7 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline and 

after 72 hours fixed and stained for the indicated antibodies. Images were acquired on a Zeiss 

LSM800 confocal microscope using a 63x objective. Scale bar 10 μm. Representative images shown 

from one of two independent experiments, n = 2. B Subcellular fractionation of RPE1 FlpIn VPS35 

WT 3B4 and [D620N] 1F3 cells treated with 0.1 μg/ml doxycycline for 24 hours. Samples analysed 

are the same as in Figure 3.13A. TPS; total protein stain. Data from a single experiment, n = 1. 

 

 



144 
 

 

Figure 4.13 Assessment of levels of active Rab7 in HA-VPS35 wild type and [D620N]-
expressing RPE1 cells  

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline for 24 

hours before being lysed and incubated with 5 µg immobilised GST-RILP for 2 hours. Eluted GST-

RILP-bound Rab7 was analysed by immunoblotting. TPS; total protein stain. B Quantification of A. 

Values were normalised to mean of WT – DOX in each experiment. n = 3 independent experiments 

with duplicate samples. Each independent experiment is colour-coded. Transparent circles with no 

outline represent values for each sample in an experiment, opaque circles with black outlines 

correspond to mean values for each experiment. Bars represent mean ± SD. C RPE1 FlpIn VPS35 

WT 3B4 and [D620N] 1F3 cells treated with 0.1 μg/ml doxycycline for 24 hours before being lysed 

and incubated with 10 µg immobilised GST-RILP for 2 hours. Eluted GST-RILP-bound Rab7 was 

analysed by immunoblotting. D Quantification of C. Values were normalised to mean of WT – DOX in 

each experiment. n = 2 independent experiments with duplicate samples. Each independent 

experiment is colour-coded. Transparent circles with no outline represent values for each sample in 

an experiment, opaque circles with black outlines correspond to mean values for each experiment. 

Bars represent mean ± range. 

 



145 
 

4.4.3 LRRK2 inhibition does not alter Rab7 distribution and activity  

Even though I was unable to test the effect of LRRK2 inhibition on active Rab7 levels 

in cells expressing mutant VPS35, I did investigate the effect of LRRK2 inhibition in 

RPE1 Parental cells (Figure 4.14A). Treatment with MLi-2 for one and 24 hours did 

not change the proportion of active Rab7 when compared to DMSO treated controls 

(Figure 4.14B-D). By immunofluorescence microscopy, there was no change to Rab7 

distribution following one, four and 24 hours of LRRK2 inhibition with MLi-2 (Figure 

4.14E). 

 

Figure 4.14 Effect of LRRK2 inhibition on Rab7 activity and distribution 

A RPE1 FlpIn Parental cells were treated with 200 nM MLi-2 for one or 24 hours or vehicle (DMSO, 

24 h) before being lysed and incubated with 5 µg immobilised GST-RILP for 2 hours. Eluted GST-

RILP-bound Rab7 was analysed by immunoblotting. B-D Quantification of A. Values were normalised 

to vehicle control. n = 3. Each independent experiment is colour-coded. Bars represent mean ± SD. 

One-way ANOVA with Dunnett’s multiple comparisons test performed on values normalised to sum 

of signal within a replicate. ns, not significant. E RPE1 FlpIn Parental cells were treated with 200 nM 

MLi-2 for one, four or 24 hours or vehicle control (DMSO, 24 h) before being fixed and stained with 

the indicated antibodies. Images were acquired on a Zeiss LSM800 confocal microscope using a 63x 

objective. Scale bar 10 μm. Data from a single experiment, n = 1. 
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4.5 Discussion 

In this chapter I have used the RPE1 FlpIn system to investigate the effect of the 

VPS35[D620N] mutation in VPS35 on the endosomal network and retromer’s role in 

trafficking and control of Rab7. To do so I have used the cell lines generated in 

Chapter 3 to look at a range of phenotypes that have previously been reported in the 

literature, with a specific focus on those where independent groups have come to 

conflicting conclusions. A comparison of the effects of the [D620N] mutation and 

knockdown of VPS35 in RPE1 cells with previous studies are summarised in Table 

4.2. The [D620N] mutation did not cause any observable changes to endosomal 

function and trafficking in the RPE1 FlpIn system, suggesting the effects of the 

mutation are subtle, lie elsewhere or arise from long-term low-level dysfunction.  

Table 4.2 Comparison of trafficking and endosomal phenotypes upon VPS35 loss or mutation 
between RPE1 FlpIn cells and those previously reported in the literature. kd; knockdown. 

Phenotype Retromer 

loss/depletion/inactivation 

VPS35 [D20N] mutation 

Previously 

reported 

RPE1 with 

VPS35 kd  

Previously 

reported 

RPE1 FlpIn 

VPS35 [D20N] 

cells 

CIMPR 

trafficking 

Impaired or 

Unchanged 

Unchanged Impaired or 

Unchanged 

Unchanged 

Sortilin 

trafficking 

Impaired Unchanged Unchanged Unchanged 

SorLA 

trafficking 

Impaired Not tested Unchanged Not tested 

GLUT1 

trafficking 

Impaired Not tested Impaired or 

unchanged 

Not tested 

Rab7 activity Increased Small 

increase 

Not tested Unchanged 

Rab7 

localisation 

Accumulation 

on lysosomes 

Unchanged Not tested Unchanged 

 

 

4.5.1 Retromer and the WASH complex 

Using the RPE1 FlpIn VPS35 cells, I confirmed previous work and demonstrated that 

the [D620N] mutation exhibits a 60% decrease in association with WASHC1 of the 

WASH complex (McGough et al., 2014). By immunofluorescence microscopy, 

WASHC1 and FAM21 were localised to HA-VPS35-positive structures, and the 

number and size of these WASHC1 or FAM21 puncta was not changed by the 
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[D620N] mutation, suggesting that the endosomal localisation of WASH is not 

perturbed by the mutation. This is in agreement with one study (McGough et al., 

2014), but not another (Zavodszky et al., 2014). This discrepancy may arise through 

the different methods of image analysis used in the different studies, where I 

measured number and size of the FAM21/WASHC1 puncta, Zavodszky and 

colleagues quantified their signal intensity, and McGough and colleagues calculated 

the degree of overlap between FAM21 and the expressed VPS35 constructs 

(McGough et al., 2014; Zavodszky et al., 2014). 

Using Airyscan microscopy, I did not observe a change in the overlap between HRS-

positive degradative and WASH/VPS35-positive recycling endosomal subdomains 

upon expression of VPS35[D620N]. This suggests that the [D620N] mutation does 

not perturb the maintenance of discrete recycling and degradative subdomains at the 

endosome. To further investigate this, it may be beneficial to artificially enlarge early 

endosomes to allow for better separation of the subdomains. This can be achieved 

by through transfection with constitutively active Rab5[Q79L] which causes 

endosomal swelling and enlargement (Barbieri et al., 1996; MacDonald et al., 2018). 

In agreement with previous studies, I found that knockdown of VPS35 had a profound 

effect on WASH complex localisation to endosomes (Harbour et al., 2012; Jia et al., 

2012). The observation by Zavodszky and colleagues that the [D620N] mutation 

reduced WASH complex association to endosomes was performed with siRNA-

mediated silencing of endogenous VPS35 whilst overexpressing the mutant, then 

measuring the intensity of FAM21 puncta by immunofluorescence microscopy 

(Zavodszky et al., 2014). The authors also performed membrane fractionation 

experiments and showed that the membrane association of strumpellin, another 

component of the WASH complex, was decreased in cells stably VPS35[D620N] 

compared to cells overexpressing wild type VPS35. Furthermore, they showed that 

this difference became more pronounced when endogenous VPS35 was 

simultaneously silenced (Zavodszky et al., 2014). Together this suggests that this 

effect is due to [D620N] mutation and not simply a failure to rescue a knockdown 

phenotype. In the RPE1 FlpIn VPS35 system, endogenous VPS35 is still present and 

so it is possible that a decrease in FAM21 localisation to endosomes would be too 

subtle to detect by imaging. Future examination of WASH complex distribution 

through cellular fractionation in the RPE1 FlpIn cells would help shed light on the 

effect of the [D620N] mutation in my system. 
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4.5.2 Role of VPS35 in receptor trafficking 

In the RPE1 FlpIn system, the [D620N] mutation in VPS35 did not alter the steady-

state distribution of the lysosomal hydrolase receptors CIMPR or sortilin, suggesting 

that the mutation does not perturb their trafficking. The lack of disruption to CIMPR 

trafficking in this system is in agreement with the work described in some previous 

studies (Tsika et al., 2014; Zavodszky et al., 2014), but at odds with others (Follett et 

al., 2014; MacLeod et al., 2013; McGough et al., 2014). Tsika and colleagues also 

found that there was no alteration to sortilin trafficking in when VPS35 harbouring the 

[D620N] mutation was overexpressed in primary cortical neurons (Tsika et al., 2014). 

That I do not see a difference in CIMPR trafficking due to the [D620N] mutation where 

other studies have may be reflective of the cell model or type of assay used to assess 

trafficking. Some previous studies have looked at the effect of the mutation in the 

context of a simultaneous knockdown of endogenous VPS35, and asked whether the 

mutant rescued the knockdown phenotype (McGough et al., 2014; Zavodszky et al., 

2014). In contrast, endogenous VPS35 is still present in the RPE1 FlpIn model. 

Looking at the consequences of the [D620N] mutation when wild type endogenous 

VPS35 is still present is more akin to the situation in the heterozygous PD patient, 

who will have one wild type and one [D620N] VPS35 allele. Retaining endogenous 

VPS35 expression also avoids changes that may arise due to compensatory effects 

resulting from long-term VPS35 depletion or knockout. In studies using patient-

derived fibroblasts, CIMPR trafficking was not altered by the [D620N] mutation (Tsika 

et al., 2014), supporting the argument that our RPE1 FlpIn system is a more 

physiologically relevant model.  

I used fixed cell microscopy to look at the staining pattern of CIMPR and sortilin in 

cells, but this only provides a snapshot of their distribution and does not provide 

information on the kinetics of their trafficking. A commonly used method for monitoring 

the dynamics of receptor trafficking is taking advantage of CD8-receptor chimeras 

(MacDonald et al., 2014; Seaman, 2007). These comprise the intracellular domains 

of CIMPR or sortilin linked to an extracellular CD8 domain which can then be surface 

labelled using anti-CD8 antibodies on ice. The transit of the CD8-chimeras can then 

be followed by fixing cells at specific time-points after primary antibody labelling.  

In addition to not observing any differences in the distribution of CIMPR and sortilin, 

there was no substantial change in their expression in presence of VPS35[D620N], 

nor did the mutation affect the levels of the different forms of cathepsin D. Together 

with the immunofluorescence data, this supports a model where trafficking is not 
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acutely affected by the [D620N] mutation. In contrast, VPS35[D620N] mice have been 

shown to have a 1.7-fold increase in CIMPR levels (Kalogeropulou et al., 2020). 

Knockout of retromer has been shown to lead to upregulation of sortilin, CIMPR and 

cathepsin D and is attributed to a long term compensatory feedback mechanism 

aimed at restoring lysosomal function (Evans et al., 2020). It is possible that the 

increase in CIMPR expression seen in VPS35[D620N] knockin mice also results from 

longer term dysfunction in the endolysosomal network as a result of the mutation. In 

the RPE1 FlpIn system, we are only looking at short timescales of VPS35[D620N] 

expression and so may only see the acute effects of the mutation and not the longer-

term consequences. 

In the RPE1 cells, siRNA-mediated silencing of VPS35 also did not affect the cellular 

localisation of CIMPR or sortilin. This supports the proposal that CIMPR is not a true 

retromer cargo and calls into question whether sortilin is either. Knockdown resulted 

in a small increase in CIMPR levels, which, as discussed above, may reflect a 

compensatory mechanism rather than a direct effect on trafficking of the receptor. 

McGough and colleagues showed dispersal of CIMPR from the Golgi upon VPS35 

knockdown in RPE1 cells, whereas I did not (McGough et al., 2014). This disparity 

may reflect differences in the knockdown protocol, antibodies and fixation methods 

used or a difference between our RPE1 FlpIn Parental cells and the human RPE1 

cells used in their study. Later work from the same group used a ‘knock sideways’ 

approach in HeLa cells to trap retromer on an unrelated organelle, rendering it non-

functional, and found that this led to defects in GLUT1, but not CIMPR, sorting (Evans 

et al., 2020).  

Future studies may benefit from utilising a knock sideways approach to inactivate 

sorting complexes married with CD8-receptor chimera trafficking assays to better 

understand the role of different sorting complexes in receptor trafficking. This would 

allow the kinetics of receptor trafficking to be measured and avoids potential 

compensatory effects of longer-term sorting complex depletion or deletion. It would 

be interesting to use this approach to look at the role of retromer in sortilin trafficking, 

as, in my hands, VPS35 knockdown does not affect its distribution.  

4.5.3 Retromer as a regulator of Rab7  

I found that knockdown of VPS35 caused a minor decrease in the expression of Rab7 

in whole cell lysates. This decrease was seen both in membrane and cytosolic 

fractions. Using the GST-RILP assay, I did not observe a change in proportion of 

active Rab7. This contrasts previous work which has shown a more than 3.5-fold 
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increase in active Rab7 in VPS35 KO HeLa cells (Jimenez‐Orgaz et al., 2018). This 

disparity could mean that a complete loss of VPS35 is needed to observe this 

phenotype and that the partial depletion achieved by siRNA-mediated silencing is not 

sufficient. The increase in Rab7 activity following knockout of retromer may also 

reflect a longer-term compensatory mechanism. It may also be cell line dependent or 

reflect the lack of sensitivity of the assay in RPE1 cells.  

Unlike other studies that reported Rab7 accumulation on late endosomes/lysosomes 

in retromer knockout cells, I did not observe any change in Rab7 distribution after 

VPS35 knockdown (Daly et al., 2023; Jimenez‐Orgaz et al., 2018). This difference 

may reflect the substantial co-occurrence of Rab7 and LAMP2 at steady state in RPE1 

cells, which would make an increase of this co-localisation harder to detect compared 

with the cell models used in the studies above where the majority of Rab7 localises 

with other structures in control cells. For instance, Jimenez‐Orgaz and colleagues 

observe a predominantly mitochondrial localisation of Rab7 at steady state in HeLa 

cells (Jimenez‐Orgaz et al., 2018). Following knockdown of VPS35 in RPE1 cells, 

there was a trend towards fewer Rab7 puncta. This may reflect a decrease in the 

number of late endosomes/lysosomes in the cells. With less Rab7, the ability of 

endosomes to undergo the Rab5 to Rab7 switch, a critical aspect of endosome 

maturation, may be reduced (Poteryaev et al., 2010). To see if this decrease in Rab7 

is due to a decrease in transcription it would be valuable to perform RT-qPCR. 

Although expression of VPS35[D620N] had little effect on the distribution and activity 

of Rab7 in the RPE1 FlpIn system, this may only speak to the acute effects of the 

[D620N] mutation. It is possible that, like what has been reported in knock out cells, 

dysfunction in Rab7 localisation and activity may arise over longer time periods. If 

there were longer term effects on Rab7, it would suggest that these are not due to a 

change in the function of retromer and TBC1D5 in control of Rab7 activity but may 

reflect a more general disruption to organelle homeostasis. 

4.5.4 LRRK2 and Rab7 

Rab7 is not a direct substrate of LRRK2, but in fact, is a substrate of LRRK2’s homolog 

LRRK1. Phosphorylation of Rab7 by LRRK1 occurs at the equivalent switch-II motif 

site targeted by LRRK2 on Rab8A and Rab10 (Malik et al., 2021). Despite not being 

a direct substrate, work by the Hilfiker lab has shown that hyperactivating mutations 

in LRRK2 result in a decrease in active Rab7 (Gómez-Suaga et al., 2014). Given this, 

one might expect that a reduction in LRRK2 kinase activity, either by knockdown or 

pharmacological inhibition, would induce the opposite effect, an increase in Rab7 
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activity. However, in RPE1 cells, I found that knockdown and inhibition of LRRK2 cells 

did not cause a measurable effect on Rab7 activity. This difference between the effect 

of gain and loss of LRRK2 function on levels of active Rab7 may reflect the actions of 

LRRK2 substrate Rabs at steady state, when only 1-2% of Rabs are phosphorylated. 

As basal Rab phosphorylation is so low, a reduction in LRRK2 activity may have little 

effect. Whereas gain of function mutations in LRRK2 will increase the proportion of 

phosphorylated Rabs, influencing their preference for different effectors and therefore 

perhaps disrupting their normal function. That depletion of the LRRK2 substrate 

Rab10 caused a mild decrease in Rab7 activity could suggest that it is the ‘normal’ 

function of this Rab, in its unphosphorylated form, that influences Rab7, and this is 

then disrupted by enhanced phosphorylation in the presence of LRRK2 PD mutations. 

Supporting this, the Hilfiker lab have also shown that knockdown of Rab8a and Rab10 

causes a decrease in Rab7 activity (Rivero-Ríos et al., 2020, 2019).  

Inhibition of LRRK2 kinase activity in RPE1 cells did not affect the staining pattern of 

Rab7 by immunofluorescence microscopy. This contrasts with work from a previous 

PhD student in the lab, Hannah Elcocks, who found that in Melan-a cells, LRRK2 

inhibition increased the number of Rab7 puncta by microscopy and caused an 

increase in Rab7 activity using the GST-RILP assay (manuscript in preparation). In 

Melan-a cells, knockdown of LRRK2 also increased Rab7 staining by 

immunofluorescence microscopy. A recent pre-print has shown that LRRK2 

suppresses the transcription factor TFE3 and acute inhibition or depletion of LRRK2 

leads to an upregulation of lysosomal genes in macrophages and microglia (Yadavalli 

and Ferguson, 2023). The lack of effect of LRRK2 inhibition on Rab7 in the RPE1 

cells may indicate that this function of LRRK2 is cell type specific or depends on 

LRRK2 expression levels or basal activity status.  
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5 VPS35, LRRK2 and the mitochondria 

5.1 Introduction 

Impaired mitochondrial function and dynamics have been extensively linked to 

neurodegenerative disease, including PD. Mitochondrial dysfunction can arise from a 

number of alterations, including compromised mitochondrial biogenesis, increased 

mitochondrial ROS production, electron transport chain dysfunction, disruptions to 

mitochondrial fission and fusion and impaired mitophagy (Prasuhn et al., 2021). 

These changes can be both primary, resulting from alterations to the mitochondria 

themselves, or a secondary consequence of iron homeostasis, Ca2+ influx, 

accumulation of protein aggregates or UPS and lysosome dysfunction (Prasuhn et 

al., 2021). 

Parkinson’s disease-causing mutations in both VPS35 and LRRK2 have been widely 

shown to disrupt mitochondrial bioenergetics and morphology. These changes 

include increased mitochondrial ROS production, decreased ATP production, 

reduced mitochondrial membrane potential (MMP) (Hanss et al., 2021; Hsieh et al., 

2016; Ma et al., 2021; Mortiboys et al., 2010; Niu et al., 2012, 2021; Tang et al., 2015b; 

Toyofuku et al., 2020; Wang et al., 2017, 2016, 2012b; Wauters et al., 2019). The 

different mitochondrial phenotypes reported as a result of the [D620N] mutation and 

the model in which they were studied are summarised in Table 5.1. Introduction of 

the [D620N] VPS35 mutation is widely reported to induce mitochondrial fragmentation 

(Hanss et al., 2021; Ma et al., 2021; Niu et al., 2021; Tang et al., 2015b; Wang et al., 

2017, 2016). However, overexpression of wild type VPS35 and LRRK2 both cause 

mitochondrial fragmentation, calling in to question the utility of overexpression models 

when studying the mitochondrial effects of these mutations (Niu et al., 2012; Wang et 

al., 2017, 2016, 2012b). 

It has been reported that basal mitophagy is unaffected by the [D620N] mutation, 

whilst depolarisation-induced mitophagy is impaired (Hanss et al., 2021; Ma et al., 

2021). However, whether this impairment is due to a defect in initiation of mitophagy 

or a block in degradation is debated. Ma and colleagues found that heterozygous 

[D620N] knockin SH-SY5Y cells stably expressing the mitophagy reporter COX8-

EGFP-mCherry had fewer mitolysosomes in response to CCCP treatment compared 

to controls, indicating a failure in initiation of mitophagy (Ma et al., 2021). Conversely, 

Hanss and colleagues found that the [D620N] mutant caused an increase in the 

number of mitolysosomes upon CCCP treatment in iPSC-derived neurons expressing 



153 
 

the mitophagy reporter ATP5C1-DsRed-pHluorin (Hanss et al., 2021). Unlike in 

healthy control cells, the number of mitolysosomes did not fall over time, indicating a 

failure in clearance.  

Likewise, LRRK2 mutations have been shown to impair mitophagy (Bonello et al., 

2019; Hsieh et al., 2016; Singh et al., 2021; Tasegian et al., 2021; Wauters et al., 

2019). The [G2019S] mutation in LRRK2 has been reported to suppress basal PINK1-

independent mitophagy which can be rescued by pharmacological inhibition of 

LRRK2 (Singh et al., 2021). In the context of depolarisation-induced mitophagy, 

LRRK2 has been reported to act upstream (Bonello et al., 2019), downstream 

(Wauters et al., 2019) and in parallel to Parkin (Hsieh et al., 2016). Clearly the exact 

molecular mechanisms of LRRK2’s involvement in mitophagy remain unclear. 

Table 5.1 Reported phenotypes for mitochondrial parameters in D620N models. 

DA, dopaminergic; iDA, induced dopaminergic 

Phenotype Previously 

reported  

Cell model Reference 

Morphology Fragmented Knockin mice Niu et al. (2021) 

Mouse primary DA neurons – 

expression on top of depletion 

Tang et al. (2015) 

Patient-derived iDA neurons Hanss et al. (2020) 

Overexpression in rat primary 

cortical neurons, M17 cells and 

mice. Patient-derived 

fibroblasts 

Wang et al. (2016) 

Wang et al. (2017) 

SH-SY5Y WT/D620N Ma et al. (2021) 

Mitochondrial 

membrane 

potential 

Decreased Patient-derived iDA neurons Hanss et al. (2020) 

Overexpression in rat primary 

cortical neurons and M17 cells. 

Patient-derived fibroblasts 

Wang et al. (2016) 

SH-SY5Y WT/D620N Ma et al. (2021) 

ROS 

production 

Increased Patient-derived iDA neurons Hanss et al. (2020) 

Overexpression in rat primary 

cortical neurons and M17 cells 

Wang et al. (2016) 

ATP levels Decreased Patient-derived iDA neurons Hanss et al. (2020) 

Overexpression in M17 cells. 

Patient-derived fibroblasts 

Wang et al. (2016) 

Respiration Decreased Knockin mice Niu et al. (2021) 

Patient-derived iDA neurons Hanss et al. (2020) 
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Stable overexpression in M17 

cells. Patient-derived 

fibroblasts 

Wang et al. (2017) 

Basal 

mitophagy 

Unaffected Patient-derived iDA neurons Hanss et al. (2020) 

Depolarisation-

induced 

mitophagy 

Impaired Patient-derived iDA neurons Hanss et al. (2020) 

SH-SY5Y WT/D620N Ma et al. (2021) 

 

 

The similarities in mitochondrial phenotypes reported in LRRK2 and VPS35 mutant 

models strengthens the notion that mitochondrial dysfunction is important to 

Parkinson’s disease pathogenesis. It also begs the question as to whether the 

observed impairments are caused by dysfunction to the same pathway. In this 

chapter, I describe the benchmarking of the RPE1 FlpIn VPS35 WT and [D620N] cells 

against mitochondrial phenotypes that have previously been reported, with the final 

aim being to investigate whether these occur in a pathway involving LRRK2.  

5.2 VPS35 and mitochondrial dynamics 

5.2.1 VPS35[D620N] does not alter total levels of proteins involved 

in mitochondrial fission and fusion 

The [D620N] mutation in VPS35 has been widely reported to cause mitochondrial 

fragmentation (Hanss et al., 2021; Ma et al., 2021; Niu et al., 2021; Tang et al., 2015b; 

Wang et al., 2017, 2016). However, there have been contrasting reports as to whether 

this is due to a decrease in fusion (Tang et al., 2015b), increased fission (Niu et al., 

2021; Wang et al., 2017, 2016), or as a secondary consequence of other cellular 

dysfunction (Hanss et al., 2021). The consequence of VPS35 loss on mitochondrial 

morphology is also not conclusive, with elongation and fragmentation of the 

mitochondrial network both reported in the literature (Tang et al., 2015b; Wang et al., 

2016).  

Given these conflicting findings on the effect of the [D620N] mutation, I sought to 

investigate this in the RPE1 FlpIn system. First, I induced HA-VPS35 WT or [D620N] 

expression for 48 hours and performed western blotting against proteins involved in 

mitochondrial fission (OPA1, FIS1) and fusion (MFN2) and the E3 ligase MUL1 (Tang 

et al., 2015b). Induction of wild-type or mutant VPS35 expression had no significant 

effect on the total expression of any of these proteins (Figure 5.1).  
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Figure 5.1 Mitochondrial fission/fusion proteins are not changed upon expression of 
VPS35[D620N] 

A RPE1 FlpIn HA-VPS35 WT 3B4 and [D620N] 1F3 were incubated for 24 hours with 0.1 µg/ml 

doxycycline to induce HA-VPS35 expression. After 24 hours, media containing doxycycline was 

replaced with fresh media and left for a further 24 hours. Cells were then lysed in NP40 buffer. Lysates 

were immunoblotted against mitochondrial fission/fusion proteins, a representative blot is shown. 

Samples analysed are the same as in Figure 5.2 and Figure 5.6. B Quantification of A relative to actin 

and normalised to WT-DOX. n = 3. Each independent experiment is colour-coded. Bars represent 

mean ± SD. One-way ANOVA with Tukey’s multiple comparisons test. ns, not significant. 

 

 

5.2.2 VPS35[D620N] does not alter mitochondrial mass 

As the VPS35 [D620N] mutation has been reported to cause mitochondrial 

fragmentation and impaired mitophagy, this may affect turnover of mitochondria, and 

by extension alter mitochondrial mass. To investigate whether mitochondrial mass 

was affected by the [D620N] mutation, I used immunoblotting to assess the levels of 

several mitochondrial proteins: the outer mitochondrial membrane proteins TOM20, 

TOM40 and VDAC1 (voltage-dependent anion channel 1), and the mitochondrial 

matrix protein HSP60 (heat shock protein 60). After 48 hours of HA-VPS35 

expression, the levels of these mitochondrial proteins remained unchanged in VPS35 

wild type- and [D620N]-expressing cells (Figure 5.2). This suggests that 

mitochondrial mass is not affected by the VPS35 [D620N] mutation in this cell model. 
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Figure 5.2 Mitochondrial mass markers are not changed upon expression of VPS35[D620N] 

A RPE1 FlpIn HA-VPS35 WT 3B4 and [D620N] 1F3 were incubated for 24 hours with 0.1 µg/ml 

doxycycline to induce HA-VPS35 expression. After 24 hours, media containing doxycycline was 

replaced with fresh media and left for a further 24 hours. Cells were then lysed in NP40 buffer. Lysates 

were immunoblotted against mitochondrial proteins. A representative western blot is shown. Samples 

analysed are the same as in Figure 5.1 and Figure 5.6. B Quantification of A relative to actin and 

normalised WT-DOX. n = 2-3. Each independent experiment is colour-coded. Bars represent mean ± 

SD. One-way ANOVA with Tukey’s multiple comparisons test. ns, not significant. 

5.2.3 VPS35[D620N] does not alter mitochondrial network 

morphology 

Several of the existing studies investigating the [D620N] mutation and mitochondrial 

morphology in immortalised cell lines and rodent models have relied upon 

overexpression (Niu et al., 2021; Tang et al., 2015b; Wang et al., 2017, 2016). These 

studies have found the mitochondrial network more fragmented when VPS35 [D620N] 

is expressed. However, the significance of these findings is complicated by the fact 

that overexpression of wild-type VPS35 also results in mitochondrial network 

disruption, albeit less severe than with the [D620N] mutant (Wang et al., 2017, 2016). 

The level of overexpression is only two-fold in the RPE1 FlpIn system, thus avoiding 

artefacts caused by a large excess of VPS35 and allowing differences caused by the 

[D620N] mutation to be observed. To assess this, RPE1 cells induced for WT and 

[D620N] VPS35 expression were fixed and stained for the outer mitochondrial 

membrane protein TOM20 (Figure 5.3A). I then measured the area of the cell 

occupied by mitochondria and the length and number of mitochondrial branches using 

the Mitochondrial Network Analysis (MiNA) Fiji plug-in (Figure 5.3B-D). I found no 

significant differences in these parameters comparing WT and [D620N] VPS35-

expressing cells.  
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Figure 5.3 Mitochondrial morphology is not changed upon expression of VPS35[D620N] 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline to 

induce HA-VPS35 expression. After 24 hours cells were mixed with RPE1 FlpIn Parental cells (green 

only in the merge) and replated onto coverslips. Cells were fixed 48 hours after replating and stained 

for the indicated antibodies. Single slice images were acquired on a Zeiss LSM800 confocal 

microscope using a 63x objective. Scale bar 10 μm. B - D Mitochondrial network analysis was 

performed using Fiji MiNA plug-in to calculate mitochondrial footprint (area of cell occupied by 

mitochondria) (B), mean length of network branches (C) and mean number of network branches (D). 

26-88 cells analysed per condition per experiment, n = 3. Each independent experiment is colour-

coded. Transparent circles with no outline represent values for each cell in an experiment, opaque 

circles with black outlines correspond to mean values for each experiment. Error bars represent mean 

± SD. Paired t-test of mean values. ns, not significant.  

 

One observation I made was the occurrence of small punctate TOM20-positive 

structures. I hypothesised that these could be small, fragmented mitochondria, 

mitochondrial derived vesicles or mitolysosomes. To determine the identity of these 

puncta, I fixed and stained cells with TOM20 and co-stained with either the inner 

mitochondrial membrane protein Translocase of Inner Mitochondrial Membrane 44 

(TIMM44), the mitochondrial matrix protein HSP60 or the autophagy marker LC3 
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(Figure 5.4). A subset of TOM20 puncta co-localised with TIMM44, however none 

were found to co-localise with HSP60 (Figure 5.4A), suggesting these structures may 

only contain mitochondrial membrane content. Some larger TOM20 puncta co-

localised with LC3, suggesting they were mitophagosomes or mitolysosomes (Figure 

5.4B). Simultaneous staining for TOM20, TIMM44 and LC3 would be required to 

determine whether TIMM44 is also present in these TOM20+ and LC3+ structures.  

I was unable to robustly quantify these structures as they could not be distinguished 

from the mitochondrial network by thresholding. However, they appeared at a similar 

frequency in both WT and [D620N] cells, both with and without doxycycline addition, 

suggesting they were not directly linked to VPS35 expression.  

 

 

Figure 5.4 Determining the identity of TOM20 puncta 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline to 

induce HA-VPS35 expression. After 24 hours cells were mixed with RPE1 FlpIn Parental cells (not 

shown) and replated onto coverslips. Cells were fixed 48 hours after replating and stained for the 

indicated antibodies. Single slice images were acquired on a Zeiss LSM800 confocal microscope 

using a 63x objective. Scale bar 10 μm. Blue arrowheads indicate puncta with co-localisation, white 

and yellow arrowheads indicate puncta that are only positive for TOM20. Data from a single 

experiment, n = 1. B RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml 

doxycycline to induce HA-VPS35 expression. After 24 hours cells were mixed with RPE1 FlpIn 
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Parental cells (not shown) and replated onto coverslips. Cells were fixed 48 hours after replating and 

stained for the indicated antibodies. Single slice images were acquired on a Zeiss LSM800 confocal 

microscope at 63x objective. Scale bar 10 μm. Blue arrowheads indicate puncta with TOM20 and LC3 

co-localisation. Data from a single experiment, n = 1. 

 

5.2.4 VPS35[D620N] does not impair mitophagy induction 

Two recent studies have shown that depolarisation-induced mitophagy is impaired in 

the presence of the VPS35[D620N] mutation but disagreed about the cause of this 

dysfunction. Hanss and colleagues showed a deficit in clearance of mitophagosomes 

after CCCP treatment in patient-derived induced dopaminergic neurons, and 

attributed this to a more general defect in autophagy (Hanss et al., 2021). Conversely, 

Ma and colleagues reported impaired mitophagy in response to CCCP treatment in 

VPS35[D620N] heterozygous knockin SH-SY5Y cells, resulting in a decrease in the 

number mitolysosomes after 24 hours (Ma et al., 2021). The authors suggested that 

this is due to a defect in the initiation of mitophagy as the recruitment of PINK1 and 

Parkin to mitochondria following CCCP treatment was also impaired (Ma et al., 2021). 

These results point towards an effect of the VPS35 [D620N] mutation on mitophagy, 

but the exact mechanism by which this is altered is not clear. Therefore, I sought to 

test the effect of the [D620N] mutation on mitophagy in my cell system.  

I first tested a small panel of agents which have been shown to induce mitophagy by 

different mechanisms and looked at their effect on read-outs of mitochondrial 

depolarisation (cleavage of OPA1 and stabilisation of PINK1) and mitophagy 

induction (LC3-II formation) (Figure 5.5). CCCP is a protonophore which causes a 

loss of the mitochondrial membrane potential which triggers PINK1 stabilisation at the 

mitochondrial membrane and subsequent PINK1/Parkin dependent mitophagy 

(Matsuda et al., 2010; Narendra et al., 2008, 2010). Antimycin A and oligomycin A are 

inhibitors of complex III and the F1F0-ATPase of the respiratory chain, respectively. 

Using these compounds as an inhibitor cocktail causes mitochondrial depolarisation 

and induces PINK1-dependent mitophagy (Allen et al., 2013). 

MLN4924 inhibits neddylation by the Nedd8-E1 conjugating enzyme, a process 

required for activation of Cullin-RING E3 ligases (Brownell et al., 2010). Our lab in 

conjunction with another have recently shown that MLN4924 potently induces 

mitophagy through up-regulation of the mitophagy adaptors BNIP3 and NIX (Elcocks 

et al., 2023a; Nguyen-Dien et al., 2023). MLN4924 inhibits the action of two Cullin-

RING E3 ligases which act as negative regulators of BNIP3 and NIX expression: VHL, 
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which suppresses HIF1-dependent transcription of BNIP3 and NIX, and FBXL4, 

which promotes their proteasomal degradation (Elcocks et al., 2023b). 

As expected, treatment with an Antimycin A and oligomycin A (AO) cocktail and with 

CCCP resulted in mitochondrial depolarisation, as evidenced by the accumulation of 

cleaved OPA1 (S-OPA1) and PINK1 after 4 hours of treatment. After 24 hours, the 

levels of PINK1 continued to increase, whereas OPA-1 levels decreased despite not 

regaining more full-length OPA1. Conversely, MLN4924 did not induce cleavage of 

OPA1 or robust PINK1 stabilisation, in agreement with the hypothesis that MLN4924 

induces mitophagy independently of acute depolarisation (Elcocks et al., 2023b). All 

compounds caused a detectable increase in LC3-II formation, indicating an initiation 

of mitophagy (or autophagy generally), but this was much more pronounced upon 

CCCP treatment.  

 

Figure 5.5 Evaluation of mitophagy inducers in RPE1 parental cells 

A RPE1 FlpIn Parental cells were treated with 1µM Antimycin A and 1µM Oligomycin A cocktail, 10µM 

CCCP or 1µM MLN4924 for 4 and 24 hours, or vehicle (DMSO, 24 hours).Cells were then lysed in 

NP40 buffer. Lysates were immunoblotted against markers of mitochondrial depolarisation and 

autophagy. Data from a single experiment, n = 1. 

To investigate whether the VPS35[D620N] mutation caused a defect in the initiation 

of mitophagy in RPE1 FlpIn VPS35 cells, I looked at the effect of expression of wild-

type or mutant HA-VPS35 on OPA1 cleavage (increase in OPA-S form), PINK1 

stabilisation and phospho-ubiquitin accumulation after 4 and 24 hours of CCCP and 

AO treatment (Figure 5.6). In all treatment conditions I observed an increase in 

OPA1-S, phospho-ubiquitin and PINK1, indicative of depolarisation and mitophagy 

induction. However, these changes did not differ in the presence of VPS35[D620N], 

suggesting that in this system induction of depolarisation-induced mitophagy is not 

impaired.  
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Figure 5.6 The [D620N] mutation does not affect induction of mitophagy in RPE1 cells 

A - B RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were treated with 0.1 μg/ml doxycycline to 

induce HA-VPS35 expression. Cells were then treated with 1µM Antimycin A and 1µM Oligomycin A 

cocktail, 10µM CCCP for 4 (A) or 24 hours (B), or with vehicle (DMSO, 24h) and lysed in NP40 buffer 

and analysed by immunoblotting. Representative blots from 2 (A) and 5 (B) experiments. Vehicle 

control samples analysed are the same as in Figure 5.1 and Figure 5.2. 

 



162 
 

5.2.5 VPS35[D620N] does not alter resting mitochondrial 

membrane potential 

The mitochondrial membrane potential (MMP) drives ATP synthesis by complex V of 

the respiratory chain and is crucial for normal cell functioning (Zorova et al., 2018). 

Transient changes to MMP in response to physiological processes are considered 

normal for mitochondrial homeostasis. Furthermore, mitochondrial depolarisation acts 

as an important signal to initiate clearance of damaged mitochondria by PINK1-

parkin-dependent mitophagy (Kondapalli et al., 2012).  

However, sustained perturbation of the MMP may have pathologic consequences 

(Zorova et al., 2018). An increasing body of evidence suggests a reduction in MMP 

may be a common pathological mechanism in PD and has so far been linked to 

mutations in PINK1 (Abramov et al., 2011; Wang et al., 2011), Parkin (Mortiboys et 

al., 2008; Zilocchi et al., 2020), VPS35 (Hanss et al., 2021; Ma et al., 2021; Wang et 

al., 2016) and LRRK2 (Mortiboys et al., 2010).  

To see whether mitochondrial membrane potential was affected by VPS35 [D620N] 

in the RPE FlpIn system model, I performed live cell imaging using the fluorescent 

rhodamine dye TMRE which is sequestered in fully polarised mitochondria (Figure 

5.7). As a read-out of membrane potential, I measured TMRE intensity by calculating 

the ‘corrected total cell fluorescence’ in Fiji (described in Section 2.4.6.1). The 

fluorescence intensity between the two repeats I carried out for this experiment 

differed greatly and thus it was not possible to plot these together without 

normalisation (Figure 5.7B). Experiment number one (#1) showed little difference in 

TMRE intensity between the different conditions, whereas experiment two (#2) 

revealed an increase in TMRE fluorescence only when VPS35[D620N] was 

expressed. When normalised to the average CTCF in the uninduced WT 3B4 

condition, there was a small increase in the mitochondrial membrane potential in the 

VPS35[D620N] expressing cells (Figure 5.7C). 
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Figure 5.7 Mitochondrial membrane potential is unchanged upon expression of VPS35[D620N] 

A RPE1 FlpIn HA-VPS35 WT 3B4 and [D620N] 1F3 were incubated for 24 hours with 0.1 µg/ml 

doxycycline to induce HA-VPS35 expression and then stained with 50 µM TMRE and 0.5 µg/ml 

Hoechst 33342 for 30 minutes before being analysed by live-cell imaging using a 40x objective on an 

LSM900 confocal microscope. B Individual cell values of corrected total cell fluorescence (CTCF) of 

TMRE staining from two independent experiments. Bars represent mean ± SD. C Mean values from 

quantification in B normalised to WT - DOX. n = 2. Each independent experiment is colour-coded. 

Bars represent mean and range.  

 

5.2.6 Rab7 does not localise to mitochondria in RPE1 cells 

A pool of Rab7 localised to the mitochondrial network at steady state has been shown 

to become redistributed to lysosomes upon deletion of VPS35 in HeLa cells (Jimenez‐

Orgaz et al., 2018). I set out to investigate the effect of the [D620N] mutation on Rab7 

distribution. To do so I analysed Rab7 distribution by immunofluorescence 

microscopy using both the ‘mixed’ and ‘single’ clones and looking after 24 and 72 

hours of induction of HA-VPS35 expression. I hypothesised that for some phenotypes 

such as trafficking and localisation it may take more time for defects to become 
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pronounced and so these may only be revealed after longer expression of mutant 

VPS35. As established in Section 3.3.5 (Figure 3.12), HA-VPS35 remains stable 

over this time. In the representative experiment shown in Figure 5.8, RPE1 FlpIn WT 

and [D620N] cells were mixed at a 2:1 ratio with RPE1 FlpIn Parental cells and 

induced with doxycycline for 24 hours, which was then chased out for 48 hours. Cells 

were fixed and stained for Rab7, TOM20 and HA. I did not observe a pool of Rab7 

that co-localised with TOM20 in the RPE1 FlpIn Parental cells, nor in cells expressing 

wild type or mutant VPS35. Rab7 maintained a vesicular staining pattern in all the 

conditions. 

 

 

Figure 5.8 Rab7 does not localise to mitochondria in RPE1 FlpIn HA-VPS35 cells 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 (DN) cells were treated with 0.1 μg/ml doxycycline 

to induce HA-VPS35 expression. After 24 hours cells were mixed with RPE1 FlpIn Parental cells and 

replated onto coverslips. Cells were fixed 48 hours after replating and stained for the indicated 

antibodies. Single slice images were acquired on a Zeiss LSM800 confocal microscope using a 63x 

objective. Scale bar 10 μm. Representative images shown from one of two independent experiments, 

n = 2. 
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5.3 LRRK2 and mitochondrial dynamics 

5.3.1 LRRK2 inhibition does not alter mitochondrial morphology 

Like VPS35, PD-causing mutations in LRRK2 have been reported to alter 

mitochondrial morphology (Hsieh et al., 2016; Mortiboys et al., 2010; Niu et al., 2012; 

Papkovskaia et al., 2012; Su et al., 2015; Wang et al., 2012b). I set out to see if acute 

pharmacological perturbation of LRRK2 activity altered the distribution of 

mitochondrial networks in RPE1 cells. Cells were treated for one, four and 24 hours 

with 200 nM MLi-2 before fixation and staining for the mitochondrial marker TOM20 

(Figure 5.9A). Analysis of mitochondrial networks was performed using the MiNA 

plugin, as described previously (Section 5.2.2), to assess mitochondrial branch 

length and number and area occupied by mitochondria (mitochondrial footprint) 

(Figure 5.9B-D). I also included two control treatments in this experiment which 

perturb mitochondrial morphology: AO, which causes fragmentation of mitochondria, 

and MLN4924, which previous colleagues in the lab, Dr Elena Marcassa and Dr Jane 

Jardine, have found causes an elongated mitochondrial network. Pharmacological 

activity of these compounds was confirmed biochemically using immunoblotting; 

treatment with AO caused accumulation of phospho-ubiquitin, MLN4924 treatment 

resulted in a loss of neddylated Cullin 2 indicating Nedd8-activating enzyme inhibition 

(Figure 5.9E). 

Treatment with MLi-2 caused no visible differences in mitochondrial morphology, 

although quantification suggested a trend towards a more branched network at longer 

time points of MLi-2 treatment. However, this was small and the spread of data within 

each condition (excluding AO condition) was large. This variation is likely due to the 

heterogeneity in size and appearance of RPE1 cells, which affects whether the 

mitochondrial network is clustered at the perinuclear area or projects across the cell. 
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Figure 5.9 Assessment of mitochondrial morphology upon pharmacological LRRK2 inhibition 

A RPE1 FlpIn parental cells were treated with DMSO (24 hours), Antimycin A / Oligomycin A cocktail 

(1 µM/1 µM, 24 hours), MLN4924 (1 µM, 24 hours) and MLi-2 (200 nM, 1, 4, and 24 hours). Cells 

were then fixed and stained for TOM20 and imaged on an LSM800 confocal microscope using a 63x 

objective. Scale bar represents 10µm. Mitochondrial network analysis was performed using Fiji MiNA 

plug-in. B mean length of network branches, C mean number of network branches and D 

Mitochondrial footprint (area of cell occupied by mitochondria). Data from a single experiment, 31-35 

cells analysed per condition, n = 1. Error bars represent mean ± SD. E Western blot confirming 

pharmacological activity of compounds used. Cells were treated in the same manner as in A, lysed in 

RIPA buffer and analysed by immunoblotting. Representative western blot from one of two 

independent experiments, n = 2.  
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5.3.2 LRRK2 inhibition does not alter basal mitophagy in RPE1 

cells 

To explore whether LRRK2 plays a role in basal mitophagy, I used RPE1 cells stably 

expressing using the fluorescent reporter mitokeima. mKeima is a fluorescent protein 

which undergoes a pH-dependent shift in excitation wavelength and is resistant to 

lysosomal proteases (Sun et al., 2017). Tagging mKeima with a mitochondrial 

targeting sequence leads to its localisation to the matrix of mitochondria. At healthy 

mitochondria, mitokeima will be in a pH 8 environment and so will be optimally excited 

at 440nm and emit fluorescence at 620 nm. When damaged mitochondria fuse with 

lysosomes through the process of mitophagy, the mitokeima reporter will then be in 

the acidic lysosomal environment at pH 4.5 and so its peak excitation wavelength 

shifts to 586 nm. By evaluating the ratio of pH 8 to pH 4.5 fluorescence it is possible 

to identify mitolysosomes and thus measure mitophagy (Sun et al., 2017).  

RPE1 mitokeima cells were treated with increasing concentrations of MLi-2 to inhibit 

LRRK2 activity for 24 hours and imaged live (Figure 5.10A). Using the semi-

automated ‘mito-QC’ counter plug-in described in Montava-Garriga et al. (2020), the 

number and average area of mitolysosomes per cell was quantified. I found LRRK2 

inhibition did not affect the average number or size of mitolysosomes in RPE1 cells 

(Figure 5.10B and C). There appeared to be a decrease in the number of cells with 

very high levels of mitophagy (>100 mitolysosomes per cell) following Mli-2 treatment 

when compared to control cells (Figure 5.10B). 
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Figure 5.10 LRRK2 inhibition does not affect basal mitophagy in RPE1 cells 

A RPE1-mitokeima cells were treated with Mli-2 at the concentrations indicated or vehicle (DMSO) 

for 24 hours before imaging on a 3i spinning disk confocal microscope using a 63x objective. Scale 

bar 10µm. B – C Quantification of the data was performed using the mito-QC counter Fiji plug-in to 

calculate number of mitolysosomes per cell (B) and average are of mitolysosomes per cell (C). Data 

are from a single experiment with 61-75 cells analysed per condition, n = 1. Bars represent mean ± 

SD. 
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5.4 Discussion 

Multiple studies have reported mitochondrial phenotypes when studying PD-linked 

mutations in VPS35 and LRRK2, including impaired mitochondrial bioenergetics and 

defective mitophagy. Using the isogenic RPE1 FlpIn VPS35 cells, in this chapter I set 

out to explore whether mitochondrial function was disrupted by the [D620N] mutation 

in this model and if so, whether this was LRRK2 dependent. My findings, compared 

with those previously reported in the literature, are summarised in Table 5.2. As I 

observed no mitochondrial phenotypes as a result of VPS35 [D620N] expression in 

RPE1 cells, I was unable to test the effect of LRRK2 inhibition in this context. 

Table 5.2 Comparison between VPS35 [D620N] mitochondrial phenotypes in RPE1 FlpIn VPS35 
and previously reported models. 

Phenotype Previously reported RPE1 FlpIn VPS35 cell 

model 

Morphology Fragmented Unchanged 

Mitochondrial membrane potential Decreased Unchanged 

ROS production Increased Not tested 

ATP levels Decreased Not tested 

Respiration Decreased Not tested 

Basal mitophagy Unchanged Not tested 

Depolarisation-induced mitophagy Impaired Initiation not affected 

 

 

5.4.1 VPS35, LRRK2 and the fission/fusion balance  

I did not observe any disruption to morphology caused by the [D620N] mutation. This 

contrasts with multiple previous studies which have shown VPS35[D620N] to cause 

mitochondrial fragmentation (Hanss et al., 2021; Ma et al., 2021; Niu et al., 2021; 

Tang et al., 2015b; Wang et al., 2017, 2016). Several of these studies used 

overexpression of VPS35 to study the effects of this mutation and one group noted 

that overexpression of wild-type VPS35 also induced mitochondrial fragmentation, 

albeit to a lesser extent, which calls in to question the physiological relevance of this 

finding and the utility of overexpression models to measure mitochondrial phenotypes 

(Wang et al., 2017, 2016). That being said, the [D620N] mutation has been shown to 

cause mitochondrial fragmentation in more physiologically relevant models, including 

PD patient-derived VPS35[D620N fibroblasts and induced neurons, and a 

heterozygous [D620N] knockin SH-SY5Y cell model (Hanss et al., 2021; Ma et al., 
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2021; Wang et al., 2017, 2016). It is worth noting that Ma and colleagues reported 

that they were only able to visualise the increased fragmentation of mitochondria 

using electron microscopy and not by confocal microscopy (Ma et al., 2021).  

By western blotting, I found no differences in the total levels of proteins involved in 

mitochondrial fission (OPA1, FIS1) and fusion (MFN2, MUL1). This finding is in 

agreement with a previous study that found no change in the expression of DRP1, 

MFN2, OPA1 and MFF in ventral midbrain and striatum extracts between 

homozygous[D620N] knockin mice and wild type controls (Niu et al., 2021). Despite 

overall protein abundance of DLP1 not changing in this study, the authors found that 

expression of the [D620N] mutation decreased the amount of monomeric DRP1 in 

mitochondrial fractions. This supports previous work which found that overexpression 

of VPS35[D620N] promoted the removal of inactive DRP1 oligomers via MDVs, 

leading to more active monomeric DRP1 at mitochondria, thus promoting 

mitochondrial fragmentation (Wang et al., 2016). In contrast to my results, SH-SY5Y 

cells overexpressing [D620N], but not wild type, VPS35 have been shown to have 

increased MUL1 and decreased MFN2 expression (Tang et al., 2015b). This was 

attributed to impaired removal of MUL1 from mitochondria via MDVs, leading to 

increased ubiquitylation and subsequent degradation of the fusion protein MFN2, and 

in turn, decreasing mitochondrial fusion. The authors assessed levels of MUL1 and 

MFN2 in mitochondrial fractions rather than whole cell lysates which may explain the 

difference to my results (Tang et al., 2015b). It is not clear at what level VPS35 was 

overexpressed in these experiments, therefore it is possible that these effects could 

be an artefact due to gross overexpression of VPS35. Despite these studies all 

concluding that the [D620N] mutation causes mitochondrial fragmentation by 

perturbing MDV-dependent turnover of mitochondrial proteins, these studies contrast 

in whether turnover is enhanced (DRP1) or impaired (MUL1).  

The influence of LRRK2 and its PD-causing mutations on mitochondrial morphology 

is more contentious. Like with VPS35, overexpression of wild-type and PD-mutant 

([G2019S] and [R1441C]) LRRK2 causes mitochondrial fragmentation in SH-SY5Y 

and mouse primary cortical neurons (Niu et al., 2012; Wang et al., 2012b). In patient 

fibroblasts derived from [G2019S] carrier PD patients, loss of mitochondrial mass (Su 

et al., 2015), elongation of mitochondria (Mortiboys et al., 2010) or no change to 

mitochondrial morphology have all been described (Hsieh et al., 2016; Papkovskaia 

et al., 2012). These differing findings may arise from differences in the patient-derived 

cell models, or the assays used to measure morphology. Looking at the effect of 

LRRK2 inhibition on mitochondrial morphology, I found no obvious changes, in line 
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with a previous study that assessed mitochondrial network morphology of MEFs 

treated with LRRK2 inhibitors by transmission electron microscopy (Singh et al., 

2021).  

5.4.2 VPS35, LRRK2 and mitophagy 

Focussing on mitophagy initiation, I found that expression of VPS35[D620N] did not 

impair PINK1 stabilisation and subsequent phosphorylation of ubiquitin when cells 

were treated with either AO cocktail or CCCP. A previous study using heterozygous 

[D620N] knockin SH-SY5Y cells showed that expression of [D620N] lowered basal 

mitochondrial membrane potential, rendering the cells less sensitive to the 

depolarising agent CCCP, thus impairing the recruitment of PINK1 and Parkin to 

initiate mitophagy (Ma et al., 2021). In the RPE1 FlpIn VPS35 model, expression of 

VPS35[D620N] does not alter mitochondrial membrane potential and so we may not 

observe this insensitivity to CCCP treatment. Ma and colleagues also found that AO-

induced mitophagy was unaffected by expression of VPS35[D620N] (Ma et al., 2021). 

They attribute this to the initiation of mitophagy upon AO treatment being independent 

of mitochondrial membrane potential collapse (Ma et al., 2021). 

Another study found that VPS35[D620N] causes impaired lysosomal clearance of 

mitochondria in CCCP-induced PINK1/Parkin-dependent mitophagy, suggesting that 

the effects of the VPS35[D620N] mutation lie further in this pathway (Hanss et al., 

2021). The authors also report that basal mitophagy is unaffected, perhaps as the 

lysosomes can clear lower levels of damaged mitochondria but become overwhelmed 

on the onset of widespread mitophagy such as upon treatment with CCCP. It is also 

worth noting that CCCP will also dissipate the proton gradient at other organelles, 

including lysosomes, which will exacerbate the defect in clearance of mitolysosomes 

(Llopis et al., 1998; Padman et al., 2013).  

As mitophagy can be initiated by several different mechanisms, some of which are 

independent of PINK1 and Parkin, it would be interesting to look at whether other 

forms of mitophagy, such as MLN4924-induced NIX-dependent mitophagy, is affected 

by the [D620N] mutation. I have only performed experiments to look at the initiation 

of mitophagy, so it would be valuable to look at whether downstream progression of 

induced mitophagy is affected in our model. To do so, a mitophagy reporter such as 

mitokeima could be introduced into the RPE1 FlpIn VPS35 cells to look at the number 

and size of mitolysosomes basally and following depolarisation.  

I also analysed the effect of inhibition of LRRK2 on basal mitophagy in RPE1 

mitokeima-expressing cells. I did not observe an effect on the number nor area of 
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mitolysosomes at any of the MLi-2 concentrations tested, suggesting that mitophagy 

is not impacted by LRRK2 inhibition in this cell line. This contrasts with two studies by 

the Muqit group which have shown using knockin LRRK2 [G2019S] MEFs that 

inhibition of LRRK2 using distinct inhibitor compounds decreases basal mitophagy in 

a PINK1-independent manner using a similar fluorescent reporter assay, mito-QC 

(Singh et al., 2021; Tasegian et al., 2021). They found that LRRK2 [G2019S] 

expression reduced basal mitophagy which could be rescued by LRRK2 inhibition and 

that knockout of LRRK2 enhanced mitophagy, suggesting that LRRK2 plays a role in 

suppressing basal mitophagy (Singh et al., 2021; Tasegian et al., 2021). RPE1 cells 

express low levels of LRRK2 and so LRRK2 may not play a significant role in basal 

mitophagy in this cell line.  
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6 Investigating the roles of VPS35 and LRRK2 in the 

response to lysosomal damage 

6.1 Introduction 

Pharmacological agents which cause lysosomal stress have been shown to activate 

LRRK2, leading to its recruitment to membranes and subsequent Rab 

phosphorylation (Bonet-Ponce et al., 2020; Eguchi et al., 2018; Herbst et al., 2020; 

Kalogeropulou et al., 2020; Kuwahara et al., 2020). LRRK2 has been suggested to 

limit lysosomal damage by several different mechanisms.  

Eguchi and colleagues showed that chloroquine induces LRRK2 dependent 

recruitment of the Rab8/10 effectors EHBP1 and EHBP1L1 to the lysosome (Eguchi 

et al., 2018). These effectors then act to limit lysosomal swelling and promote release 

of lysosomal contents, such as cathepsin D, into the medium to prevent lysosome 

overload (Eguchi et al., 2018). The Iwatsubo lab propose that Rab29 is required for 

the recruitment of LRRK2 to the lysosome and subsequent Rab8 and Rab10 

phosphorylation following chloroquine treatment (Eguchi et al., 2018; Kuwahara et al., 

2020). However this has been contested by a recent study which failed to see an 

effect of Rab29 knockout on chloroquine-induced Rab phosphorylation by LRRK2 

(Kalogeropulou et al., 2020). 

LRRK2 has also been implicated in the ESCRT-mediated membrane repair of 

ruptured lysosomes (Herbst et al., 2020). Following treatment with the lysosomotropic 

agent LLOMe (discussed in detail in Section 6.2 below), calcium efflux triggers 

LRRK2 recruitment to the lysosomal membrane. Here, LRRK2 mediates the 

recruitment of Galectin-3 and the ESCRT-III machinery to sites of damage to promote 

repair. In the absence of LRRK2 activity, lysosomes are unable to be repaired and 

are instead targeted for removal by lysophagy. The authors show these effects are 

also Rab8 dependent, but how LRRK2 and Rab8 are linked mechanistically to the 

ESCRT machinery is unknown (Herbst et al., 2020).  

Recently, the phosphoRab effector JIP4 has been shown to promote lysosomal 

tubulation in response to LLOMe treatment in a LRRK2-dependent manner by linking 

lysosomes to motor proteins and microtubules (Bonet-Ponce et al., 2020). JIP4 is 

capable of binding to both the anterograde motor protein kinesin and the retrograde 

motor protein dynein and so could function in tubule elongation and retraction 

(Montagnac et al., 2009). This lysosomal tubulation driven by LRRK2 has been 



174 
 

proposed to sort undegraded cargo from damaged lysosomes to active lysosomes to 

resolve the lysosomal insult.  

Given the body of evidence implicating LRRK2 in the response to lysosomal damage, 

I investigated whether enhanced LRRK2 activation by VPS35[D620N] influences the 

resolution from endolysosomal stress. In this chapter, I characterise the effect of 

endolysosomal stressors on lysosomal pH, morphology, and Rab phosphorylation in 

RPE1 cells. Then, using these pharmacological agents, I investigate the role of 

VPS35 in the response to lysosomal damage and the functional consequences of the 

[D620N] mutation. 

6.2 Characterisation of lysosomal damaging agents in RPE1 cells 

The arsenal of compounds that researchers use to study lysosomal stress and 

damage act via varied mechanisms, and are summarised in Table 6.1 below. I 

focused on three compounds, nigericin, chloroquine and LLOMe which have all been 

shown to induce LRRK2-dependent Rab phosphorylation, but are proposed to act by 

diverse mechanisms (Eguchi et al., 2018; Herbst et al., 2020; Kalogeropulou et al., 

2020).  

Nigericin is a K+/H+ antiporter which enhances the flow of potassium and hydrogen 

ions in opposite directions along the K+ concentration gradient. At the lysosome, this 

results in K+ influx and H+ efflux, increasing the lysosomal pH (Jacquin et al., 2017; 

Tapper and Sundler, 1990). Chloroquine is widely used in autophagy and lysosome 

research to alkalinise lysosomes and prevent autophagosome-lysosome fusion. Upon 

entering the lysosome, chloroquine is thought to become protonated, preventing its 

diffusion back across the membrane, and so it accumulates in the lysosomal lumen. 

As chloroquine is a weak base, this neutralises the lysosome, but this also leads to 

osmotic swelling (Seglen et al., 1979; Solomon and Lee, 2009). LLOMe is thought to 

be taken up by cells via endocytosis and when it reaches the lysosomes it undergoes 

condensation by the enzyme cathepsin C, converting it into a membranolytic form 

(Thiele and Lipsky, 1990).  

Table 6.1 Commonly used lysosomotropic agents and their mechanisms of action 
Cat C, cathepsin C. (Florey et al., 2015; Jacquin et al., 2017; Morgan et al., 2020; Thiele and Lipsky, 

1990) 

 

Group Compound Mechanism of action 

Rupturing 

dipeptides 

LLOMe Condensed in lysosomes by cathepsin 

C into membranolytic detergent form 
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GPN Degraded in lysosomes by CatC into a 

dipeptide which accumulates, causing 

osmotic swelling and membrane rupture 

v-ATPase 

inhibitors 

Bafilomycin A Selectively inhibit lysosomal vacuolar 

H+-ATPase Concanamycin A  

Weak 

bases 

Chloroquine  Accumulate in lysosomes, causing 

osmotic swelling Hydroxychloroquine 

Ammonium chloride (NH4Cl) 

Ionophores Monensin Na+/H+ ionophore, proton efflux 

Nigericin K+/H+ ionophore, proton efflux 
 

 

6.2.1 Assessment of the effect of endolysosomal stressors on 

lysosomal acidification 

I first looked at the effect of the chosen endolysosomal stressors on lysosomal pH. 

RPE1 cells were stained with Lysotracker Red, which consists of a weak base linked 

to a fluorophore. Like chloroquine, Lysotracker probes accumulate in the lysosome 

and so can be used to visualise lysosomes by live cell microscopy. Furthermore, loss 

of Lysotracker Red staining has previously been used as a readout of an increase in 

lysosomal pH or evidence of lysosomal rupture (Jacquin et al., 2017; Radulovic et al., 

2018). To allow visualisation of cells and at the same time assess if any of the 

compounds affected mitochondrial morphology, cells were counterstained with 

Mitotracker Green. The dyes were removed, and cells were treated with compound 

for one hour before imaging (Figure 6.1). In addition to chloroquine, nigericin, LLOMe 

and a vehicle control, treatments with concanamycin A, apilimod and MLi-2 were also 

included. Concanamycin inhibits the lysosomal vacuolar H+-ATPase and so increases 

lysosomal pH. Conversely, the PIKfyve inhibitor apilimod has been reported to cause 

hyperacidification of lysosomes by removing the tonic inhibitory effect of PI(3,5)P2 on 

the lysosomal Cl-/H+ antiporter ClC-7 (Leray et al., 2022). A previous PhD student in 

the lab, Hannah Elcocks, has shown that acute inhibition of LRRK2 with MLi-2 causes 

an increase in Lysotracker staining in mouse melanocytes and in human melanoma 

MNT1 cells.  

In control cells, bright puncta corresponding to lysosomes were visible as well as a 

low background signal. Treatment with concanamycin A caused a visible decrease in 

the number and intensity of Lysotracker puncta (Figure 6.1B). The morphology of 

stained lysosomes was unaffected by concanamycin A, in contrast to chloroquine 

which caused an enlargement of lysosomes with reduced staining intensity. 
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Chloroquine-treated enlarged lysosomes in the cell periphery overall showed a higher 

staining intensity than those in the perinuclear area. 

Upon addition of LLOMe, lysosomes appeared enlarged and unexpectedly displayed 

an increased Lysotracker staining intensity (Figure 6.1B). The representative images 

in Figure 6.1A were processed equally across all conditions to an extent that allowed 

visualisation of Lysotracker particles even in the conditions that had a decreased 

staining intensity, such as with chloroquine. In these images, the LLOMe-treated, 

Lysotracker-positive lysosomes appear as uniformly stained puncta. However, when 

the LLOMe-treated cells are displayed using an optimal dynamic range, it is possible 

to discern multiple individual small bright puncta within larger Lysotracker stained 

vesicles (Figure 6.1C). It is tempting to speculate that these bright internal puncta 

represent damaged lysosomes that have been autophagocytosed. In addition, 

LLOMe caused a drastic fragmentation of the mitochondrial network. This supports 

previous work which has shown that LLOMe-induced leakage of lysosomal enzymes 

into the cytosol causes impaired mitochondrial function and network fragmentation 

due to degradation of mitochondrial proteins (Bussi et al., 2022).  

As expected, treatment with nigericin caused an overall decrease in the intensity of 

Lysotracker stained lysosomes (Figure 6.1B). However, approximately half the cells 

analysed retained a bright peripheral Lysotracker signal. Lysosome size was not 

affected, suggesting that nigericin does not cause a change in lysosomal morphology. 

Like LLOMe, nigericin treatment also caused fragmentation of the mitochondrial 

network.  

Apilimod caused a dramatic swelling of Lysotracker-stained structures, without a 

change in overall signal intensity (Figure 6.1B). Given that apilimod has previously 

been shown to cause lysosomal hyperacidification in U2OS cells, it was expected that 

Lysotracker Red staining would increase (Leray et al., 2022). Although the 

accumulation of Lysotracker probes is sensitive to pH, they do not allow a quantitative 

assessment of pH changes, in contrast to Oregon Green-dextran 488 which was used 

in the aforementioned study (Leray et al., 2022). Thus, the lack of hyperacidification 

observed in RPE1 may reflect the methodology used rather than a difference between 

the different cell lines. Finally, treatment with the LRRK2 inhibitor MLi-2 did not affect 

the staining pattern of Lysotracker Red in RPE1 cells. 
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Figure 6.1 Effect of endolysosomal stressors on lysosomal pH and mitochondrial morphology  

A RPE1 FlpIn Parental cells were stained with Mitotracker Green and Lysotracker Red DND-99 and 

then treated with 100 nM concanamycin A, 100 µM chloroquine, 500 µM LLOMe, 2 µM nigericin, 150 

nM apilimod, 100 nM MLi-2 or a vehicle control (DMSO) for 1 hour before live-cell imaging using a 

63x objective on a 3i spinning disk confocal microscope. Scale bar 10 μm. B Quantification of the 

intensity of Lysotracker puncta. n = 1 – 2, 26 - 49 cells quantified per condition per experiment. Each 

independent experiment is colour-coded. Transparent circles with no outline represent values for each 

cell in an experiment, opaque circles with black outlines correspond to mean values for each 

experiment. Bars represent mean and range. C Representative image of LLOMe condition in A. Scale 

bar 10 μm. 
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6.2.2 Assessment of the effect of endolysosomal stressors on 

endolysosomal morphology 

To further investigate the morphological changes induced upon treatment with these 

agents, I stained cells for LAMP1 and CD63 after a 3-hour treatment with chloroquine, 

nigericin and LLOMe (Figure 5.3). Proteins known to reside at lysosomes, such as 

LAMP1 and LAMP2, and late endosomes, such as CD63 and Rab7, show overlapping 

distributions (Shearer and Petersen, 2019). For ease, this compartment will be 

referred to simply as lysosomes henceforth. In agreement with the Lysotracker 

staining in Figure 6.1, I found that LLOMe and chloroquine treatment caused a 

substantial enlargement and perinuclear clustering of lysosomes. Nigericin caused 

mild lysosomal swelling and caused a general decrease in the intensity of LAMP1 and 

CD63 staining, except for a population of resistant lysosomes in the cell periphery. 

By creating a region of interest around the borders of a cell and using this to generate 

smaller concentric regions of interest, the cumulative intensity of a fluorescent stain 

can be mapped from the centre of the cell to the periphery. Utilising this technique 

with a lysosomal marker allows the generation of a curve illustrative of lysosomal 

positioning within a cell (Starling et al., 2016). A shift of the baseline curve to the right 

indicates a redistribution of lysosomes to the periphery, whereas a shift leftwards 

indicates perinuclear clustering. Using this method, I created concentric regions of 

interest at 10% size decrements and measured the integrated density within each 

region. For each region, this was plotted relative to the total integrated density of the 

whole cell area to create a curve of cumulative LAMP1 signal intensity (Figure 5.3B). 

Supporting the changes that were visible by eye, the lysosomal positioning curves for 

LLOMe and chloroquine treatment were shifted leftwards, representing a 

redistribution of lysosomes towards the perinuclear area. Nigericin treatment did not 

induce such a substantial curve shift. There was a minor shift rightwards, which is 

consistent with the small clusters of bright puncta that are visible in the periphery of 

some cells, however more repeats would be necessary to ascertain whether this small 

shift was significant.  

The size and area of LAMP1 puncta were also quantified (Figure 5.3C). Treatment 

with LLOMe and nigericin reduced the number of LAMP1-positive lysosomes, 

whereas chloroquine had no effect. Given the decrease in staining intensity in 

nigericin-treated cells, it is possible that the remaining lysosomes are less robustly 

identified after thresholding, which may cause the apparent decrease in number. 

Lysosomal clustering may also interfere with the ability to distinguish and quantify 
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individual lysosomes. After chloroquine and LLOMe treatment, there was a doubling 

in the size of lysosomes, indicative of lysosomal swelling. Nigericin, on the other hand, 

did not affect the lysosomal area, but again, this may be due to a thresholding issue.  
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Figure 6.2 Chemical stressors of the endolysosomal system cause enlargement of lysosomes 

A RPE1 FlpIn Parental cells were treated with 2 µM nigericin or vehicle (ethanol, EtOH), 500 µM 

LLOMe or vehicle (DMSO), or 100 µM chloroquine (CQ) for 3 hours, then fixed and stained with the 

indicated antibodies. Single slice images were acquired on a Zeiss LSM900 confocal microscope 

using a 63x objective. Scale bar 10 µm. Blue arrowheads indicate peripheral clustering phenotype. B 

Quantification of cumulative LAMP1 intensity as a function of total LAMP1 intensity by concentric cell 

segmentation at 10% decrements (illustrated right). C-E Quantification of number (C), average size 

(D) and percentage of total area (E) of LAMP1 puncta. Data from a single experiment, 18-23 cells 

counted per condition, n = 1. Bars represent mean ± SD.  

 

Acute treatment with nigericin has been shown to cause an enlargement of Rab5-and 

Rab7-positive endosomes (Podinovskaia et al., 2021). To investigate whether 

nigericin affects the morphology of early endosomes, RPE1 cells were treated with 

nigericin for three hours and then fixed and stained for EEA1 and VPS35 (Figure 6.3). 

The number, average size and total area occupied by EEA1 puncta was then 

quantified (Figure 6.3B-D). In addition, cumulative EEA1 and VPS35 signal 

intensities were plotted to generate ‘endosome positioning’ curves (Figure 6.3E and 

F). Nigericin treatment led to a visible swelling of endosomes in the perinuclear region, 

which is reflected in the quantification as a clear positive trend in both number and 

size of early endosomes. Combining these measurements to calculate the percentage 

area of the cell occupied by EEA1 reveals the extent of the overall effect (Figure 

6.3D). The distribution of EEA1-positive endosomes was not affected by nigericin 

treatment (Figure 6.3E). In contrast, VPS35 staining became more prominent at the 

cell edges (in particular the leading edges), reminiscent of the LAMP1 and CD63 

staining in Figure 6.2. Measurement of the cumulative VPS35 intensity in the cells 

revealed a small rightwards shift of the endosome positioning curve, which is 

consistent with an increase in staining in the cell periphery (Figure 6.3F).  
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Figure 6.3 Nigericin causes enlargement of early endosomes 

A RPE1 FlpIn Parental cells were treated with 2µM nigericin or vehicle (ethanol) for 3 hours, then 

fixed and stained with the indicated antibodies and DAPI (DNA, blue). Single slice images were 

acquired on a Zeiss LSM900 confocal microscope using a 63x objective. Scale bar 10 μm. Blue 

arrowheads indicate peripheral lysosome clustering phenotype. Perinuc, perinuclear; periph, 

peripheral. B-D Quantification of number (B), average size (C) and percentage of total area (D) of 

EEA1 puncta. Bars represent mean ± SD. E Mean cumulative EEA1 intensity as a function of total 

EEA1 intensity by concentric cell segmentation at 10% decrements. F Mean cumulative VPS35 

intensity as a function of total VPS35 intensity by concentric cell segmentation at 10% decrements. 

Data from a single experiment, 31-33 cells quantified per condition, n = 1. 

 

In the Lysotracker staining experiments (Figure 6.1), treatment with apilimod caused 

substantial lysosomal swelling. To look at the effect of apilimod on the endolysosomal 

system in more detail, RPE1 cells were treated with 30, 150 or 300 nM of apilimod for 

30 minutes before fixation and processing for immunofluorescence using antibodies 

against the early endosome marker EEA1 and the lysosome marker LAMP1 (Figure 

6.4). These concentrations were chosen based on the reported apilimod IC50 of 14 

nM for PIKfyve based on an in vitro kinase assay (Cai et al., 2013). Even at the lowest 

concentration tested, apilimod caused a marked change in endosome and lysosome 
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morphology. Early endosomes were enlarged (Figure 6.4B) and became more 

clustered towards the perinuclear area of the cell (Figure 6.4D). Conversely, the 

lysosome positioning curve was shifted rightwards, indicating an increase in LAMP1 

staining towards the periphery of the cell (Figure 6.4E). Lysosomes were also 

enlarged by eye in all the conditions but was only reflected in the quantification at the 

lowest concentration as the decreased staining intensity at higher apilimod 

concentrations interfered with the segmentation process (Figure 6.4C).  

 

 

Figure 6.4 Apilimod treatment causes enlargement of early endosomes and lysosomes  

A RPE1 FlpIn Parental cells were treated with apilimod for 30 minutes at the concentrations indicated 

or vehicle control (DMSO), then fixed and stained with the indicated antibodies and DAPI (DNA, blue). 

Single slice images were acquired on a Zeiss LSM900 confocal microscope using a 63x objective. 

Scale bar 10 μm. B Quantification of the size of EEA1 puncta. Bars represent mean ± SD. C 

Quantification of the size of LAMP1 puncta. Bars represent mean ± SD. D Mean cumulative EEA1 

intensity as a function of total EEA1 intensity by concentric cell segmentation at 10% decrements. E 

Mean cumulative LAMP1 intensity as a function of total LAMP1 intensity by concentric cell 
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segmentation at 10% decrements. Data from a single experiment, 18-21 cells counted per condition, 

n = 1. 

 

6.2.3 Assessment of the effect of endolysosomal stressors on the 

phosphorylation of LRRK2 substrate Rabs 

Treatment of cells with nigericin, LLOMe and chloroquine have all been reported to 

increase the phosphorylation of Rab proteins by LRRK2 (Eguchi et al., 2018; Herbst 

et al., 2020; Kalogeropulou et al., 2020). I set out to ascertain the optimal incubation 

times and concentrations of LLOMe, chloroquine and nigericin in RPE1 cells to 

measure Rab phosphorylation.  

RPE1 cells were treated with 2 µM nigericin over one and eight hours and the degree 

of Rab10 phosphorylation was assessed by western blotting (Figure 6.5A). Within 

one and two hours, Rab10 phosphorylation increased four- and six-fold, respectively, 

after which the levels plateaued (Figure 6.5B). Addition of the LRRK2 inhibitor MLi-2 

one hour prior to lysis caused a reduction in Rab10 phosphorylation, confirming that 

nigericin-induced Rab10 phosphorylation is dependent on LRRK2. The expression of 

LRRK2 was not altered by nigericin treatment, indicating that the effect of nigericin is 

on the kinase activity of LRRK2 and not level of expression. As maximal Rab 

phosphorylation appeared to have been reached at later time points, I chose to focus 

on the shorter treatment lengths. RPE1 cells were treated with concentrations of 

nigericin between 0.1 and 4 µM for 30 or 60 minutes before lysis and analysis of 

Rab10 and Rab12 phosphorylation by western blotting (Figure 6.5C). 

Phosphorylation of Rab10 increased with increasing concentrations of nigericin, 

however there was little difference in response between 30 and 60 minutes of 

treatment (Figure 6.5D). Unlike in Figure 6.5A, one hour treatment with nigericin only 

caused a two-fold increase in pT73-Rab10 signal. Immunoblotting for total Rab10 

revealed that this was not affected by nigericin treatment, confirming that the increase 

in Rab10 phosphorylation was not due to an increase in total levels of Rab10. 

Treatment with nigericin also increased phosphorylation of Rab12, another LRRK2 

substrate Rab. A near two-fold increase in Rab12 phosphorylation was observed at 

concentrations higher than 0.5 µM after 60 minutes of treatment. At 30 minutes of 

treatment, there was little effect on the levels of pS106-Rab12.  
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Figure 6.5 Nigericin treatment induces a time- and concentration-dependent increase in Rab 
phosphorylation via the action of LRRK2 

A RPE1 FlpIn Parentals cells were treated with 2 µM nigericin or vehicle (ethanol) for the indicated 

times. Cells were treated with 100 nM MLi-2 or vehicle (DMSO) for one hour prior to lysis and analysis 

by immunoblotting. Data from a single experiment, n = 1. B Quantification of A. Data are normalised 

to 0-hour untreated control. n = 1. C RPE1 FlpIn Parentals cells were treated with nigericin at the 

indicated concentrations for 30 or 60 minutes before lysis and analysis by immunoblotting. A 

representative western blot is shown. The lower signal in the first four lanes of the total Rab12 indicate 

a problem with staining with Rab12 total antibody as non-specific bands are also reduced but there 

was no transfer issue evident on the Ponceau staining. D Quantification of C. Data are normalised to 

control for each time point. n = 2. Data represent mean and range (some error bars are too small to 

be shown). 

 

Next, I looked at LLOMe-induced Rab phosphorylation in RPE1 cells. Cells were 

treated with 500 µM LLOMe for 15 to 120 minutes before lysis and analysis by western 

blotting (Figure 6.6A). LLOMe caused a steady increase in Rab12 phosphorylation 

from 15 to 90 minutes, plateauing at approximately 3-fold at the 90-minute timepoint 
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(Figure 6.6B). Total Rab12 levels were unchanged, indicating that it is specifically the 

phosphorylation status of Rab12 that is increased upon LLOMe treatment.  

The concentration of LLOMe was then optimised using a 90-minute treatment length 

in the presence and absence of MLi-2 to help discriminate specific LRRK2 dependent 

pT73-Rab10 signal from background (Figure 6.6C). At concentrations of 250 µM and 

above, I found that Rab12 phosphorylation plateaued at a three-fold increase (Figure 

6.6D). In contrast, Rab10 phosphorylation only reached a 1.3-fold (± 0.11) increase 

at the highest concentration tested (1000 µM), which was abolished by Mli-2. Rab12 

phosphorylation was only partially inhibited by Mli-2 at LLOMe concentrations above 

250 µM. 

 

Figure 6.6 LLOMe treatment induces a time- and concentration-dependent increase in Rab 
phosphorylation via the action of LRRK2 

A RPE1 FlpIn Parentals cells were treated with 500 µM LLOMe or vehicle (DMSO) for the indicated 

times prior to lysis and analysis by immunoblotting. B Quantification of A. Data are normalised to 

vehicle control. Data from a single experiment, n = 1. C RPE1 FlpIn Parentals cells were treated with 

LLOMe at the indicated concentrations for 90 minutes. Cells were treated with 100 nM MLi-2 or vehicle 
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(DMSO) for one hour prior to lysis and analysis by immunoblotting. A representative western blot is 

shown. D Quantification of C. Data are normalised to untreated control. n = 2. Data represent mean 

and range (some error bars are too small to be shown). 

 

Finally, I looked at the Rab phosphorylation response to chloroquine. RPE1 cells were 

treated with 50 µM chloroquine over 30 minutes to six hours (Figure 6.7A). 

Phosphorylation of Rab10 reached a peak four hours after addition of chloroquine, 

with an approximately 1.5-fold increase compared to untreated controls and 

plateaued thereafter (Figure 6.7B). Treatment with MLi-2 reduced Rab10 

phosphorylation to baseline untreated levels. A higher fold increase in Rab12 

phosphorylation was observed in response to chloroquine with a 2.3-fold increase, 

which also reached plateaued after 4 hours. This increase was attenuated by the 

addition of MLi-2, but Rab12 phosphorylation remained higher than baseline when 

the duration of chloroquine treatment was longer than one hour.  

 

Figure 6.7 Chloroquine treatment induces a time-dependent increase in Rab phosphorylation 
via the action of LRRK2 

A RPE1 FlpIn Parentals cells were treated with 50 µM chloroquine for the indicated times. Cells were 

treated with DMSO or 100 nM MLi-2 for one hour prior to lysis and analysis by immunoblotting B 

Quantification of A. Data are normalised to untreated control. Data from a single experiment, n = 1. 

 

The mechanism by which LRRK2 is recruited to the membrane following lysosomal 

damage is debated. The Iwatsubo group proposed that Rab29 is responsible for 

LRRK2 membrane recruitment and showed that knockdown of Rab29 blunts 

chloroquine-induced phosphorylation of Rab10 (Eguchi et al., 2018; Kuwahara et al., 

2016). However, this was called in to question when the Alessi group showed that 
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knockout of Rab29 had no effect on Rab phosphorylation induced by a range of 

stressors, including chloroquine, LLOMe and nigericin (Kalogeropulou et al., 2020). 

Furthermore, they showed that this was not due to a compensatory mechanism 

involving the closely related Rab, Rab32. To gain clarity on this, I investigated the 

effect of Rab29 depletion on stress-induced Rab phosphorylation in RPE1 cells 

(Figure 6.8A). As nigericin had given the most robust signal increase in Rab 

phosphorylation in my experiments, I chose to use it as an alternative stressor to 

chloroquine. I also included knockdown of Rab7 in the experiment. Although Rab7 is 

not a LRRK2 substrate (Steger et al., 2016), I hypothesised that as it is present at late 

endosomes it could still be involved in LRRK2 recruitment. Furthermore, it plays a role 

both upstream and downstream of VPS35 (Seaman et al., 2009). Depletion of both 

Rab29 and Rab7 caused a mild increase in nigericin-induced Rab12 phosphorylation 

compared to NT1 control (Figure 6.8B). This suggests that neither of these Rabs 

recruits LRRK2 for activation in response to nigericin treatment and if anything, they 

could play a negative regulatory role in this process. However, this would need to be 

validated using individual siRNAs and ideally include a rescue condition to exclude 

off-target effects. Since I carried out these experiments, two independent groups have 

proposed that Rab12 itself may be the critical Rab for membrane recruitment of 

LRRK2 (Bondar et al., 2023; Dhekne et al., 2023).  

I also performed western blot analysis to analyse LC3 lipidation. Nigericin treatment 

induced LC3 lipidation which was potentiated by knockdown of Rab7 and, to a lesser 

extent, knockdown of Rab29. This suggests that nigericin-induced autophagy could 

be upregulated under these conditions. A minor increase in LC3-II is also seen upon 

Rab7 knockdown in untreated cells, which may indicate an upregulation of autophagy 

or an inability to clear autophagosomes. 
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Figure 6.8 Rab29 is not required for nigericin-induced Rab phosphorylation in RPE1  

A RPE1 FlpIn Parental cells were treated with 40 nM of non-targeting control (NT1) or a pool of Rab7 

or Rab29 targeting siRNA oligonucleotides for 72 hours and then treated with 2 µM nigericin or vehicle 

(ethanol) for 2 hours prior to lysis and analysis by immunoblotting. A representative western blot is 

shown. B Quantification of A. Values are normalised to NT1 vehicle control (pS106-Rab12) or raw 

intensities (LC3-II). n = 1 - 2. Each independent experiment is colour-coded. Bars represent mean ± 

range.  

 

6.2.3.1 Summary 

By systematically assessing the effects of chloroquine, LLOMe and nigericin on the 

lysosome, I have found that they differ in the phenotypes that they produce (Table 

6.2). Despite causing different changes to the morphology and distribution of 

lysosomes, all three agents induced Rab phosphorylation. Next, I investigated 

whether the consequences of lysosomal stress induced by LLOMe and nigericin 

treatment were different, and whether LRRK2 played a role.  

Table 6.2 Summary of the different lysosomal phenotypes observed in response to treatment 
with the lysosome stressors chloroquine, LLOMe and nigericin 
 

 Chloroquine LLOMe Nigericin 

Morphology Enlarged Enlarged Slightly enlarged? 

Distribution Perinuclear Perinuclear Peripheral 

Lysotracker staining Decreased Increased Decreased 

Rab phosphorylation Increased Increased Increased 
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6.3 Investigating the downstream consequences of 

endolysosomal stress 

6.3.1 Assessment of the effect of endolysosomal stressors on 

extracellular release of lysosomal contents 

LRRK2 has been reported to negatively regulate extracellular release of lysosomal 

contents in response to lysosomal overload (Eguchi et al., 2018). Using RAW264.7 

macrophage cells, the authors showed that chloroquine treatment causes the release 

of the intermediate active form of the lysosomal protease cathepsin D into the media 

and that this was attenuated by LRRK2 inhibition (Eguchi et al., 2018).  

To characterise the effects of different pharmacological endolysosomal stressors on 

cathepsin D release, RPE1 cells were treated with concanamycin A, chloroquine, 

LLOMe or nigericin for 3 hours before the cells were lysed and the conditioned media 

collected for TCA precipitation. Cathepsin D levels were then analysed by western 

blotting (Figure 6.9A). Levels of pro, intermediate and mature forms of cathepsin D 

in the whole cell lysates were quantified (Figure 6.9D) and the proportion of each 

form relative to total cathepsin D was calculated (Figure 6.9C). In the media samples 

collected from control conditions, the Cathepsin D banding pattern revealed two 

bands close to one another at ~50 kDa, and another band at ~27 kDa. The two upper 

bands on the media blot ran at the expected molecular weight of pro cathepsin D. 

These two bands were not resolved enough to discriminate between them during 

quantification and so are labelled as ‘pro’ cathepsin D (Figure 6.9B).  

LLOMe treatment caused an 80% loss of mature cathepsin D in the whole cell lysates. 

This was accompanied by a 1.8- and 1.7-fold rise in the amount of pro and 

intermediate forms, respectively. Intriguingly, the mature cathepsin D was not 

recovered in the media fraction, suggesting that the loss of mature cathepsin D from 

the whole cell lysates does not correspond to its extracellular release. 

Both concanamycin A and chloroquine treatment caused an approximately 5-fold 

increase in the extracellular release of pro cathepsin D and a 2-fold increase for the 

mature form. Treatment with these agents also lead to the appearance of a 25 kDa 

band in the media samples in some experimental repeats. The mature cathepsin D 

light chain is expected to run at 14 kDa, thus this band is more likely corresponding 

to a degradation product of cathepsin D. Looking at the whole cell lysates, 

concanamycin A and chloroquine treatments both caused an increase in pro 

cathepsin D, whilst having little effect on intermediate and mature cathepsin D forms. 
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This is likely due to the neutralising effect that concanamycin A and chloroquine have 

on lysosomes, which will prevent the pH-dependent processing of pro-cathepsin D. 

Unlike chloroquine and concanamycin A treatment which promoted secretion of pro 

but not mature cathepsin D, nigericin caused an equivalent increase in the secretion 

of both pro and mature cathepsin D. Nigericin treatment did not have a strong impact 

on the absolute levels or the relative proportions of the intracellular cathepsin D 

species, expect for a mild increase in the intermediate form. These results exemplify 

how, despite all acting on the endolysosomal system, these agents lead to different 

downstream consequences.  

 

Figure 6.9 Effect of endolysosomal stress on extracellular release of cathepsin D 

A RPE1 FlpIn Parentals cells were treated for 3 hours with 2 µM nigericin, 500 µM LLOMe or 100 µM 

chloroquine or DMSO control in serum-free Opti-MEM media. Adherent cells were then lysed in NP40 

buffer. Media were collected and proteins were precipitated using TCA. Samples were analysed by 

western blotting and a representative western blot is shown. B Quantification of secreted cathepsin 

D in A. Values normalised to DMSO for each form of cathepsin D. n = 3. Each independent experiment 

is colour-coded. Bars represent mean ± SD. Angled line on y-axis represents a break in the axis. C 

Quantification of mean proportion of cellular cathepsin D forms in A as a function of total cathepsin D 

signal for each condition. n = 3. D Quantification of secreted cathepsin D in A. Values normalised to 

control for each form of cathepsin D. n = 3. Each independent experiment is colour-coded. Bars 

represent mean ± SD. 
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As the loss of mature cathepsin D after treatment with LLOMe did not lead to a 

corresponding increase in mature cathepsin D in the extracellular medium, I 

investigated whether it was subject to degradation by the proteasome or in some 

remaining functional residual lysosomes. RPE1 cells were treated with LLOMe in the 

presence of the proteasome inhibitor epoxomicin or concanamycin A (Figure 6.10). 

Neither treatment with epoxomicin nor concanamycin A prevented the LLOMe-

induced loss of mature cathepsin D, suggesting that it is not being degraded by either 

the proteasome or the lysosome.  

 

Figure 6.10 LLOMe treatment results in a loss of mature cathepsin D 

A RPE1 FlpIn Parentals cells were treated for 3 hours with 500 µM LLOMe alone or with co-treatment 

with 100 nM concanamycin A (ConA) or 100 nM epoxomicin (Epox) prior to lysis and analysis by 

immunoblotting. B Quantification of A. Values are normalised to vehicle control for each cathepsin D 

(CatD) species. Data from a single experiment, n = 1. 

 

To look at the dynamics of mature cathepsin D loss after LLOMe treatment, cells were 

treated with either 250 or 500 µM LLOMe, lysed after 15 , 30, 60, 90 or 120 minutes 

and the levels of cathepsin D analysed by western blotting (Figure 6.11A). A time-

course of nigericin treatment was also included and the blots were probed for other 
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markers of lysosomal damage, including p62, LC3 and pS106-Rab12. Treatment with 

LLOMe caused a time-dependent decrease in mature cathepsin D and increase of 

pro cathepsin D (Figure 6.11B). The loss of mature cathepsin D occurred faster with 

higher concentrations of LLOMe. This indicates that the loss of mature cathepsin D is 

not an ‘all-or-nothing’ response after lysosomal rupture and may be due to gradual 

leakage from lysosomes over time. As seen previously, nigericin treatment did not 

cause loss of mature cathepsin D but caused a mild increase in pro and intermediate 

forms of cathepsin D.  

Treatment with nigericin and LLOMe caused a comparable two-fold increase in Rab12 

phosphorylation over two hours (Figure 6.11C). In contrast, lipidation of LC3-I to LC3-

II was much more pronounced after LLOMe treatment compared to nigericin 

treatment. This suggests that there is no simple linear correlation between LC3 

conversion and Rab phosphorylation in response to endolysosomal stress. Both 

treatment with LLOMe and with nigericin caused a mild loss of p62 over time.  

After characterising the different effects of endolysosomal damage agents on 

cathepsin D, I investigated the effect of LRRK2 on these responses. RPE1 cells were 

pre-treated with MLi-2 for 15 minutes and then treated with chloroquine, LLOMe or 

nigericin. After 3 hours, conditioned media were collected and precipitated, adherent 

cells were lysed, and samples assessed for cathepsin D levels by immunoblotting 

(Figure 6.12). In the absence of lysosomal stress, inhibition of LRRK2 caused a mild 

decrease in the secretion of pro, intermediate and mature cathepsin D. In the 

presence of MLi-2, the nigericin-induced secretion of all forms of cathepsin D was 

mildly reduced. In contrast to published work, inhibition of LRRK2 did not reduce the 

secretion of intermediate cathepsin D in response to chloroquine treatment (Eguchi 

et al., 2018). Taken together, and with the caveat that these experiments require 

further validation with additional experimental repeats, this may suggest that in RPE1 

cells, LRRK2 plays a role in cathepsin D secretion at steady state and in response to 

endolysosomal stress triggered by nigericin, but not by chloroquine. However, the 

mechanism by which the different forms of cathepsin D are secreted, and how LRRK2 

plays a role in this, are not clear. Although the deacidification may cause an 

accumulation of unprocessed pro and intermediate forms of cathepsin D in the 

lysosome which are secreted via exocytosis in response to the endolysosomal 

stressors, the possibility that cathepsin D is secreted via the biosynthetic pathway 

under this setting cannot be excluded.   
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Figure 6.11 LLOMe treatment causes a time-dependent loss of mature cathepsin D 

A RPE1 FlpIn Parentals cells were treated with LLOMe (250 or 500 µM) or nigericin (2 µM) for the 

times indicated. DMSO and ethanol (EtOH) vehicle treatments were for 120 minutes. Cells were then 

lysed and analysed by immunoblotting. B Quantification of A. Data are normalised to untreated control 

for each form of cathepsin D. C Quantification of A. Data are raw intensity values. Data from a single 

experiment, n = 1. 
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Figure 6.12 Effect of LRRK2 on endolysosomal damage-induced cathepsin D secretion  

A RPE1 FlpIn Parental cells were pre-treated with 100 nM MLi-2 for 15 minutes before 3-hour 

treatment with 100 µM chloroquine (CQ), 500 µM LLOMe (LMe) or 2µM nigericin in serum-free Opti-

MEM media. Adherent cells were then lysed in NP40 buffer. Media were collected and proteins were 

precipitated using TCA. Samples were analysed by western blotting. B Quantification of secreted 

cathepsin D in A. Values normalised to DMSO for each form of cathepsin D. Duplicate samples from 

a single experiment, n = 1. Bars represent mean and range. 
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6.3.2 Assessment of the effect of endolysosomal stressors on LC3 

lipidation and recruitment to lysosomes  

Osmotic stress has been shown to trigger the activation of the canonical autophagy 

pathway, resulting in v-ATPase-dependent lipidation of LC3 to the lysosomal 

membrane (Florey et al., 2015). Treatment with chloroquine, LLOMe and nigericin 

have all been shown to activate both canonical and non-canonical autophagy 

pathways (Cross et al., 2023; Florey et al., 2015; Jacquin et al., 2017).  

To look at whether LLOMe and nigericin induced recruitment of LC3 to the lysosomes 

in RPE1 cells, the localisation of LC3 was assessed using immunofluorescence 

microscopy. Cells were treated with nigericin or LLOMe for 30 or 120 minutes and 

then fixed and stained with antibodies against LC3 and LAMP1 (Figure 6.13). In 

vehicle control-treated cells, LC3 showed a diffuse signal with few bright punctate 

structures. After 30 minutes treatment with LLOMe, LC3 recruitment to LAMP1 

positive lysosomes could be observed. After two hours, many LC3-positive lysosomes 

could be seen engulfed within enlarged LAMP1-positive structures. These structures 

may represent autolysosomes, wherein damaged lysosomes are in the process of 

being cleared through lysophagy. Only minimal recruitment of LC3 to lysosomes was 

observed in nigericin-treated samples at the 30-minute timepoint. After two hours of 

incubation, LC3 recruitment was more prominent but the majority did not co-localise 

with LAMP1. This suggests that at longer time points nigericin is triggering general 

autophagy or selective autophagy of other organelles.  

 

Figure 6.13 Endolysosomal damage triggers LC3 recruitment at lysosomes 

RPE1 FlpIn Parental cells were treated with 500 µM LLOMe or 2 µM nigericin, or DMSO or EtOH 

vehicle control, for 30 or 120 minutes as indicated, then fixed and stained with the indicated 

antibodies. Single slice images were acquired on a Zeiss LSM900 confocal microscope using a 63x 

objective. Scale bar 10 μm. Data from a single experiment, n = 1. 

 



196 
 

Next, I looked at the effect of nigericin, LLOMe and chloroquine treatment on LC3 

lipidation by western blotting (Figure 6.14). To investigate the contribution of non-

canonical autophagy to this response, cells were pre-treated with concanamycin A. 

As non-canonical autophagy is v-ATPase dependent, addition of concanamycin A 

should abrogate non-canonical autophagy-driven LC3 lipidation. To look at the role of 

PI(3,5)P2 and PIKfyve in the endolysosomal stress response, another set of 

conditions included pre-treatment with apilimod (Figure 6.14). 

Treatment with apilimod alone caused a small increase in Rab12 phosphorylation and 

LC3 lipidation. Concanamycin A treatment did not affect basal Rab12 phosphorylation 

but caused a small increase in LC3-II, as expected by inhibiting autophagy flux. 

LRRK2 inhibition decreased Rab12 phosphorylation and on its own did not trigger 

LC3 lipidation. Nigericin caused an increase in pS106-Rab12 and LC3-II levels, which 

were both further amplified by apilimod. This suggests that PIKfyve plays a negative 

regulatory role in nigericin-induced endolysosomal damage. Conversely, 

concanamycin A reduced both Rab12 phosphorylation and LC3-II levels, suggesting 

that the nigericin-induced endolysosomal damage response depends on v-ATPase 

activity. In contrast, Rab12 phosphorylation and LC3 lipidation induced by LLOMe 

treatment was insensitive to concanamycin A or apilimod. Chloroquine caused an 

increase in Rab12 phosphorylation and an accumulation of LC3-II. This was 

unaffected by inhibition of PIKfyve by apilimod. In the presence of concanamycin A, 

chloroquine-induced lipidation of LC3 and Rab12 phosphorylation was blunted. As 

expected, inhibition of LRRK2 reduced Rab12 phosphorylation but had little effect on 

LC3 lipidation induced by nigericin, LLOMe or chloroquine.  
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Figure 6.14 Effect of PIKfyve, v-ATPase and LRRK2 inhibition on the endolysosomal damage 
response  

A RPE1 FlpIn Parentals cells were pre-treated with 150 nM apilimod, 100 nM concanamycin A, 100 

nM MLi-2 or vehicle (DMSO) for 20 minutes before being treated for 2 hours with 2 µM nigericin, 500 

µM LLOMe, 100 µM chloroquine or a vehicle control (DMSO). Cells lysates were analysed by western 

blotting. A representative western blot is shown. B Quantification of A. Values are normalised to 

DMSO control. n = 2. Each independent experiment is colour-coded. Bars represent mean and range. 
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6.3.3 Assessment of the effect of endolysosomal stressors on 

recruitment of the ESCRT machinery to lysosomes  

Treatment with LLOMe has been shown to trigger the recruitment of ESCRT 

machinery components which function to repair the damaged lysosomal membrane 

(Radulovic et al., 2018; Skowyra et al., 2018). I wondered whether ESCRT recruitment 

to the lysosome is a specific response to LLOMe or is elicited by with other 

endolysosomal stressors. RPE1 cells were treated with LLOMe or nigericin for 30 

minutes before fixation and processing for immunocytochemistry, probing for 

CHMP2B and ALIX with the lysosomal markers CD63 and LAMP1 (Figure 6.15). 

CHMP2B is a component of the ESCRT-III complex which, along with VPS4, 

facilitates membrane deformation and sealing (McCullough et al., 2018). The 

assembly of the ESCRT machinery to sites of lysosomal damage is mediated by ALIX, 

which itself is recruited by the Ca2+ sensor ALG2 (Shukla et al., 2022; Skowyra et al., 

2018).  

In vehicle control cells, both CHMP2B and ALIX showed a weak, diffuse signal with 

no clear localisation to late endosomes/lysosomes. After 30 minutes of LLOMe, but 

not nigericin, treatment, CHMP2B and ALIX showed a striking relocalisation to 

lysosomes. This reveals yet another difference between the damage induced by 

nigericin versus LLOMe and suggests that nigericin does not disrupt the integrity of 

the lysosomal membrane. 

 

Figure 6.15 LLOMe treatment triggers recruitment of ESCRT machinery components to 
lysosomes 

RPE1 FlpIn Parental cells were treated with 500 µM LLOMe, 2 µM nigericin or vehicle control (EtOH) 

for 30 minutes, then fixed and stained with the indicated antibodies and DAPI (DNA). Single slice 

images were acquired on a Zeiss LSM900 confocal microscope using a 63x objective. Scale bar 10 

μm. Data from a single experiment, n = 1. 
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It has been previously shown that LRRK2 and Rab8a function in the recruitment of 

the ESCRT machinery to damaged lysosomes in macrophages (Herbst et al., 2020). 

The authors of the manuscript showed that in the absence of LRRK2 activity, achieved 

either by gene knockout or pharmacological inhibition, CHMP4B failed to be recruited 

to LLOMe-damaged lysosomes (Herbst et al., 2020). To investigate whether LRRK2 

was required for the recruitment of the ESCRT machinery in the face of lysosomal 

damage in RPE1 cells, cells were pre-treated with MLi-2 for 15 minutes before 

lysosomal damage was induced with LLOMe. Cells were treated with LLOMe for 15 

or 30 minutes and then fixed and stained with antibodies against CHMP2B and 

LAMP1 (Figure 6.16A). The number and average size of CHMP2B puncta within a 

cell over a set threshold value were quantified (Figure 6.16B). LAMP1 images were 

segmented to create a ‘lysosome mask’ which was then used to calculate the mean 

intensity of CHMP2B signal within the lysosome mask for each cell (Figure 6.16C). 

In control cells, few CHMP2B puncta were present. After 15- and 30-minutes 

treatment with LLOMe, a substantial amount of CHMP2B was recruited to lysosomes, 

illustrated by the increase in fluorescence signal and number of CHMP2B particles 

(>100 per cell) at lysosomes (Figure 6.16B and C). In the presence of LRRK2 

inhibition, CHMP2B recruitment was slightly reduced after 15, but not 30, minutes of 

LLOMe treatment.  
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Figure 6.16 ESCRT recruitment to damaged lysosomes proceeds in the presence of LRRK2 
inhibition  

A RPE1 FlpIn Parental cells were pre-treated with 100 nM MLi-2 or vehicle (DMSO) for 15 minutes 

and then treated with 500µM LLOMe for 15 or 30 minutes before fixation and staining with the 

indicated antibodies. Single slice images were acquired on a Zeiss LSM900 confocal microscope 

using a 63x objective. Scale bar 10 μm. B Quantification of the number and size of CHMP2B puncta 

per cell. Bars represent mean ± SD. 33-44 cells quantified per condition, n = 1. C Quantification of 

mean CHMP2B intensity within LAMP1 puncta per cell. Bars are mean ± SD. 33-44 cells quantified 

per condition, n = 1. 

 

6.3.4 Assessment of effect of endolysosomal stressors on 

Galectin-3 recruitment to lysosomes 

Upon rupture of the lysosomal membrane, a subset of galectins bind to the exposed 

carbohydrate-rich luminal tails of lysosomal transmembrane proteins (Aits et al., 

2015). As such, galectins can be used as markers of lysosomal damage. The 

galectins implicated in this process include galectin-1, galectin-3 and galectin-8 (Aits 

et al., 2015; Eapen et al., 2021; Jia et al., 2020, 2018). Galectin-3 has been shown to 
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be the primary galectin involved in lysosomal damage repair through co-ordinating 

the recruitment of the ESCRT machinery, whereas galectin-1 and galectin-8 promote 

lysosome clearance or lysosome biogenesis (Jia et al., 2020).  

I was unable to visualise recruitment of galectin-3 to lysosomes after LLOMe 

treatment in RPE1 cells using several commercially available antibodies. I therefore 

introduced a tagged galectin construct to investigate galectin recruitment. I made use 

of a recently described ‘lysokeima’ probe which allows assessment of lysophagy in 

live cells (Eapen et al., 2021). The lysokeima reporter consists of monomeric mKeima 

linked to galectin-3. As discussed in Section 5.3.2, under neutral pH, mKeima has an 

emission spectrum that peaks at 620 nm and an excitation spectrum that peaks at 

438 nm. Under acidic conditions, such as those within the lysosome, mKeima has an 

excitation spectrum which peaks at 550 nm while retaining the same emission 

spectrum. Therefore, the bimodal, pH-dependent excitation spectrum of mKeima 

facilitates the measurement of autophagic flux (Katayama et al., 2011). 

In the case of mKeima-Gal3, the construct is cytosolic at steady state and emits 

fluorescence when excited by a 455 nm laser. Upon rupture of the lysosomal 

membrane, it is recruited to the lumen of the damaged lysosomes (Figure 6.17A). As 

the damage neutralises the lysosomal pH, mKeima-Gal3 is still excited by the 455 

nm, but now has a punctate appearance. When the damaged lysosomes are 

autophagocytosed they retain a neutral pH until they fuse with functional lysosomes, 

creating an acidic environment and shifting the excitation peak of mKeima-Gal3. The 

lysokeima construct was stably introduced into the RPE1 FlpIn VPS35 WT 3B4 and 

[D620N] 1F3 cell lines using lentiviral transduction by Dr Hannah Elcocks. For 

experiments that weren’t focussed on VPS35, uninduced RPE1 FlpIn VPS35 WT 3B4 

lysokeima cells were used. 

Using this reporter line, I investigated whether galectin-3 recruitment was unique to 

rupturing dipeptides (e.g. LLOMe) or whether it could be triggered by other agents 

which disrupt the endolysosomal system. To do this, cells expressing the lysokeima 

reporter were treated with LLOMe, chloroquine and nigericin for one hour and imaged 

(Figure 6.17B). A set of samples where the drugs were washed out after one hour 

and chased for 12 hours were also included to look at the progression of lysophagy. 

In untreated cells, the construct gave a largely cytosolic signal at 455 nm excitation 

and some faint punctate structures at 561 nm excitation. One hour incubation with 

LLOMe caused a strong recruitment of the lysokeima reporter to pH neutral, damaged 

lysosomes which fluoresced at 455 nm excitation. In contrast, there was no 
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observable lysosomal recruitment of lysokeima after treatment with nigericin or 

chloroquine. After LLOMe washout, punctate structures appeared in the 561 nm 

channel, signalling that lysophagy had occurred and the lysokeima reporter was now 

in autolysosomes.  

To further understand the dynamics of lysophagy in the RPE1 cells, I repeated the 

LLOMe chase but this time acquired images at one-hour intervals following washout 

(Figure 6.17C). Unlike the previous experiment, some acidic lysokeima-positive 

lysosomes could be observed after one hour of LLOMe incubation. These could 

represent damaged lysosomes that have already undergone lysophagy or lysosomes 

which have undergone membrane repair via the action of the ESCRT machinery, and 

thus regained an acidic pH. In immunofluorescence experiments, I have observed 

LC3 puncta within enlarged lysosomes after 2 hours of LLOMe treatment (Figure 

6.13), so it is possible that lysophagy could proceed within this timeframe. After one 

hour of washout, there was an increase in the number of lysosomes which had 

undergone an excitation shift and fluoresced in the 561 nm channel. This further 

increased up until 6 hours after washout, at which point there were few neutral 

lysosomes remaining. This indicates that the bulk of lysophagy occurs within 6 hours 

of insult with LLOMe in RPE1 cells.  
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Figure 6.17 Assessment of lysophagy using lysokeima reporter 

A Schematic of lysokeima reporter. At steady state, the mKeima-Gal3 “lysokeima” construct is 

cytosolic and emits fluorescence when excited with a 455 nm laser. Upon lysosomal membrane 

damage, lysosomes are neutralised and lysokeima is recruited. Damaged lysosomes are 

autophagocytosed. When autophagosomes fuse with functional lysosomes, the environment 

becomes acidic and the mKeima undergoes a spectral shift to emit fluorescence when excited with a 

561 nm laser. B RPE1 FlpIn VPS35 WT 3B4 lysokeima cells (HA-VPS35 not induced with 

doxycycline) were treated with 500 µM LLOMe, 2 µM nigericin or 100 µM chloroquine and imaged 

after one hour of treatment or the treatments were washed out for 12 hours before imaging (1h + 12h 

chase). Live-cell images were acquired on a 3i spinning disk confocal microscope using a 63x 

objective. Scale bar 10 μm. Images were acquired by Dr Hannah Elcocks. Data from a single 

experiment, n = 1. C RPE1 FlpIn VPS35 WT 3B4 lysokeima cells (HA-VPS35 not induced with 

doxycycline) were treated with 500µM LLOMe for one hour. LLOMe was then washed out and live-

cell images were acquired at one-hour intervals on a 3i spinning disk confocal microscope using a 

40x objective. Scale bar 20 μm. Data from a single experiment, n = 1. 
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6.4 A role for VPS35 in the endolysosomal damage response 

6.4.1 Knockdown of VPS35 attenuates endolysosomal damage-

induced Rab phosphorylation 

As the [D620N] mutation in VPS35 has been shown to cause hyperphosphorylation 

of LRRK2-substrate Rabs, I wondered whether VPS35 influences LRRK2’s functions 

in the response to lysosomal damage. First, I investigated whether endogenous 

VPS35 was involved in LRRK2-mediated Rab phosphorylation in response to 

lysosomal damage. RPE1 FlpIn Parental cells were depleted of VPS35 using siRNA, 

then treated with nigericin, LLOMe or chloroquine for two hours before lysis and 

analysis of pS106-Rab12 levels by immunoblotting (Figure 6.18A). As in previous 

experiments (Figure 6.14), the strongest phosphorylation response was seen with 

nigericin (4-fold increase), which was significantly dampened upon depletion of 

VPS35 (Figure 6.18B). Likewise, the weaker Rab12 phosphorylation induced by 

LLOMe and chloroquine was also reduced by VPS35 depletion, although these 

changes did not reach significance. I also measured the levels of LC3 as another 

marker of endolysosomal damage. As seen previously (Figure 6.14), LLOMe 

treatment caused the greatest degree of LC3 lipidation, with a 14-fold increase in LC3-

II levels. In contrast to Rab12 phosphorylation, depletion of VPS35, if anything, 

enhanced LC3 lipidation induced by endolysosomal damage. 
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Figure 6.18 VPS35 is required for LRRK2-mediated Rab phosphorylation in response to 
lysosomal damage 

A RPE1 FlpIn Parental cells were treated with 40 nM of control (non-targeting #1; NT1) or VPS35 

(pooled) targeting siRNA oligonucleotides for 72 hours and then treated with 2 µM nigericin, 100 µM 

chloroquine, 500 µM LLOMe or vehicle (DMSO) for 2 hours prior to lysis and analysis by 

immunoblotting. A representative western blot is shown. B Quantification of A. Values are normalised 

to actin then to siNT1 DMSO only control. n = 3. Each independent experiment is colour-coded. Bars 

represent mean ± SD. One-way ANOVA with Šídák’s multiple comparisons test performed on values 

normalised to sum of signal within a replicate then to actin. * P < 0.05, *** P < 0.001. 

 

6.4.2 VPS35[D620N] amplifies endolysosomal damage-induced 

Rab phosphorylation 

Given that VPS35 appeared to play a role in the response to endolysosomal damage, 

I next investigated the effect of the [D620N] mutation in this context. RPE1 FlpIn 

VPS35 WT 3B4 and [D620N] 1F3 cells were induced to express HA-VPS35 for 24 

hours and then treated with either 0.1 or 2 µM nigericin for one hour. Rab 

phosphorylation was then assessed by immunoblotting (Figure 6.19A). As shown 

previously (Figure 6.5), treatment with nigericin induced a concentration-dependent 

increase in the phosphorylation of Rab10 and Rab12. At both concentrations of 

nigericin, Rab12 phosphorylation was significantly enhanced in induced RPE1 FlpIn 

VPS35 [D620N] cells compared with non-induced controls (Figure 6.19B). Moreover, 

VPS35[D620N] significantly enhanced pT73-Rab10 levels at the higher nigericin 
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concentration. This was not the case in the isogenic wild type VPS35-expressing cells. 

This demonstrates that the amplification effect is specific to the mutation and not due 

to VPS35 overexpression.  

To confirm that the enhancement in Rab phosphorylation seen in the [D620N] mutant 

cells in response to nigericin was mediated by LRRK2, cells were treated with 

nigericin in the presence of the LRRK2 inhibitor MLi-2 (Figure 6.20). For all cell lines, 

including those expressing VPS35[D620N], co-treatment with MLi-2 abolished 

nigericin-induced Rab phosphorylation. This confirms that the enhanced Rab 

phosphorylation observed in VPS35[D620N]-expressing cells is dependent on LRRK2 

kinase activity.  
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Figure 6.19 Mutation of VPS35 causes an enhancement of Rab10 and Rab12 phosphorylation 
in response to nigericin treatment  

A RPE1 FlpIn HA-VPS35 WT 3B4 and [D620N] 1F3 cells were induced with doxycycline for 24 hours 

before being treated with ethanol vehicle control or nigericin at the indicated concentrations for 60 

minutes, lysed and analysed by western blotting. B Quantification of A. Signals normalised to ‘WT – 

DOX’ vehicle control sample per replicate. n = 3. Each independent experiment is colour-coded. Bars 

represent mean ± SD. One-way ANOVA with Tukey’s multiple comparisons test performed on values 

normalised to sum of signal within a replicate. *** P < 0.001, **** P < 0.0001. 

 

 

 

Figure 6.20 LRRK2 mediates [D620N] sensitised Rab phosphorylation in response to nigericin  

A RPE1 FlpIn HA-VPS35 WT 3B4 and [D620N] 1F3 cells were induced with doxycycline for 24 hours 

before being treated with 2 µM nigericin or vehicle (EtOH) and 100 nM MLi-2 or vehicle (DMSO) for 

60 minutes, lysed and analysed by western blotting. A representative western blot is shown. B 

Quantification of A. Signals normalised to ‘WT – DOX’ vehicle only control treated samples per 

replicate. n = 3. Each independent experiment is colour-coded. Bars represent mean ± SD. One-way 

ANOVA with Tukey’s multiple comparisons test performed on values normalised to sum of signal 

within a replicate. ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
 

I next investigated whether the amplification of Rab phosphorylation seen after 

nigericin treatment in the VPS35[D620N] cells was specific to nigericin treatment or 

was common to other agents causing endolysosomal damage. To this end, I treated 
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cells with 50 µM or 500 µM LLOMe and analysed the levels of phopshoRab12 S106 

by western blotting (Figure 6.21A). At 500 µM LLOMe, but not 50 µM, a robust 

increase in Rab phosphorylation could be measured (Figure 6.21B). Upon 

expression of VPS35[D620N], treatment with 500 µM LLOMe led to a 4.7-fold 

increase in Rab12 phosphorylation, which was significantly higher than in uninduced 

and wild type-expressing cells. I also probed for the autophagy markers LC3 and p62. 

Treatment with 500 µM LLOMe caused an increase in lipidated LC3, which was not 

significantly altered by expression of wild type or [D620N] mutant VPS35. Total p62 

levels were not affected by LLOMe treatment not expression of wild type nor mutant 

VPS35. It was possible to discern a small upshift in the p62 band after LLOMe 

treatment, which I hypothesised could represent phosphorylation or ubiquitylation of 

p62. There was no difference to this upshift upon expression of wild type or [D620N] 

mutant VPS35.  

Next, I investigated whether the enhancement of LLOMe-induced Rab 

phosphorylation was LRRK2 dependent. Addition of the LRRK2 inhibitor MLi-2 

abolished all LLOMe-induced Rab phosphorylation in the absence and presence of 

VPS35 wild type and mutant expression (Figure 6.22).  
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Figure 6.21 Mutation of VPS35 causes an enhancement of Rab10 and Rab12 phosphorylation 
in response to LLOMe treatment  

A RPE1 FlpIn HA-VPS35 WT 3B4 and [D620N] 1F3 cells were induced with doxycycline for 24 hours 

before being treated with LLOMe at the indicated concentrations vehicle (EtOH) for 90 minutes, lysed 

and analysed by immunoblotting. A representative western blot is shown. B Quantification of A. 

Signals normalised to ‘WT – DOX’ vehicle control samples per replicate. n = 2 – 3 independent 

experiments. Each independent experiment is colour-coded. Bars represent mean ± SD. One-way 

ANOVA with Tukey’s multiple comparisons test performed on values normalised to sum of signal 

within a replicate. **** P < 0.0001. 
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Figure 6.22 LRRK2 mediates [D620N] sensitised Rab phosphorylation in response to LLOMe  

A RPE1 FlpIn HA-VPS35 WT 3B4 and [D620N] 1F3 cells were induced with doxycycline for 24 hours 

before being treated with 500 µM LLOMe or vehicle (DMSO) for 90 minutes. Cells were treated with 

100 nM Mli-2 or vehicle (DMSO) for one hour prior to lysis and analysis by immunoblotting. Data from 

a single experiment, n = 1. 

 

After establishing that the [D620N] VPS35 mutant enhanced Rab phosphorylation 

basally and under conditions of endolysosomal stress, I wondered whether this was 

reflecting greater recruitment of LRRK2 substrate Rabs to the lysosomal membrane. 

To investigate this, I performed subcellular fractionation to isolate total membrane and 

cytosol fractions from cells expressing wild type or [D620N] HA-VPS35 treated with 

nigericin or LLOMe for one hour prior to fractionation (Figure 6.23A). As expected, 

Rab12 phosphorylation was enhanced in control [D620N] cells compared to wild type 

when looking at the post-nuclear supernatant. This was further elevated after nigericin 

and LLOMe treatment. This pattern was mirrored in the membrane fraction (Figure 

6.23B). Little pS106-Rab12 was detectable in the cytosolic fraction. In cells 

expressing wild type VPS35, treatment with LLOMe and nigericin led to a ~1.5-fold 

increase in Rab12 at membranes. In VPS35 [D620N]-expressing cells, total Rab12 

levels were elevated in the membrane fractions at steady state, and this was not 

further increased by nigericin or LLOMe treatment. Looking at pS106-Rab12 levels at 
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membranes, this was elevated under basal conditions and further enhanced by 

nigericin and LLOMe treatment upon expression of [D620N] mutant, but not wild type 

VPS35.  

Analysis of LRRK2 levels revealed no difference in the amount associated to 

membranes in wild type and [D620N] mutant VPS35-expressing cells. Treatment with 

LLOMe caused a decrease in the amount of LRRK2 in the membrane fraction. This 

was surprising as LLOMe has previously been shown to trigger recruitment of LRRK2 

to the lysosomal membrane by immunofluorescence microscopy (Herbst et al., 2020). 

It is possible that the apparent loss of LRRK2 at membranes in this experiment is due 

to dissociation of LRRK2 from the lysosomes during fractionation. 

JIP4 is a Rab10 effector which preferentially binds to Rab10 when it is phosphorylated 

by LRRK2 at the T73 site (Waschbüsch et al., 2020). Furthermore, treatment with 

LLOMe has been shown to cause a recruitment of JIP4 to the lysosome where it 

orchestrates the formation of lysosomal tubules (Bonet-Ponce et al., 2020). I probed 

the fractionated samples for JIP4 to investigate whether I could observe this proposed 

recruitment to membranes following LLOMe treatment, and whether this was 

influenced by the VPS35[D620N] mutation. However, I could only detect JIP4 in the 

cytosolic fractions. 
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Figure 6.23 VPS35[D620N] enhances phosphorylated membrane-bound Rab12  

A Subcellular fractionation of RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells induced with 0.1 

μg/ml doxycycline for 24 hours and then treated with 500 µM LLOMe, 3 µM nigericin or vehicle control 

(DMSO) for 60 minutes. PNS; post nuclear supernatant, TPS; total protein stain. B Quantification of 

A. Signals normalised to ‘WT – DOX’ control samples per replicate. n = 2. Each independent 

experiment is colour-coded. Bars represent mean and range. 

 

Based on the finding that treatment with apilimod alone did affect Rab phosphorylation 

but potentiated nigericin-induced Rab phosphorylation (Figure 6.14), I wondered 

what the consequence of apilimod treatment would be in VPS35[D620N] mutant cells. 

To investigate this, RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 were induced with 

doxycycline, treated with apilimod for two hours and Rab12 phosphorylation was 

analysed by western blotting (Figure 6.24). In uninduced cells and cells expressing 

wild type VPS35, treatment with apilimod resulted in a very small increase in Rab 

phosphorylation (Figure 6.24B). In cells expressing [D620N] mutant VPS35, basal 
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Rab phosphorylation was elevated, and this was further increased by addition of 

apilimod. This suggests that PIKfyve inhibition may also activate LRRK2 to a small 

extent, which is more apparent when LRRK2 activity is already increased, such as 

when VPS35[D620N] is expressed.  

 

 

Figure 6.24 PIKfyve inhibition further increases Rab12 phosphorylation in RPE1 FlpIn 
VPS35[D620N] cells  

A RPE1 FlpIn HA-VPS35 3B4 and [D620N] 1F3 cells were induced with 0.1 µg/ml doxycycline for 24 

hours, then treated with 150 nM apilimod or vehicle (DMSO) for 2 hours prior to lysis and analysis by 

immunoblotting. A representative western blot is shown. B Quantification of A. Values normalised to 

‘WT – DOX’ control. n = 2. Each independent experiment is colour-coded. Bars represent mean and 

range.  

 

6.4.3 VPS35[D620N] does not affect basal lysosome morphology 

and distribution 

As cells expressing [D620N] mutant VPS35 displayed greater localisation of Rab12 

to membranes at steady state, I speculated whether the [D620N] mutation was 

causing lysosomal stress, which, in turn, was triggering LRRK2 activation. RPE1 FlpIn 

cells expressing wild type or [D620N] mutant HA-VPS35 were stained for LAMP1 by 

immunocytochemistry (Figure 6.25A). The average size of LAMP1 positive 

lysosomes was not significantly affected by expression of VPS35[D620N], suggesting 

that the mutation does not impact lysosomal morphology (Figure 6.25B). In addition, 

the distribution of lysosomes was assessed by plotting lysosome positioning curves 
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and found to be unaffected by wild type or [D620N] mutant VPS35 expression (Figure 

6.25C).  

RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were next stained with Lysotracker 

Red to visualise lysosomes by live-cell imaging (Figure 6.25D). In line with the 

immunofluorescence data, there were no differences in the lysosome size or 

distribution between wild type and [D620N]-expressing cells, nor between uninduced 

controls. Quantification of the intensity of Lysotracker puncta revealed no differences 

between the conditions (Figure 6.25E). Together, these results suggest that the 

[D620N] mutation does not cause overt lysosomal stress.  

 

Figure 6.25 VPS35[D620N] does not alter lysosomal morphology and positioning 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells were induced with doxycycline for 24 hours 

before fixation and staining with the indicated antibodies. Images were acquired on a Zeiss LSM900 

confocal microscope using a 63x objective. 10 µm scale bar. B Quantification of the average size of 



215 
 

LAMP1-positive lysosomes per cell. n = 3, 36-54 cells quantified per condition per experiment. Each 

independent experiment is colour-coded. Transparent circles with no outline represent values for each 

cell in an experiment, opaque circles with black outlines correspond to mean values for each 

experiment. Bars represent mean ± SD. C Mean cumulative LAMP1 intensity as a function of total 

LAMP1 intensity by concentric cell segmentation at 10% decrements. 36-54 cells quantified per 

condition, n = 3. Data represent mean ± standard deviation (not visible). D RPE1 FlpIn VPS35 WT 

3B4 and [D620N] 1F3 cells were induced with doxycycline for 24 hours and stained with Mitotracker 

Green and Lysotracker Red DND-99 before live-cell imaging using a 63x objective on a 3i spinning 

disk confocal microscope. Scale bar 10 μm. E Quantification of the intensity of Lysotracker particles. 

46 - 55 cells quantified per condition per experiment, n = 2. Each independent experiment is colour-

coded. Transparent circles with no outline represent values for each cell in an experiment, opaque 

circles with black outlines correspond to mean values for each experiment. Bars represent mean and 

range. 

 

6.4.4 VPS35[D620N] does not affect lysosome damaged-induced 

cathepsin D release 

Given that the [D620N] mutation in VPS35 was causing enhanced lysosomal stress-

induced Rab phosphorylation, I set out to investigate what the downstream 

consequences of this may be. As previous work in the literature and my work above 

(Figure 6.12 and Figure 6.16) has shown LRRK2 to play a role in lysosomal stress-

induced lysosomal exocytosis and ESCRT recruitment, these were the natural areas 

to explore.  

Therefore, I looked at the effect of the VPS35[D620N] mutation on cathepsin D levels 

in the context of lysosomal damage. Expression of HA-VPS35 was induced for 24 

hours in RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells and then adherent cells 

were washed thoroughly and incubated with nigericin in serum-free Opti-MEM media 

for 3 hours. The conditioned media were collected and subjected to protein 

precipitation using TCA and the adherent cells were lysed. The samples were then 

analysed by western blotting for cathepsin D (Figure 6.26A). Steady-state cellular 

levels of cathepsin D were unaltered by the [D620N] mutation, consistent with the 

results from a previous experiment (Figure 4.4). As previously shown (Figure 6.9), 

nigericin treatment caused an increase of pro, intermediate and mature cathepsin D 

into the media, which was unaffected by expression of either wild type or [D620N] 

VPS35. This suggests that, despite the enhanced LRRK2 activation in the 

VPS35[D620N] cells, secretion of lysosomal contents following nigericin treatment is 

not altered. This contrasts with pharmacological inhibition of LRRK2 activity, which 

decreased nigericin-induced cathepsin D secretion (Figure 6.12). 
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Figure 6.26 VPS35[D620N] does not affect nigericin-induced extracellular cathepsin D 
secretion 

A RPE1 FlpIn HA-VPS35 3B4 and [D620N] 1F3 cells were induced with 0.1 µg/ml doxycycline for 24 

hours before adherent cells were washed in PBS and treated with 2 µM nigericin or vehicle (EtOH) in 

serum-free Opti-MEM media for 3 hours. Media were collected and subjected to TCA protein 
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precipitation. Adherent cells were lysed in NP40 buffer. Samples were analysed by immunoblotting. 

B Quantification of A. Values are normalised to ‘WT – DOX’ vehicle control for each cathepsin D 

species. Data from a single experiment, n = 1. 

 

As LLOMe causes a rupture of the cell membrane and subsequent leakage of 

lysosomal contents, I wondered whether it would be possible to visualise the leakage 

of cathepsin D from the lysosome into the cytosol using subcellular fractionation. Total 

membranes were isolated from the cytosolic fraction by ultracentrifugation from 

induced RPE1 FlpIn VPS35 WT and [D620N] cells treated with LLOMe or nigericin 

(Figure 6.27). Western blot analysis of cathepsin D revealed that treatment with 

LLOMe, but not nigericin, caused a clear increase in mature and intermediate 

cathepsin D in the cytosolic fraction and a concomitant loss of these species in the 

membrane fraction (Figure 6.27B). This leakage of cathepsin D into the cytosol was 

not affected by expression of [D620N] mutant VPS35.  

In the basal condition, expression of VPS35[D620N] appeared to increase 

intermediate cathepsin D levels in the membrane fraction and PNS. However, in 

experiments looking at total cell lysates, an increase in intermediate cathepsin D as a 

result of VPS35[D620N] expression was not observed in one previous experiment 

(Figure 6.26) and another showed enhanced cathepsin D in uninduced RPE1 

VPS35[D620N] 1F3 cells (Figure 4.4), calling in to question how reproducible or 

meaningful this finding is. 



218 
 

 

Figure 6.27 VPS35[D620N] does not enhance leakage of mature cathepsin D into the cytosol  

A Subcellular fractionation of RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells induced with 0.1 

μg/ml doxycycline for 24 hours and then treated with 500 µM LLOMe, 3 µM nigericin or vehicle 

(DMSO) for 60 minutes. Samples analysed are the same as in Figure 6.23. A representative western 

blot is shown. PNS; post nuclear supernatant, TPS; total protein stain. B Quantification of A. Signals 

normalised to WT - DOX control samples per replicate. n = 2. Each independent experiment is colour-

coded. Bars represent mean and range. One-way ANOVA with Šídák’s multiple comparisons test. ns, 

not significant.  

 

6.4.5 VPS35[D620N] does not affect ESCRT recruitment in 

response to lysosomal damage 

The western blots from the subcellular fractionation experiments described in 

Sections 6.4.2 and 6.4.4 were also probed for ESCRT machinery components to see 

if their recruitment to membranes in response to LLOMe treatment was affected by 

the [D620N] mutation in VPS35 (Figure 6.28). As seen previously by 

immunofluorescence (Figure 6.15 and Figure 6.16), LLOMe induced the recruitment 

of ALIX to the membranes (Figure 6.28). There was also a small increase in ALIX 

with nigericin treatment, despite not seeing ALIX localisation to lysosomes by 

immunofluorescence microscopy previously (Figure 6.15). Treatment with LLOMe 

caused the loss of a lower molecular weight band in the membrane fraction. One of 
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my colleagues, Francesca Frigenti, has performed siRNA knockdown of ALIX in HeLa 

cells and has shown that the bands at approximately 85 and 100 kDa are both 

specific. These may represent different ALIX isoforms or unmodified and post-

translationally modified forms of ALIX. Accordingly, quantification of ALIX signal was 

performed including both bands (Figure 6.28B). Neither the banding pattern nor the 

amount of ALIX recruited to membranes in response to endolysosomal damage was 

affected by the expression of the [D620N] mutant.  

Furthermore, at a higher exposure, the appearance of an additional band above ALIX 

could be seen after treatment with LLOMe which I would suggest represents a 

monoubiquitylated species. ALIX has recently been identified in a ubiquitylomics 

study investigating the effect of one-hour LLOMe treatment in HeLa cells (Kravić et 

al., 2022). The ESCRT-0 component HRS was also identified as being ubiquitylated 

after LLOMe treatment in the ubiquitylomics experiment described above, despite a 

previous study failing to observe HRS recruitment to lysosomes upon LLOMe 

treatment using immunofluorescence microscopy (Radulovic et al., 2018). In light of 

this, I probed the fractionation blots for HRS and quantified the levels of membrane-

localised HRS (Figure 6.28B). There was a mild increase in membrane HRS following 

LLOMe, but not nigericin, treatment. Furthermore, like ALIX, LLOMe treatment led to 

the appearance of an additional modified membrane-bound form of HRS that may 

represent ubiquitylation. Expression of VPS35[D620N] did not affect the levels or 

banding pattern of HRS at membranes basally or following endolysosomal damage.  

Rab7 was also identified by and Kravić and colleagues to be ubiquitylated following 

LLOMe treatment (Kravić et al., 2022). Given this finding and the close link between 

Rab7 and retromer, I also analysed the membrane cytosol distribution of Rab7. 

Treatment with LLOMe induced a clear downshift in the Rab7 band in both the post-

nuclear supernatant and the membrane fraction. As this is also seen in the 

membrane-bound fraction, the lower band is unlikely to represent Rab7 that is not 

geranylgeranylated because this would be unable to be localised to membranes. It is 

possible that at steady state in RPE1 cells, Rab7 is post-translationally modified and 

this modification is lost with LLOMe treatment, and this accounts for the downshift. 

Expression of wild type or [D620N] mutant VPS35 did not affect the total levels of 

Rab7 at membranes nor the electrophoretic mobility following LLOMe treatment.  
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Figure 6.28 VPS35[D620N] does not affect ESCRT recruitment to membranes in response to 
endolysosomal damage  

A Subcellular fractionation of RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 cells induced with 0.1 

μg/ml doxycycline for 24 hours and then treated with 500 µM LLOMe or 3 µM nigericin or vehicle 

(DMSO) for 60 minutes. A representative western blot is shown. Samples analysed are the same as 

in Figure 6.23 and Figure 6.27. TPS; total protein stain. B Quantification of A. Signals normalised to 

WT - DOX DMSO samples per replicate. n = 2. Each independent experiment is colour-coded. Bars 

represent mean and range.  

 

To further corroborate that the [D620N] mutation did not affect recruitment of the 

ESCRT machinery following lysosomal damage, ESCRT recruitment to lysosomes 

was also analysed by immunofluorescence microscopy. RPE1 FlpIn VPS35 WT and 

[D620N] cells were treated with LLOMe for 30 or 120 minutes and then fixed and 

stained for ALIX or CHMP2B and counterstained for LAMP1 and CD63, respectively 
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(Figure 6.29). The number and total area of CHMPB2B and ALIX puncta were then 

quantified, along with the intensity of their signal within a lysosome mask (Figure 

6.29B and C). After 30 minutes of LLOMe treatment, I found an increase in the overall 

number of ALIX and CHMP2B puncta present within cells, which declined slightly with 

120 minutes of LLOMe treatment. This was mirrored by an increase in the signal 

intensity at lysosomes, indicating the recruitment of the ESCRT machinery to this 

compartment. Expression of VPS35 [D620N] did not affect the number, total area nor 

lysosomal signal intensity of CHMP2B or ALIX compared to cells expressing wild type 

VPS35, confirming the subcellular fractionation results above.  
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Figure 6.29 VPS35 [D620N] does not affect recruitment of the ESCRT machinery to lysosomes 
following LLOMe treatment 

A RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 (DN) cell lines were induced with doxycycline for 24 

hours. Cells were then treated with 500 µM LLOMe (30 or 120 minutes) or vehicle (DMSO, 120 

minutes) prior to fixation and staining with the indicated antibodies. Scale bar 10 µm. B Quantification 
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of the number and total area of ALIX puncta and mean ALIX intensity within lysosomes per cell. n = 

1, > 37 cells quantified per condition. Bars represent mean ± SD. C RPE1 FlpIn VPS35 WT 3B4 and 

[D620N] 1F3 cell lines were induced with doxycycline for 24 hours. Cells were then treated with DMSO 

vehicle control (120 minutes) or 500 µM LLOMe (30 or 120 minutes) prior to fixation and staining with 

the indicated antibodies. Scale bar 10 µm. D Quantification of the number and total area of CHMP2B 

puncta and mean CHMP2B intensity within lysosomes per cell. n = 1, > 37 cells quantified per 

condition. Bars represent mean ± SD. 

 

6.4.6 VPS35[D620N] impairs the recovery from lysosomal damage 

As the mechanisms by which lysosomes try to repair damage did not appear to be 

affected by the [D620N] mutation, I wondered whether clearance of damaged 

lysosomes might be affected. LLOMe-damaged lysosomes have previously been 

shown to be cleared via both canonical and non-canonical autophagy (CASM) 

pathways (Cross et al., 2023; Maejima et al., 2013). Both pathways induce the 

recruitment of LC3 to the lysosome. To investigate whether LC3 recruitment was 

affected by the expression of VPS35 [D620N], RPE1 FlpIn cells expressing wild type 

or [D620N] HA-tagged VPS35 were treated with LLOMe for two hours and fixed and 

stained for LC3 and LAMP1. To assess resolution from lysosome damage, one set of 

samples had the LLOMe-containing media replaced and the cells were left to recover 

in fresh media for 16 hours (Figure 6.30A). After two hours of treatment with LLOMe, 

LC3 was clearly recruited to lysosomes (Figure 6.30B). Quantification of the number 

and average size of LC3 puncta and the total area occupied by LC3 per cell revealed 

no significant differences between wild type and [D620N] VPS35-expressing cells at 

this time point (Figure 6.30C-E). Following wash out of LLOMe, LC3 punctate staining 

reduced back to near-baseline levels in wild type VPS35-expressing cells. In contrast, 

in cells expressing VPS35[D620N], some LC3 puncta persisted after the washout. In 

some experiments this manifested as a greater number of LC3 puncta, and in others 

the remaining LC3 puncta were larger. Across three replicate experiments, there was 

a clear trend towards an increase in number (Figure 6.30C) and size (Figure 6.30D) 

of LC3 puncta. Computation of total area of the cell occupied by LC3 puncta, which 

combines information about their number and size, revealed this to be significantly 

increased by the [D620N] mutation (Figure 6.30E). This suggests that the [D620N] 

mutation in VPS35 impairs the ability to resolve lysosomal damage.  
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Figure 6.30 VPS35 [D620N] impairs LC3 clearance following lysosomal damage  

A Schematic of experimental set-up B RPE1 FlpIn VPS35 WT 3B4 and [D620N] 1F3 (DN) cells were 

induced with doxycycline for 24 hours and then treated with 500 µM LLOMe or vehicle (DMSO) control 

for 2 hours. Cells were either fixed or LLOMe was chased out for 16 hours and then the cells were 

fixed and stained with the indicated antibodies. Scale bar 10 µm. C-E Quantification of the number 

(C), average size and total area (E) of LC3 puncta per cell. > 20 cells quantified per condition per 

repeat, n = 3. Each independent experiment is colour-coded. Transparent circles with no outline 

represent values for each cell in an experiment, opaque circles with black outlines correspond to 

mean values for each experiment. Bars represent mean ± SD. Paired Student’s t-tests. * P < 0.05.  

 

The [D620N] mutation in VPS35 has previously been shown to impair autophagy 

(Zavodszky et al., 2014). To confirm whether the failure to resolve lysosomal damage 

was due to a general dysfunction in autophagy or specific to lysophagy, RPE1 FlpIn 

VPS35 WT and [D620N] cells were treated with concanamycin A to block 

autolysosome fusion and inhibit autophagy flux. LC3 conversion was then measured 
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by immunoblotting (Figure 6.31A). As expected, treatment with concanamycin 

caused an increase in LC3-II levels and a mild rise in p62, consistent with a block in 

autophagosome turnover. Lipidation of LC3 was not differentially affected in the wild 

type and [D620N]-expressing cell lines (Figure 6.31B). Levels of p62 were mildly 

elevated in [D620N] 1F3 cells before and after concanamycin A treatment, however 

this was also the case in uninduced cells, suggesting a clonal variation. Altogether, 

these results suggest that general autophagic flux is not affected by the VPS35 

[D620N] mutation. 

 

 

Figure 6.31 VPS35[D620N] does not impair general autophagy 

A RPE1 FlpIn HA-VPS35 3B4 and [D620N] 1F3 cells were induced with 0.1 µg/ml doxycycline for 24 

hours, then treated with 100 nM concanamycin A for 2 hours prior to lysis and analysis by 

immunoblotting. B Quantification of A. Values normalised to sum of all bands in a replicate. n = 2. 

Each independent experiment is colour-coded. Bars represent mean and range. 
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6.5 Discussion 

6.5.1 Pharmacological endolysosome stressors elicit different 

phenotypes 

Multiple ion channels and transporters are responsible for maintaining a concentration 

gradient for protons and other ions across the lysosomal membrane (Freeman et al., 

2023). Maintenance of this environment is key to the degradative function of 

lysosomes. However, this makes them particularly sensitive to perturbations by 

various ionophores and weak bases, which can have wide-ranging consequences for 

the cell.  

In this chapter, I have investigated the actions of three compounds reported to cause 

lysosomal damage and LRRK2 activation, LLOMe, nigericin and chloroquine, and I 

have studied the signatures of lysosomal damage they produce. The phenotypes 

induced by the different agents are summarised in Table 6.3 below.  

Table 6.3 Summary of the different lysosomal phenotypes observed in response to treatment 
to the lysosome stressors chloroquine, LLOMe and nigericin 
 

 Chloroquine LLOMe Nigericin 

Morphology Enlarged Enlarged Slightly enlarged 

Distribution Perinuclear Perinuclear Peripheral 

pH Increased Increased Increased 

Lysotracker staining Decreased Increased Decreased 

LC3 lipidation 
Yes, v-ATPase 

dependent 

Yes, v-ATPase 

independent  

Yes, v-ATPase 

dependent 

Rab phosphorylation Increased Increased Increased 

ESCRT recruitment - Yes No (?) 

Gal3 recruitment No Yes No 

Cathepsin D 
Released 

extracellularly 

Released into 

cytosol 

Released 

extracellularly 

 

As expected, chloroquine caused swelling of lysosomes and no change to their 

abundance. LLOMe also caused enlarged swollen lysosomes, in agreement with 

previous reports, but caused a decrease in their number (Herbst et al., 2020; Repnik 

et al., 2017; Tan and Finkel, 2022; Vest et al., 2022). It is possible that rather than 

osmotic swelling, the enlarged lysosomes seen upon LLOMe treatment are large 

autolysosomes that have engulfed damaged lysosomes, and as such the decrease in 

lysosome number represents their clearance. Upon nigericin treatment, I observed 
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only some minor swelling in a subset of lysosomes. In a previous study, two-hour 

treatment with nigericin was reported to cause an enlargement of lysosomes in 

MCF10A mammary epithelial cells (Lee et al., 2020). However, this effect was 

recorded in ATG13 knockout cells and the effect of nigericin on wild-type cells was 

not reported.  

Clustering of lysosomes in the perinuclear region can be induced by lysosomal stress, 

nutrient starvation and mTORC inactivation (Cabukusta and Neefjes, 2018). In line 

with a previous report, I found that LLOMe triggered perinuclear clustering of 

lysosomes (Kluss et al., 2022). Chloroquine treatment also showed a perinuclear shift 

of lysosome distribution. In contrast, I observed a dispersal of lysosomes to the 

periphery following nigericin treatment. These peripheral clusters of lysosomes are 

reminiscent of the phenotype observed by Kluss and colleagues following JIP4 

knockout or Arl8 overexpression (Kluss et al., 2022). As nigericin induced the release 

of cathepsin D into the extracellular media, it is possible that this peripheral, plasma 

membrane proximal population of lysosomes is primed to undergo exocytosis and 

release their contents. 

Nigericin, chloroquine and LLOMe all caused alkalinisation of lysosomes. This was 

evident by the loss of Lysotracker staining following nigericin and chloroquine 

treatment. Although I observed an overall increase in staining intensity of Lysotracker 

with LLOMe that is suggestive of increased acidification (discussed below), the 

lysokeima experiments told a different story. Following LLOMe treatment, the 

lysokeima mKeima-Gal3 construct relocalised to lysosomes that were pH neutral, 

suggesting that LLOMe does cause an alkalinisation of damaged lysosomes. 

The increase in Lysotracker staining following LLOMe treatment I observed stands in 

contrast to previous reports which have shown a loss of Lysotracker staining after 

treatment with LLOMe (Eriksson et al., 2020; Jia et al., 2020; Radulovic et al., 2018). 

However, it is worth noting that following an initial reduction in Lysotracker staining, 

Radulovic and colleagues observed that Lysotracker staining was recovered within 

30-60 minutes (Radulovic et al., 2018). In fact, their experiments show that 

fluorescence continued to increase to above the level recorded before addition of 

LLOMe. The authors showed that this was indicative of lysosomal membrane repair. 

It is possible that after an hour of treatment I had already missed the initial leakage of 

Lysotracker probe from lysosomes after membrane permeabilisation and was 

witnessing the subsequent reaccumulation after membrane repair. However, it should 

be noted that in my experiments, the Lysotracker dye was removed before the LLOMe 
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insult, and so it might be assumed that the concentration was not high enough to 

facilitate re-staining after repair. Alternatively, it is also possible that these high 

intensity puncta I observed represent autophagocytosed lysosomes which have been 

targeted for clearance via lysophagy. It would be beneficial to look at this with time-

lapse microscopy starting immediately after LLOMe addition to see if there is an initial 

loss of Lysotracker signal which is then regained before the one-hour timepoint that 

was used in my experiments.  

Nigericin, chloroquine and LLOMe all induced lipidation of LC3, signalling the 

activation of autophagy. Treatment with LLOMe has been shown to trigger lysophagy 

via the ubiquitin-dependent selective autophagy machinery (Maejima et al., 2013). It 

is possible the monoubiquitylation that I may have observed on membrane-associated 

ALIX and HRS serves as a signal to trigger lysophagy as monoubuitylation of 

substrates has previously been shown to be sufficient to trigger selective autophagy 

(Kim et al., 2008). Furthermore, I also observed recruitment of Gal3 (lysokeima) 

following LLOMe treatment, which is reported to recruit the E3 ligase TRIM16 and the 

ULK1 complex to promote lysophagy (Chauhan et al., 2016).  

It has been previously shown that chloroquine, nigericin and LLOMe all trigger v-

ATPase-dependent non-canonical autophagy at the lysosomal membrane (Cross et 

al., 2023; Hooper et al., 2022; Jacquin et al., 2017). I observed a failure of cells treated 

with nigericin and chloroquine to accumulate lipidated LC3 when the v-ATPase was 

inhibited, which is consistent with these agents activating non-canonical autophagy in 

RPE1 cells. In contrast, LC3-II levels following LLOMe treatment were not affected by 

the presence of concanamycin A. This suggests that LC3-II recruitment is not formed 

by non-canonical autophagy mechanisms in this setting but instead reports on the 

engagement of the selective autophagy machinery for execution of lysophagy.  

The contribution of CASM to driving LC3 recruitment at the lysosome has been 

proposed to be most important in the acute phase of LLOMe treatment (Cross et al., 

2023). Therefore, it is possible that at the two hours of LLOMe treatment used in my 

experiments, the contribution of the non-canonical autophagy to LC3 lipidation is 

negligible compared to that of the canonical autophagy pathway and so shows little 

v-ATPase dependence. Repeating the experiment using shorter LLOMe treatments 

might yield a different result. 

6.5.2 All roads lead to LRRK2 activation  

Despite causing different changes to lysosome pH, morphology, distribution, 

membrane integrity, and fate (lysophagy via LC3 recruitment, or secretion of contents) 
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the unifying feature of the compounds tested was that they induced LRRK2-

dependent Rab phosphorylation. This raises the question of how these diverse insults 

trigger LRRK2 recruitment and activation. 

Given that all three compounds cause deacidification of lysosomes, it could be 

proposed that an increase in lysosome pH triggers LRRK2 recruitment by an unknown 

mechanism. This hypothesis has recently been put forward by the Grinstein lab, who 

have shown that dissipation of endosomal pH by co-treatment with nigericin and 

concanamycin A causes recruitment of LRRK2 to Rab5- and Rab7-positive 

endosomal structures and phosphorylation of Rab10 and Rab12 (Maxson et al., 

2023). The authors showed that LRRK2 recruitment lead to vacuolation of endosomes 

and altered the activation state of Rab5 and Rab7, leading to their increased retention 

at endosomal membranes (Maxson et al., 2023). However, in my hands, treatment 

with the v-ATPase inhibitor concanamycin A caused an increase in lysosomal pH, yet 

failed to trigger Rab12 phosphorylation, suggesting that the mechanism by which 

LRRK2 is activated is not as straightforward as simply sensing dissipated pH. In fact, 

in contrast to the previously reported finding, I observed that inhibition of the v-ATPase 

with concanamycin A dampened nigericin and chloroquine-induced Rab 

phosphorylation. Concanamycin A inhibits v-ATPase proton pump activity by driving 

the dissociation of the V0 and V1 domains. Could the correct assembly of the v-

ATPase be an important component in the sensing of lysosomal damage by LRRK2? 

Indeed, LRRK2 has been shown to interact with the a1 subunit of the V0 domain of 

the v-ATPase, thus it is possible that LRRK2 requires a fully assembled v-ATPase for 

recruitment (Wallings et al., 2019). Disruption of the lysosomal ion concentration and 

pH has been shown to drive engagement between the V0 and V1 subunits to regain 

normal lysosomal pH (Hooper et al., 2022). For activation of non-canonical 

autophagy, it is the proper assembly of the V-ATPase at the lysosomal membrane 

that is important, rather than its ability to transport H+ (Hooper et al., 2022). It would 

be interesting to see if saliphenylhalamide, a v-ATPase inhibitor which blocks pump 

function but prevents its disassembly, also reduced nigericin-induced Rab 

phosphorylation. This would shed light on whether it is the proton pumping function 

or assembly of the V0-V1 v-ATPase complex that is necessary for the LRRK2 

response to chloroquine and nigericin. Inhibition of the v-ATPase activity did not 

impact on Rab phosphorylation following LLOMe treatment. This suggests that 

LRRK2 may be recruited by a different mechanism altogether or is capable of being 

activated by different stimuli.  
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Another hypothesis for the mechanism of LRRK2 recruitment is that LRRK2 may be 

sensitive to osmotic imbalance and changes in lysosomal size. This is supported by 

the fact that LLOMe and chloroquine both induce lysosomal enlargement and Rab 

phosphorylation. However, I failed to observe any overt lysosomal swelling following 

nigericin treatment yet recorded a robust increase in Rab phosphorylation. Secondly, 

treatment with apilimod caused a dramatic swelling of lysosomes yet, when added 

alone, had a minimal effect on Rab phosphorylation. Overall, this suggests that 

lysosome size is not a sufficient trigger for LRRK2 activation.  

Treatment with apilimod enhanced Rab phosphorylation and LC3 lipidation induced 

by nigericin, suggesting that phospholipid levels are important in the response to 

lysosomal damage. The tonic inhibitory effect of PI(3,5)P2 on the lysosomal chloride 

channel ClC-7 has been shown to be important for regulating lysosomal pH (Leray et 

al., 2022). Inhibition of PIKfyve by apilimod will reduce PI(3,5)P2 levels and so relieve 

this block, leading to chloride efflux and H+ influx. Apilimod and nigericin may have an 

additive effect of disrupting lysosomal ion imbalance and stress. It is also possible 

that there is a more direct relationship between PIKfyve and LRRK2, that only 

becomes more apparent when paired with heightened LRRK2 activity by another 

means, akin to the effect I have seen with the [D620N] mutation. It has recently been 

shown that inhibition of VPS34 triggers LRRK2 recruitment to endosomes and 

subsequent Rab phosphorylation (Rinaldi et al., 2023). However, this was only 

observed in cells expressing hyperactivating mutant LRRK2 variants, and not wild 

type LRRK2. As VPS34 and PIKfyve are both part of the phosphoinositide pathway, 

it is possible we are seeing a similar phenomenon and phospholipid identity is 

important for LRRK2 recruitment and activation. 

6.5.3 The role of LRRK2 in the lysosomal damage response 

6.5.3.1 Lysosome positioning 

When considering a possible relationship between LRRK2 and lysosomal positioning, 

it raises a ‘chicken and egg’ dilemma. Does the repositioning of lysosomes increase 

LRRK2 activation or does LRRK2 activation drive the movement of lysosomes to the 

perinuclear area? Kluss and colleagues reported that the retrograde movement of 

lysosomes to the perinuclear cloud is required for Rab10 phosphorylation (Kluss et 

al., 2022). Knockout of JIP4 or overexpression of Arl8 or SKIP, which caused 

peripheral dispersal of lysosomes, reduced Rab10 phosphorylation (Kluss et al., 

2022). Conversely, overexpression of RILP, which caused lysosomal clustering, 

increased Rab10 phosphorylation. However, none of these interventions affected 
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Rab12 phosphorylation, showing there may be a distinct set of conditions required for 

LRRK2 to activate different substrate Rabs (Kluss et al., 2022). 

Rab phosphorylation by LRRK2 increases their interaction with certain effectors: 

RILPL1 (Rab8A, Rab10), RILPL2 (Rab8A), JIP3 (Rab10) and JIP4 (Rab10) (Ito et al., 

2023; Steger et al., 2017; Waschbüsch et al., 2020). It follows that increased LRRK2 

activation would drive engagement of Rab10 with JIP4, promoting lysosome motility 

towards the perinuclear region. In addition to JIP4, two recent studies have found that 

LRRK2 may control lysosome positioning via RILPL1 (Ito et al., 2023; Pal et al., 2023). 

Ito and colleagues found that overexpression of hyperactive LRRK2 variants drove 

perinuclear clustering of lysosomes in a manner dependent on Rab12 and RILPL1 

(Ito et al., 2023). Supporting this concept, Pal and colleagues have shown that upon 

lysosomal damage, LRRK2-dependent phosphorylation of Rab8A and Rab10 drives 

the formation of a RILPL1:TMEM55B complex at the lysosome (Pal et al., 2023). 

TMEM55B has also previously been shown to recruit JIP4 to the lysosome to promote 

perinuclear clustering, providing another possible layer to the regulation of lysosome 

motility (Willett et al., 2017). Taken together, these studies strongly suggest that 

LRRK2 can regulate positioning of lysosomes within the cell. 

It is interesting then, that in response to nigericin, I observed an accumulation of 

lysosomes at peripheral sites yet also saw Rab10 phosphorylation. As the 

phosphatase for Rab10, PPM1H, is located at the Golgi (Berndsen et al., 2019), it is 

possible that the increased Rab phosphorylation under these conditions is, in part, 

amplified due to this physical separation of lysosome-localised Rabs and Golgi-

localised PPM1H. 

Interestingly, phosphorylation of Rab7 by LRRK1 promotes its interaction with RILP, 

stimulating movement of Rab7-positive vesicles towards the perinuclear area 

(Hanafusa et al., 2019). This finding supports a central role for LRRK-family proteins 

in regulating endolysosomal positioning.  

6.5.3.2 Extracellular release of lysosomal contents 

LRRK2 has been proposed to regulate lysosomal swelling and extracellular secretion 

of lysosomal contents (Eguchi et al., 2018). In contrast to this previous report, I failed 

to observe a change in chloroquine-induced extracellular release of cathepsin D 

following LRRK2 inhibition (Eguchi et al., 2018). However, in RPE1 cells, basal, as 

well as nigericin-induced, cathepsin D secretion was mildly reduced in the presence 

of MLi-2. These findings suggest that LRRK2 may promote lysosomal secretion. The 



232 
 

difference in response to different agents compared with the aforementioned study 

may represent cell type specific differences.  

Eguchi and colleagues showed that treatment with chloroquine caused a LRRK2 

dependent recruitment of the Rab8/10 effectors EHBP1 and EHBP1L1 which then 

promoted the release of lysosomal contents outside of the cell (Eguchi et al., 2018). 

Unlike in the case of RILPL1 and RILPL2, the binding of Rab8a to EHBP1 was not 

affected by its phosphorylation state (Eguchi et al., 2018; Steger et al., 2017). This 

may suggest that this pathway is promoted by the accumulation of Rab8 and Rab10 

at membranes as they become resistant to extraction by GDIs in their phosphorylated 

state, rather than a switch in their binding affinity for specific effectors (Eguchi et al., 

2018; Steger et al., 2017, 2016).  

Unlike chloroquine and nigericin, treatment with LLOMe caused an apparent loss of 

cathepsin D from whole cell lysates, which was not recovered in the media. 

Subcellular fractionation also experiments revealed a redistribution of cathepsin D 

from membrane compartments to the cytosol upon LLOMe treatment. It is possible 

that the loss observed in total cell lysates represents the degradation of cathepsin D 

by cytosolic proteases such as calpains and caspases (Huang and Wang, 2001; 

Zhivotovsky et al., 1999). 

6.5.3.3 ESCRT recruitment 

LLOMe, but not nigericin, triggered recruitment of the ESCRT machinery to 

lysosomes. Inhibition of LRRK2 caused a mild decrease in the recruitment of ESCRT 

components after 15 minutes of LLOMe treatment, but this decrease was no longer 

seen after 30 minutes. The data came from a single experiment and so warrants 

repeating to ensure this is significant. However, this may signify that in RPE1 cells 

LRRK2 is not essential but may be rate-limiting for the initial recruitment of ESCRTs 

following lysosomal damage. With sustained insult, this difference may no longer be 

apparent. In addition, it is possible that a secondary LRRK2-independent mechanism 

of ESCRT recruitment takes over. This could align with the hypothesis outlined by Jia 

and colleagues, who proposed that there is an acute phase of ESCRT recruitment 

that is dependent on calcium and a secondary phase reliant on galectin 3 (Jia et al., 

2020). In another study, chelation of calcium ions using BAPTA reduced LRRK2 

recruitment, Rab phosphorylation and CHMP4B recruitment following lysosomal 

damage, supporting a role for LRRK2 in an acute, Ca2+-dependent phase (Herbst et 

al., 2020). However, the authors of the manuscript also showed less galectin 3 
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recruitment in the absence of LRRK2, which could suggest a more general role for 

LRRK2 than specifically in the ESCRT-mediated repair pathway.   

In my hands, only treatment with LLOMe triggered the recruitment of ESCRT 

components and galectin 3 to lysosomes. This suggests that LLOME is the only 

lysosomal damage inducing agent amongst the ones I used that causes breaks in the 

lysosomal membrane which need to be repaired and exposes luminal carbohydrates 

to which galectin 3 will bind. As treatment with nigericin and chloroquine also cause 

LRRK2 activation, a role in the ESCRT-mediated response cannot be the sole 

function of LRRK2 at the lysosome.  

6.5.3.4 Activation of autophagy pathways 

I found that inhibition of LRRK2 neither enhanced nor inhibited lysosomal damage-

induced LC3 lipidation. This finding suggests that LRRK2 does not play a direct role 

in the activation of CASM or lysophagy following lysosomal damage. Despite causing 

similar levels of Rab phosphorylation, LLOMe and nigericin caused different degrees 

of LC3 lipidation. This lack of correlation further suggests that the LRRK2 

phosphorylation response is separate from the induction of autophagy. 

However, it is possible that LRRK2 indirectly influences autophagy pathways. If 

LRRK2 is playing a role in the recovery of damaged lysosomes, either by removal of 

undegraded cargo or by membrane repair, dysfunctional lysosomes may be pushed 

towards autophagic clearance in the absence of LRRK2. This idea is strengthened by 

the finding by Herbst and colleagues that in the absence of LRRK2 activity, either by 

pharmacological inhibition or knockout, there are higher levels of K63-linked 

ubiquitylation at lysosomes, consistent with an increase in lysophagy (Herbst et al., 

2020). The authors showed reduced galectin 3 recruitment in the absence of LRRK2 

activity but increased levels of galectin-8 at sites of damage, suggesting cells could 

be redirecting repair efforts towards a different lysophagy pathway (Herbst et al., 

2020).  

6.5.4 A role for VPS35 in the response to lysosomal stress 

In this chapter, I have identified a role for VPS35 in the LRRK2 response to lysosomal 

damage. Using the RPE1 FlpIn system, I have shown that the [D620N] mutation in 

VPS35 causes a sensitisation to the Rab10 and 12 phosphorylation response to 

lysosomal stress induced by LLOMe and nigericin. Furthermore, I have shown that 

depletion of VPS35 blunts lysosome damage-induced Rab phosphorylation, 

suggesting that VPS35 is required for complete LRRK2 activation in this context. 
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6.5.4.1 VPS35 and activation of LRRK2  

In control, wild type VPS35-expressing cells, LLOMe or nigericin treatment caused an 

increase in membrane recruitment and LRRK2-dependent phosphorylation of Rab12. 

In VPS35[D620N]-expressing cells, more Rab12 was already associated with 

membranes at steady state. This did not increase further following lysosomal damage, 

whereas Rab12 phosphorylation did further increase. This could mean that cells 

expressing mutant VPS35 are ‘primed’ for the damage response as Rab12 is already 

enriched at the membrane, allowing for the higher degree of Rab phosphorylation 

(Figure 6.32). This may explain why I was only able to see an effect of PIKfyve 

inhibition with apilimod on Rab phosphorylation in the VPS35[D620N]-expressing 

cells.  

It has recently been shown by two independent groups that Rab12 is critical for the 

activation of LRRK2 and its recruitment to the lysosome following lysosomal damage 

(Bondar et al., 2023; Dhekne et al., 2023). More Rab12 at membranes will facilitate 

LRRK2 recruitment, which, in turn, will further increase Rab membrane localisation 

and phosphorylation in a positive feedback loop. Using the lyso-IP technique, Bondar 

and colleagues found a mild increase in LRRK2 at lysosomes in VPS35[D620N] 

knockin A549 cells, which was not further increased by LLOMe (Bondar et al., 2023). 

While I did not see any differences in the levels of LRRK2 membrane localisation by 

subcellular fractionation in my [D620N]-mutant expressing RPE1 cells, it is interesting 

that this pattern mirrors what I observed for Rab12. However, the authors draw a 

different conclusion, stating that with the PD pathogenic LRRK2 and VPS35 variants, 

the Rab12-LRRK2 axis is maximally stimulated, making cells unable to properly 

respond to additional stress. On the contrary, in my cell model, lysosomal damage 

clearly further increased Rab phosphorylation, with no change in membrane 

recruitment when VPS35[D620N] was expressed, suggesting these cells are more 

sensitive to additional lysosomal stress.  

This begs the question as to why the [D620N] mutation causes increased localisation 

of Rab12 to membranes at steady state. It is possible that the VPS35[D620N] 

activates LRRK2, either directly or indirectly, in the absence of lysosomal damage or 

that in VPS35[D620N]- expressing cells there is some underlying lysosomal damage 

or dysfunction that is driving LRRK2 activation and subsequent Rab12 

phosphorylation, which then ‘traps’ the Rabs at the membrane (Figure 6.32).  

Changes to the cholesterol composition of the lysosomal membrane have previously 

been shown to be sufficient to trigger lysophagy (Hu et al., 2021). A recent study has 
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reported that knockin of VPS35[D620N] in MEFs caused changes to the expression 

of many lysosomal proteins, leading Pal and colleagues to hypothesise that this 

causes lysosome stress which, in turn, triggers LRRK2 recruitment and activation (Pal 

et al., 2023). I found no evidence of aberrant lysosome morphology in cells expressing 

VPS35[D620N]. However, it would be valuable for future study to investigate whether 

lysosomes in VPS35[D620N]-expressing cells have full functionality in my cell system. 

This could be achieved using live-cell imaging assays such as the Magic Red® 

Cathepsin B Activity Assay, or using DQ™ Green-BSA, which is taken up by 

endocytosis and undergoes fluorescence unquenching dependent on the activity of 

lysosomal proteases.  

Given that deletion of VPS35 has been shown to cause lysosomal dysfunction and 

swelling (Daly et al., 2023), one might expect that knockdown of VPS35 would 

enhance Rab phosphorylation. However, I found the opposite effect: when cells were 

depleted of VPS35, basal Rab phosphorylation was reduced and the LRRK2 

response to lysosomal stress was blunted. This suggests that in this context, the 

[D620N] mutation is acting with a gain of function. It further lends weight to the notion 

that it is not general lysosomal dysfunction in [D620N]-expressing cells that is 

promoting greater Rab12 and LRRK2 recruitment because knockdown of VPS35 

likely also disrupts lysosomal function. However, it is possible that we may not see 

this after only a short knockdown of VPS35, as previous studies have reported that 

lysosomal dysfunction in the absence of retromer is due to longer term compensatory 

mechanisms (Evans et al., 2020). Likewise, induction of VPS35[D620N] for only 24 

hours may not be long enough for widescale changes to the lysosomal proteome and 

the resulting dysfunction to manifest. 

Considering the previously reported finding that merely driving lysosomes towards the 

perinuclear region is sufficient to induce Rab10 phosphorylation (Kluss et al., 2022), 

a change in lysosomal positioning in VPS35[D620N]-expressing cells could explain 

the enhanced Rab10 (and Rab12) phosphorylation that I, and others (Bu et al., 2023; 

Kadgien et al., 2021; Mir et al., 2018), observe. However, I found no difference in 

lysosomal distribution when comparing cells expressing either wild type or [D620N] 

mutant VPS35. Knockin VPS35[D620N] MEFs have been shown to display increased 

recruitment of RILPL1 to lysosomes in a LRRK2-dependent manner, suggesting that 

changes to lysosomal positioning are more likely to lie downstream of LRRK2 

activation (Pal et al., 2023). Accordingly, recent work has shown that pathogenic 

LRRK2 variants promote perinuclear clustering in a manner dependent on a pRab12-

RILPL1 axis (Ito et al., 2023).  
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The increased residency of Rab12 at membranes that I observe could indicate a 

decrease in engagement with its GAP or GDI, or increased activity of its GEF. 

Increased phosphorylation is likely to contribute to this as it has been shown by 

independent groups that phosphorylation of Rabs by LRRK2 interferes with their 

extraction from membranes by GDI (Eguchi et al., 2018; Steger et al., 2017). One 

previous study has shown that LRRK2-dependent phosphorylation of Rab10 

decreases its interaction with its GAP AS160 (Liu et al., 2018). This would reduce 

Rab-GTP hydrolysis and subsequently interfere with membrane extraction by GDIs, 

which display higher affinity for Rabs in their GDP-bound state (Wu et al., 2010). 

Together, these studies demonstrate how phosphorylated Rabs can become trapped 

at membranes but does not account for the increase in unphosphorylated membrane 

bound Rab12 that I observe. It is possible that the expression of an as yet unidentified 

GAP for Rab12 is decreased in VPS35[D620N]-expressing cells and accounts for the 

Rab12 hyperaccumulation at membranes.  

An alternative explanation for increased Rab12 at the membrane is increased activity 

or expression of its GEF, DENND3 (Yoshimura et al., 2010). It has previously been 

shown that phosphorylation of the Rab12 GEF DENND3 by ULK1 in response to 

starvation enhances its activity, leading to increased active Rab12 (Xu et al., 2015). 

It is possible that the [D620N] mutation somehow indirectly affects the 

phosphorylation status of DENND3 to lead to increased Rab12 at membranes in a 

similar manner. 

The Rab10 GEF, DENND4C has been shown to interact with retromer (McMillan et 

al., 2016). In fact, the authors showed that the [K297X] mutation in VPS26A, which 

causes a Parkinson’s-like syndrome, causes an increased association with 

DENND4C. It is therefore tempting to speculate that the VPS35[D620N] may perturb 

the regulation of Rab10 activity and localisation by affecting the localisation of 

DENND4C. It would be interesting to see if an increased interaction of DENND4C with 

retromer is also observed in the case of the VPS35[D620N] mutation, and whether 

this does contribute to increased Rab10 at membranes. Furthermore, it would also be 

interesting to look at whether retromer interacts with other DENND-family GEFs and 

whether the VPS26A [K297X] mutation enhances LRRK2-mediated Rab 

phosphorylation. It must be noted that whilst I have observed enhanced Rab12 at 

membranes, I did not look at Rab10. Therefore, before considering this hypothesis, it 

would be necessary to test whether expression of VPS35[D620N] also leads to 

accumulation of Rab10 at membranes, and if so, whether this is solely driven by 
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increased membrane recruitment of LRRK2 due to enrichment of Rab12 (Bondar et 

al., 2023; Dhekne et al., 2023). 

 

 

Figure 6.32 Proposed role for VPS35 in the LRRK2 lysosome damage response 

In the presence of wild type VPS35, a small proportion of the Rab12 and Rab10 at membranes is 

phosphorylated. Upon lysosomal damage (e.g. by nigericin or LLOMe), Rab10, Rab12 and LRRK2 

are recruited to the membrane. Here, LRRK2 is activated and phosphorylates Rab10 and Rab12. 

Expression of the [D620N] mutant VPS35 leads to accumulation of total and phosphorylated Rab12 

at membranes, priming the cells for LRRK2 recruitment, activation, and subsequent Rab 

phosphorylation upon lysosomal damage. This may occur because the [D620N] mutation causes 1) 
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underlying lysosomal damage that triggers LRRK2 activation, 2) a disruption to Rab12 activity cycling 

by perturbing the expression or activity of its cognate GEF or GAP, or 3) enhanced LRRK2 activity, 

either indirectly or directly, by an unknown mechanism. Conversely, depletion of VPS35 leads to a 

decrease in lysosome damage-induced LRRK2-dependent Rab phosphorylation. 

 

6.5.4.2 VPS35 and the response to lysosomal damage 

Given the amplification of Rab phosphorylation in response to lysosomal damage in 

RPE1 cells expressing the VPS35[D620N] mutation, I wondered what downstream 

consequences this may have. I first looked at the responses to lysosomal damage 

that LRRK2 has been implicated in; JIP4 recruitment, ESCRT recruitment and 

secretion of cathepsin D extracellularly.  

In the subcellular fractionation experiments, I failed to detect any membrane 

localisation of JIP4 in any conditions and so could not determine whether this was 

influenced by lysosomal damage and the [D620N] mutation. It would be interesting to 

explore this area further using microscopy to investigate JIP4 localisation and 

lysosome tubulation in the presence of VPS35[D620N] mutation, both basally and 

following lysosomal damage. This could be achieved by looking at endogenous JIP4 

if possible or using fluorescently tagged constructs.  

I observed no effect of VPS35[D620N] expression on the recruitment of CHMP2B and 

ALIX to lysosomes following LLOMe treatment. This result suggests that the [D620N] 

mutation does not influence this repair pathway. However, it is possible that an effect 

could have been missed by analysing only a single snapshot using fixed cell 

microscopy. It would be beneficial to monitor ESCRT recruitment in live cells to see if 

the kinetics of recruitment are affected, for example using the CHMP4B-eGFP 

construct utilised by Radulovic and colleagues (Radulovic et al., 2018). The time 

points that I tested were 30 and 120 minutes after LLOMe treatment, which also raises 

the possibility that an effect on acute recruitment may have been missed as I found 

that ESCRT recruitment was only sensitive to MLi-2 at the earliest 15-minute timepoint 

and gone by 30 minutes.  

I was also unable to observe any effect of the [D620N] mutation on nigericin-induced 

Cathepsin D secretion into the extracellular media, which I had previously shown to 

be sensitive to LRRK2 kinase activity. This result was based on a single experiment, 

so it would be necessary to repeat this to ensure reproducibility, but it suggests that 

the [D620N] mutation does not influence lysosomal secretion. This is in contrast to 
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what has been recently reported in VPS35 knockout cells, which display an increase 

in lysosomal proteins in their secretome (Daly et al., 2023).  

As there was no observable impact of the [D620N] mutation on LRRK2-dependent 

lysosomal recovery mechanisms, I turned to look at whether autophagic clearance of 

lysosomes was affected. Expression of the [D620N] mutation did not affect LLOMe-

induced LC3 lipidation assessed by western blotting, or its recruitment to lysosomal 

membranes as measured by immunofluorescence microscopy. This suggests that 

lysophagy can be initiated in VPS35[D620N] cells unhindered. After a washout period, 

the clearance of LC3 puncta appeared less efficient in cells expressing 

VPS35[D620N] compared with cells expressing wild type VPS35. This suggests that 

there is an impairment in the ability of the [D620N] mutant cells to recover from 

lysosomal damage. It would be interesting to use the lysokeima reporter cell lines to 

further examine the progression and resolution of lysophagy in the VPS35 FlpIn cell 

lines. However, I did not have the time to examine this after discovering that a large 

percentage of the cell populations were no longer expressing the HA-VPS35 

constructs, which could not be improved by culturing cells under antibiotic selection. 

As the lysokeima reporter can only be used in live cells, it was not possible to 

distinguish which cells were positive for HA-VPS35 expression.  

I have confirmed that the impairment in clearing damaged lysosomes is not due to a 

general block in autophagy or autophagic flux, as LC3 lipidation levels were equivalent 

in wild type and mutant cells following concanamycin A treatment. This contrasts with 

two previous reports which have shown that cells overexpressing VPS35[D620N] 

exhibit a reduction in LC3-II levels basally and following bafilomycin A treatment 

(Rahman et al., 2020; Zavodszky et al., 2014). Zavodszky and colleagues attributed 

this to an impairment in autophagosome formation due to perturbed Atg9a trafficking, 

whereas Rahman and colleagues proposed this was due to transcription-level 

changes in components of PI3K-AKT signalling pathway which regulates mTOR 

(Rahman et al., 2020; Zavodszky et al., 2014).  

Mammalian retromer has been suggested to play multiple roles in the regulation of 

autophagy, including in controlling mTOR activity, ATG9A trafficking and autophagic 

lysosome reformation (Daly et al., 2023; Jimenez‐Orgaz et al., 2018; Rahman et al., 

2020; Tang et al., 2015a; Zavodszky et al., 2014). Furthermore, knockdown of VPS35 

and expression of VPS35[D620N] (endogenous knockin and overexpression) have 

both been reported to cause a defect in autophagic flux due to reduced lysosomal 

degradative capacity (Carosi et al., 2021; Hanss et al., 2021). I was unable to detect 
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any lipidated LC3 in VPS35-depleted cells by western blotting, which suggests that 

basal autophagic turnover is not affected by loss of VPS35 in RPE1 cells. Contrary to 

previous work in the literature, I found that VPS35 depletion caused an increase in 

LC3 lipidation when autophagy was initiated (in my case, using chloroquine and 

LLOMe) compared to controls (Jimenez‐Orgaz et al., 2018; Kvainickas et al., 2019; 

Popovic and Dikic, 2014). This could suggest that these cells have increased 

autophagy induction in response to stress or that they are unable to properly degrade 

autolysosomes once challenged. To gain clarity on this, it would be necessary to co-

treat with the endolysosomal damaging agents plus concanamycin A in the VPS35-

depleted cells to see if autophagic flux was impaired.  

In summary, I have demonstrated a role for VPS35 in the LRRK2-Rab axis in 

lysosomal damage. VPS35 is required for proper LRRK2 activation following 

lysosomal damage. Furthermore, in this context, the VPS35 [D620N] mutation 

behaves as a ‘gain of function’ mutation, enhancing LRRK2-dependent 

phosphorylation of substrate Rabs. This may occur due to a ‘priming’ effect whereby 

the [D620N] mutation increases Rab12 levels at the lysosome, facilitating greater 

recruitment of LRRK2 and, in turn, greater Rab recruitment and phosphorylation in a 

feed-forward mechanism. The [D620N] mutation did not affect LRRK2-dependent 

lysosomal repair mechanisms under the conditions tested but led to a defect in the 

clearance of damaged lysosomes by autophagy. This suggests that the [D620N] 

mutation impairs recovery following lysosomal insult, although it remains to been seen 

whether this delay in lysosomal recovery in the presence of the [D620N] mutation is 

dependent on the enhanced Rab phosphorylation observed.  
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7 Conclusion 

The mainstay of PD treatment is levodopa, which was developed over 50 years ago 

and merely alleviates the symptoms of PD, not slowing or preventing disease 

progression (Fahn et al., 2004). This dearth of treatment options is, in part, because 

the molecular mechanisms underlying PD pathogenesis are poorly understood. 

Although most cases of PD are idiopathic, 10-15% are inherited, with seventeen 

different genes having been found to be mutated. Not only do these so-called ‘PARK’ 

genes provide potential drug targets, but they have been implicated in two overarching 

processes that emerge as central to PD pathology: endolysosomal trafficking and 

mitochondrial homeostasis. Furthermore, multiple studies have reported physical and 

functional interactions between ‘PARK’ proteins, suggesting that they may form 

common pathways that underpin pathology. One such link is the finding that the PD-

mutation [D620N] within VPS35 leads to the hyperactivation of LRRK2 (Mir et al., 

2018). The work presented in this thesis aimed to gain a deeper understanding of the 

relationship between VPS35 and LRRK2 and how this relates to PD.  

7.1 Isogenic RPE1 FlpIn VPS35 cell lines as a model system for 

studying the [D620N] mutation 

To study the pathogenic effects of the [D620N] mutation, I generated cell lines stably 

expressing either wild type or [D620N] mutant VPS35 in RPE1 cells using the Flp-

In™ system, which has many benefits over transient overexpression and more 

traditional modes of stable cell line generation. As only one copy of VPS35 is 

introduced at a unique site, the wild type and [D620N] mutant cell line pair are isogenic 

and have equivalent levels of VPS35 expression. Furthermore, expression of VPS35 

is inducible by introduction of doxycycline. This means that exogenous VPS35 

expression can be titrated to achieve near-endogenous levels. The attainment of a 

1:1 ratio between exogenous and endogenous VPS35 allows us to recapitulate the 

stoichiometry that prevails in the autosomal dominant PD patient setting.  

Overexpression of wild type and [D620N] VPS35 has often been reported to mirror 

the effects of VPS35 depletion or deletion, suggesting that high levels of VPS35 

overexpression may give rise to dominant negative phenotypes (MacLeod et al., 

2013; Munsie et al., 2015; Tang et al., 2015b; Tian et al., 2015). This complicates the 

study of the true effects of the [D620N] mutation and highlights the need for more 

physiologically relevant model systems. The fact that I observe differential effects on 

LRRK2-dependent Rab phosphorylation between VPS35 depletion and expression of 
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VPS35[D620N] demonstrates that the RPE1 FlpIn system is not victim to this 

phenomenon. 

To study the effect of the [D620N] mutation at truly endogenous protein expression 

levels, VPS35[D620N] would need to be introduced by knockin substitution. This 

technique has been successfully executed to create heterozygous and homozygous 

[D620N] knockin mammalian cell and mouse models (Bondar et al., 2023; Cataldi et 

al., 2018; Ma et al., 2021; Mir et al., 2018; Pal et al., 2023). However, the long-term 

expression of VPS35[D620N] in these systems may give rise to compensatory 

changes to account for any functional deficits, which could make the study of the acute 

effects of the [D620N] mutation challenging. The inducible nature of VPS35 

expression in my cell model makes it more amenable to the study of the acute 

consequences of the [D620N] mutation without the complication of compensatory 

effects.  

Whilst working with the RPE1 FlpIn VPS35 cell lines, I have observed that a 

population of the cells lose the expression of the construct. Therefore, care must be 

taken to ensure that a high percentage of the cells express HA-VPS35 by maintaining 

them under antibiotic selection. This is particularly important for experiments that look 

at the whole cell population (e.g. via western blotting) or live cell imaging where it is 

not possible to distinguish expressing cells from those that have lost expression.  

Although the RPE1 cells utilised in this project are valuable for researching the 

molecular biology of PD, the most physiologically relevant model would be the cell 

type that is most affected in PD patients, dopaminergic neurons. Working with patient-

derived iPSCs fibroblasts or induced dopaminergic neurons provides more 

translational power but presents its own challenges as there can be high variability in 

the behaviour of cells from different donors, including between different ‘healthy’ 

controls, even when donors are carefully matched for sex and age. To overcome 

these challenges, the iPSC Neurodegenerative Disease Initiative (iNDI) project is a 

multi-centre effort to generate a standardised catalogue of isogenic iPSC cell lines 

with over 100 different mutations associated with Alzheimer’s Disease and other 

neurodegenerative disorders (Ramos et al., 2021). It is an exciting possibility that 

soon an isogenic VPS35[D620N] iPSC model capable of being differentiated into 

dopaminergic neurons may exist.  
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7.2 [D620N] gives rise to a subtle phenotype 

Using the isogenic RPE1 FlpIn VPS35 cell line, I have systematically tested the effects 

of the [D620N] mutation on a range of different phenotypes that have previously been 

reported in the literature. In doing so, I was only able to recapitulate two of the 

previously reported consequences of the [D620N] mutation: loss of interaction with 

the WASH complex and enhanced phosphorylation of LRRK2-substrate Rabs.  

Although the interaction of retromer with the WASH complex was reduced by 

approximately half in cells expressing the [D620N] mutation, I found no loss of WASH 

complex localisation to endosomes. Looking at the steady-state distribution of the 

lysosomal hydrolase receptors CIMPR and sortilin I found no changes in their 

localisation, suggesting that the [D620N] does not perturb endosome-to-TGN 

trafficking. I did not test the effect of the [D620N] mutation on the trafficking from the 

endosome to the plasma membrane, such as retromer cargo GLUT1. It would be 

valuable to test this in the future to see whether this recycling route is also unaffected 

by the [D620N] mutation. 

As VPS35 has been implicated in mitochondrial quality control and multiple studies 

have reported disruptions to mitochondrial dynamics and mitophagy as a result of the 

[D620N] mutation, I also examined several mitochondrial phenotypes in the RPE1 

FlpIn VPS35 model (Braschi et al., 2010; Hanss et al., 2021; Ma et al., 2021; Niu et 

al., 2021; Tang et al., 2015b; Wang et al., 2017, 2016). I was unable to observe any 

changes in mitochondrial morphology nor expression of proteins responsible for 

maintaining the balance between mitochondrial fission and fusion. I did not find 

changes to the basal mitochondrial membrane potential which suggests that 

mitochondrial function is not impaired. Furthermore, I found no effect of the [D620N] 

mutation on the induction of depolarisation-induced mitophagy. Together, these 

results suggest that the [D620N] mutation does not cause any overt changes to 

mitochondrial function and homeostasis in the RPE1 FlpIn cell system.  

Deletion of VPS35 has been reported to cause hyperaccumulation of Rab7 on late 

endosome-lysosome compartments, perturbing endolysosomal morphology and 

function (Daly et al., 2023; Jimenez‐Orgaz et al., 2018). In RPE1 cells, Rab7 mostly 

co-localised with lysosomes at steady state, and this was not changed by expression 

of the VPS35[D620N] mutant. Furthermore, I found no changes to lysosomal 

morphology or distribution following expression of VPS35[D620N].  
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From this work, I conclude that the [D620N] mutation gives rise to a subtle phenotype 

in the RPE1 FlpIn VPS35 cell model as very few alterations were observed at steady 

state. On the one hand, this is surprising as retromer clearly plays an indispensable 

role in the cell given that knockout of VPS35 is embryonically lethal (Wen et al., 2011). 

On the other hand, perhaps only a subtle perturbation explains why PD patients that 

harbour the [D620N] mutation have a late age of onset (Vilariño-Güell et al., 2011; 

Zimprich et al., 2011). This indicates that the mutation is not a simple loss of function, 

and it may be that only in combination with the stresses of ageing do the negative 

consequences of the [D620N] mutation begin to take hold.  

7.3 VPS35[D620N] and LRRK2  

Using the RPE1 FlpIn model, I confirmed the work of others that the VPS35[D620N] 

mutation causes enhanced phosphorylation of LRRK2-substrate Rabs (Mir et al., 

2018). Mir and colleagues demonstrated that the [D620N] mutation in VPS35 

enhances LRRK2-mediated autophosphorylation at S1292, suggesting that the 

enhanced Rab phosphorylation observed is due to increased LRRK2 kinase activity 

rather than a decreased activity of Rab phosphatases such as PPM1H (Mir et al., 

2018). I was unable to detect pS1292-LRRK2 by immunoblotting, possibly owing to 

the relatively low endogenous LRRK2 expression in RPE1 cells. The molecular 

mechanism by which VPS35[D620N] enhances LRRK2 activity is not understood, 

including whether it occurs directly or indirectly.  

I found that the [D620N] mutation caused an increased localisation of both 

unphosphorylated and phosphorylated Rab12 to membranes. The finding that there 

is an increase in the pool of unphosphorylated Rab12 at membranes is interesting as 

it suggests that it is not solely being trapped there by LRRK2-dependent 

phosphorylation, which prevents its extraction from membranes by GDIs (Steger et 

al., 2016). As Rab12 has recently been discovered to be critical for recruitment and 

activation of LRRK2, it is possible that the accumulation of Rab12 at membranes that 

I observe is driving a feed-forward mechanism to increase LRRK2 recruitment, 

activation, and subsequent Rab phosphorylation (Bondar et al., 2023; Dhekne et al., 

2023). A change in membrane-cytosol distribution of Rab12 may suggest that 

VPS35[D620N] causes a disruption to Rab12 activity cycling by altering the 

expression or activity of its cognate GEF and GAP.  

It would be valuable to examine Rab12 localisation by immunofluorescence to 

ascertain which membrane compartment Rab12 is accumulating at. In light of the 

findings by other groups that the VPS35[D620N] mutation increases the localisation 
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of LRRK2 and the Rab12 effector RILPL1 to lysosomes, I would speculate that Rab12 

would be accumulating at lysosomes in my system (Bondar et al., 2023; Fukuda et 

al., 2008; Pal et al., 2023).  

It would also be valuable in the future to investigate the effect of the [D620N] mutation 

on the localisation and distribution of other LRRK2-substrate Rabs such as Rab10 

and Rab8A to see whether there is a similar increase in their accumulation at 

membranes in their unphosphorylated form and whether this can be modulated by 

knockdown of Rab12. This may provide information as to whether enhanced Rab 

phosphorylation in [D620N]-expressing cells is due to the accumulated membrane-

bound Rab12 lying upstream of LRRK2 activation.  

7.4 VPS35 and lysosomal damage 

LRRK2 is recruited to lysosomes in following lysosomal damage, where it has been 

suggested to play a role in the recovery from damage (Bonet-Ponce et al., 2020; 

Eguchi et al., 2018; Herbst et al., 2020). In this thesis I have shown that VPS35 is 

required for complete activation of LRRK2 in response to the lysosomal stressors 

nigericin, chloroquine and LLOMe. Conversely, I found that expression of [D620N] 

mutant VPS35 amplifies LRRK2-dependent Rab phosphorylation in response to 

lysosomal stress. These results suggest that in this capacity the [D620N] mutation 

acts in a ‘gain-of-function’ manner and implicates a role for VPS35 in the LRRK2-Rab 

axis in the lysosomal damage response. I hypothesise that this amplified response 

may occur due to a priming effect whereby the increased membrane-bound Rab12 at 

steady state facilitates heightened LRRK2 recruitment when lysosomal damage is 

triggered.  

As above, the Rab12 accumulation may arise due to perturbation of the Rab GEF-

GAP cycling, however, an alternative hypothesis is that the [D620N] mutation causes 

a low level of underlying lysosomal dysfunction that is causing Rab12 recruitment and 

LRRK2 recruitment and activation that is exacerbated in response to additional 

lysosomal stress. Recent work by Pal and colleagues has shown that the [D620N] 

mutation causes changes in expression of over 100 lysosomal proteins, making this 

a possibility (Pal et al., 2023). I found no changes to lysosomal morphology or 

distribution at steady state, but it would be valuable to use a read-out for lysosomal 

degradative capacity to inform on whether lysosomes are fully functional when 

VPS35[D620N] is expressed. It is also possible that changes to the lysosomal 

proteome as a result of the [D620N] mutation would take longer to manifest than the 

24-hour time point I have used in experiments. If this is the case, lysosomal 
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dysfunction may contribute to enhanced LRRK2 activation or recruitment but may not 

be the sole driver of LRRK2 activation given that I observe enhanced Rab 

phosphorylation after a short duration of VPS35 expression. 

I found that the [D620N] mutation impaired the ability to clear damaged lysosomes, 

suggesting that the mutation also affects the recovery from lysosomal damage. Future 

experiments could investigate whether this impairment is dependent on LRRK2 or if 

it is occurring by a separate mechanism. Daly and colleagues have shown that 

knockout of VPS35 impairs autophagic lysosome reformation in response to nutrient 

starvation, which will limit the ability to generate a functional pool of lysosomes. 

Furthermore, using LAMP1-APEX proximity labelling, Bhattacharya and colleagues 

found that VPS26 and VPS35 are enriched at lysosomes following treatment with 

LLOMe (Bhattacharya et al., 2023). Together these findings further suggest that 

VPS35 plays a role in the lysosome stress response in addition to its cargo sorting 

function at the endosome.  

Overall, this thesis reveals a potential VPS35-LRRK2-Rab axis in the response to 

lysosomal damage and indicates that lysosomal dysfunction may be a key player in 

PD pathogenesis. I have demonstrated that, in this context, the VPS35[D620N] 

mutation causes a gain-of-function. Finally, this provides encouraging evidence that 

patients with the VPS35[D620N] mutation may benefit therapeutically from use of the 

LRRK2 inhibitor that is currently in clinical trials for treatment of LRRK2-variant PD. 
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