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Abstract 
 
CLN5 disease, also known as variant late-infantile neuronal ceroid lipofuscinosis (vLINCL), 

is one of a group of rare, childhood neurodegenerative diseases called the neuronal ceroid 

lipofuscinoses (NCLs). The NCLs are characterised by the lysosomal accumulation of 

lipofuscin throughout all bodily tissues and are clinically similar, presenting with 

progressive motor and cognitive decline, visual deterioration leading to blindness, sleep 

disturbances, and the onset of myoclonic epilepsy. Although the genetics of CLN5 disease 

have been well explored,  much of the cell biology, including the function of the CLN5 

protein, remains elusive, limiting the possibility for therapeutic intervention in this disease  

 

This thesis aimed to uncover key disease phenotypes of CLN5 patient cells. It was hoped 

that elucidating the cell biology of this disease may uncover new potential targets for 

therapeutic intervention. In this thesis we provide the first in-depth characterisation of cell 

biological changes in a range of human CLN5 patient fibroblasts and that endocytosis of 

exogenous recombinant CLN5 protein can rescue these phenotypes. In terms of cell 

biological changes, we demonstrate irregular ER and mitochondrial Ca2+ handling in CLN5 

patient fibroblasts, as well as defective autophagy, lysosomal expansion and 

glycosphingolipid accumulation. We show that reducing glycosphingolipid accumulation 

with miglustat, an inhibitor of glycosphingolipid biosynthesis, successfully rescues these 

phenotypes. These data indicate that glycosphingolipid storage is a primary event in the 

CLN5 disease pathogenic cascade, and are therefore a suitable target for therapeutic 

intervention. This work has led to an off-label clinical safety study of miglustat in two CLN5 

patients in the UK. Analysis of patient blood smears reveals that miglustat is able to correct 

lipid storage defects in CLN5 patient blood cells, indicating that miglustat is exhibiting its 

desired effect in patients and has the potential to be the first small molecule substrate 

reduction therapy for CLN5 disease. 

 

We also show decreased protein levels, and enzyme activity, of TPP1 (the protein deficient 

in CLN2 disease) in CLN5 patient fibroblasts. Utilising high throughput drug screening, we 

demonstrate the potential of TPP1 as a target for CLN5 disease, identifying 3 further 
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potential small molecule therapies for the treatment of CLN5 disease. Together, our data 

has increased the understanding of basic cell biology in CLN5 disease, and demonstrates 

the potential of glycosphingolipid storage as a therapeutic target for pharmacological 

intervention.  
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Chapter 1 | Introduction 

1.1 The Lysosome: An overview 
 
The lysosome was discovered in 1955 by Belgian biochemist, Christian de Duve, while 

investigating the mechanism of action of insulin at the University of Leuven. Here, de Duve 

separated liver homogenate into fractions using centrifugation, when he came across a 

biochemical fraction containing hydrolytic enzymes that were able to break down lipids 

and proteins (De Duve and Wattiaux 1966). Follow up studies led to the discovery of a 

membrane-bound organelle characterised by its acidic pH, later named the lysosome; a 

Greek term translating to ‘digestive bodies’. 

 

Lysosomes are small (100-500 nm), dynamic, membrane-bound organelles that constitute 

approximately 5% of total intracellular volume (Luzio et al. 2007) It was revealed by 

electron microscopy that they are heterogenous in morphology and size, and frequently 

comprise electron dense deposits and membrane whorls (Luzio et al. 2007). Lysosomes 

contain over 50 different acid hydrolases, which facilitate their role in macromolecular 

degradation and recycling within the cell (Luzio et al. 2007). These acid hydrolases are 

synthesised in the rough ER before being transported through the Golgi apparatus to the 

trans-Golgi network, where a mannose-6-phospahte (M6P) group is added to the N-linked 

oligosaccharides of the lysosomal soluble hydrolases. The M6P group is perceived by two 

autonomous transmembrane M6P-receptors (M6PRs; the cation-independent M6PR 

and/or the cation-dependent M6PR) which simultaneously bind the hydrolases on the 

luminal side of the membrane and adaptins in assembling clathrin coats. This allows 

hydrolases to be enveloped in vesicles which bud from the trans-Golgi network, facilitating 

the transport of the enzymes to the lysosome via the endosomal system (Gary-Bobo et al. 

2007; Coutinho et al. 2012). 

 

The pH of the lysosomal lumen ranges from 4.5-5.5 and is established by the vacuolar H+ 

ATPase (V-ATPase) and a counterflux of Cl-, Na+, and K+ ions (Toei et al. 2010). The low pH 

provides optimal conditions for hydrolases to work effectively. These hydrolases facilitate 

the degradation of macromolecules into monosaccharides, amino acids and free fatty 

08 Fall 
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acids, which are exported to the rest of the cell via component-specific permeases located 

on the lysosomal membrane (Lawrence and Zoncu 2019).  

 

Lysosomes function at the terminus of the endocytic system, and are distinguished from 

late endosomes by their lack of M6PRs (Brown et al. 1986). Here, they receive and degrade 

macromolecules, misfolded/damaged proteins, and even whole organelles via secretory, 

autophagic, phagocytic and endocytic membrane trafficking pathways (Luzio et al. 2007; 

Appelqvist et al. 2013). Due to their role in the break down and recycling of 

macromolecules, lysosomes have long been thought of as the ‘cellular stomach’. However, 

more contemporary evidence recognises the lysosome as an important signalling hub that 

regulates cellular metabolism due to its complex cytosolic membrane proteins and luminal 

Ca2+ concentration (Luzio et al. 2007; Morgan et al. 2011). These organelles have also been 

shown to play a role in energy and lipid metabolism, as well as plasma membrane repair 

and cross talk between other cellular organelles, such as the ER and mitochondria (Soto-

Heredero et al. 2017; Thelen and Zoncu 2017).  

 

1.1.1. Lysosomal proteins: soluble and transmembrane 
 
The outer membrane of the lysosome is composed of a single phospholipid bilayer 

spanning 7-10 nm and is enriched with transmembrane proteins; the most abundant being 

Lysosome-associated membrane protein (LAMP) 1 and LAMP2. Together LAMP1 and 

LAMP2 make up a total of 80% of all lysosomal membrane proteins (Perera and Zoncu 

2016). LAMP proteins among others, including lysosomal integral membrane protein 2 

(LIMP2), are heavily glycosylated on their luminal side. This glycosylation forms a barrier 

known as the glycocalyx; a vital structure in protecting the lysosome against self-

degradation by the acid hydrolases contained within the lysosomal lumen (Schwake et al. 

2013; Perera and Zoncu 2016). Hence, lysosomal membrane permeabilisation via the 

targeted removal of LAMP1 and LAMP2 proteins, initiating lysosome-mediated cell death, 

has been shown to be an effective therapeutic strategy in various cancer models (Boya and 

Kroemer 2008; Fehrenbacher et al. 2008); highlighting the importance of the glycocalyx in 

maintaining lysosomal integrity.  
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Lysosomal transmembrane proteins are delivered to the lysosome via sorting signals, or 

motifs, present in the cytosolic domains. These motifs interact with adaptor protein 

complexes, facilitating their delivery to the lysosome (Braulke and Bonifacino 2009). There 

are over 50 other lysosomal transmembrane proteins, though the function of many of them 

remains elusive. What is known is that several of these proteins are essential for lysosomal 

function as mutations in the genes that encode them lead to diseases, called lysosomal 

storage diseases (LSDs). For example, mutations in the CLN3 gene, which encodes a protein 

of 438 amino acid with 6 transmembrane domains, leads to CLN3 disease; a childhood 

neurodegenerative disorder (Cotman and Staropoli 2012). Interestingly, a large number of 

diseases resulting from mutations in genes encoding lysosomal proteins have a childhood 

onset, emphasising the importance of the lysosome in normal development and in 

fundamental brain function.  

 

Metal ion homeostasis is essential for proper lysosomal function, and is maintained by 

specific lysosomal transmembrane proteins. The breakdown of certain macromolecules in 

the lysosome can lead to the production of chemically active transition metal ions which, 

when in an acidic environment rich in reducing equivalents (electron donors that become 

oxidised in redox reactions), can stimulate Fenton-like reactions (Schafer and Buettner 

2000). This ultimately compromises the integrity of the lysosomal membrane via the 

generation of free radicals. For example, the lysosome contains Fe2+ as a result of 

macromolecular breakdown. This in turn would encourage the production of hydroxyl 

radicals from Fe2+ reacting with freely diffusing hydrogen peroxide. The hydroxyl radicals 

can then go on to instigate lipid peroxidation of degrading material within the lysosome, 

leading to lipofuscin formation (Kurz et al. 2010). If damage is substantial enough, this can 

lead to lysosomal damage, or worse, membrane permeabilisation. It is therefore 

imperative to remove Fe2+, and other redox-active ions such as Fe3+, Cu2+, Zn2+ and Mn2+, 

from the lysosomal lumen. No single transmembrane protein responsible for iron extrusion 

from the lysosome has yet been identified. In fact, it is thought that numerous proteins 

facilitate this process, with proteins having affinity for more than one ion, as is seen with 

divalent metal-ion transporter-1, which has been shown to also transport cadmium and 

manganese (Shawki et al. 2012). Additionally, it has been demonstrated in mucolipidosis 

type IV (MLIV) that Transient Receptor Potential cation channel mucolipin 1  (TRPML) is 
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permeable to Fe2+, and that TRPML-deficient cells exposed to Fe2+ are more susceptible to 

oxidative stress and mitochondrial dysfunction. TRPML and MLIV are discussed in more 

detail in section 1.3.2. (Dong et al. 2008; Coblentz et al. 2014). Regardless, many pathways 

of lysosomal ion homeostasis remain elusive. Nevertheless, the proper functioning of these 

proteins is highly critical for cellular health, and the genetic mutations underlying their 

dysfunction continue to be a key area of lysosomal research.  

 

1.1.2. The role of the lysosome in exocytosis 
 

Lysosomal exocytosis occurs solely when there is damage to the plasma membrane via a 

mechanism resembling Ca2+-regulated exocytosis of lysosome related organelles. 

Contrasting to early endosomes, lysosomes are not recycled back to the plasma membrane 

and remain at the periphery of the cell. Instead, upon membrane damage, there is an influx 

of extracellular Ca2+ which triggers the translocation of lysosomes from the periphery of 

the cell to the damaged site of the plasma membrane. Lysosomes are then docked with the 

damaged site where the lysosomal membrane can fuse with the plasma membrane, 

promoting its resealing and thereby reducing membrane tension. This mechanism was 

made evident by the presence of a luminal epitope of lysosomal membrane protein LAMP-

1 at the site of plasma membrane disruption, which was later revealed to be a process 

dependent on the presence of extracellular Ca2+ (Reddy et al. 2001).     

 

1.1.3. The role of the lysosome in autophagy  
 

Macro-autophagy, herein referred to as autophagy, is a controlled, cellular self-

degradation pathway that delivers cytoplasmic material, including proteins and lipids, and 

organelles to the lysosome for degradation and recycling. The autophagy process is 

essential for maintaining cellular homeostasis under normal physiological conditions. 

However, autophagy can be upregulated under starvation or stress-induced conditions, for 

example lipid accumulation, as a way to provide essential metabolic components or 

remove toxic material to aid cell survival (Glick et al. 2010; Nixon 2013).   

 

Multiple autophagy (Atg) genes encode the necessary machinery required for the initiation 
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of autophagy. The initiation step involves two ubiquitin-like conjugation systems involving 

the Atg5-Atg12-Atg6 complex and phosphatidylethanolamine-conjugated microtubule-

associated protein 1 light chain 3 (LC3 II) (Mizushima et al. 1998; Klionsky 2014). The 

autophagic process starts with an ‘isolation membrane’, also termed a phagophore, that 

likely originated from lipid bilayer donated by the endoplasmic reticulum and/or trans-

Golgi network and endosomes; although the exact origin of the phagophore remains 

elusive and somewhat controversial (Axe et al. 2008; Wei et al. 2018). The Phagophore 

expands to engulf intracellular cargo, such as damaged organelles, macromolecules 

(including specific substrates like p62) and/or protein aggregates, thereby sequestering 

them in a double membrane vesicle called the ‘autophagosome’. LC3 II associates with 

autophagosome membrane throughout their existence and is therefore widely used as a 

marker of autophagy (Kabeya et al. 2000). The autophagosome fuses with the lysosome 

forming the ‘autolysosome’, prompting the degradation of the autophagosome contents 

by lysosomal acid hydrolases. By-products of this process, for example amino acids, are 

then exported back into the cytoplasm by lysosomal permeases and transporters, where 

they are re-used in macromolecular assembly and metabolism (Glick et al. 2010). An 

alternative maturation step for the autophagosome involves fusion with late endosomes 

to form vesicles known as ‘amphisomes’, which subsequently fuse with lysosomes to allow 

degradation and recycling of the contained cargo. 

 

Proper lysosomal function is therefore essential for the autophagy process to continue 

unperturbed. In fact, transcriptional regulation of autophagy ensues via the transcription 

factor EB (TFEB), which drives the expression of genes related not only to autophagy, but 

also lysosomal biogenesis (Settembre et al. 2011; Settembre et al. 2013a). Subsequently, 

lysosomal Ca2+ signalling, mediated by the lysosomal ion channel TRPML1, has been shown 

to modulate autophagy by stimulating  the nuclear localisation of TFEB via activation of 

calcineurin (Medina et al. 2015). Mutations in lysosomal proteins have been revealed as 

the underlying cause for the onset of multiple LSDs; a group of inherited disorders 

discussed in more detail in section 1.3.  

 

The nervous system is particularly sensitive to changes in autophagy due to post-mitotic 

neurons being unable to proliferate once differentiated (Son et al. 2012), thus requiring an 
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efficient system to clear cellular waste; such as protein aggregates and lipids. It is therefore 

unsurprising that neurodegeneration and altered autophagy are aspects of most LSDs; 

further highlighting the importance of proper lysosomal function in normal cellular 

physiology.  

1.2 The endolysosomal system 
 
The endolysosomal system is composed of an assembly of intracellular membranous 

organelles that dynamically interconvert. It consists of early endosomes, recycling 

endosomes, late endosomes, and the lysosome. As such, lysosomes are not defined 

organelles, but rather dynamic compartments that undergo cycles of fusion and fission 

with late endosomes and autophagosomes (Pryor and Luzio 2009; Hu et al. 2015). The 

endolysosomal system is responsible for multiple central cellular pathways, including 

autophagy, endocytosis and Ca2+ signalling. It is therefore unsurprising that dysregulation 

of this system has been credited as a trigger for the onset of numerous neurological 

dysfunctions in many diseases, including Alzheimer’s disease (AD) and Parkinson’s disease 

(PD) (Wu et al. 2011; Tan and Evin 2012; Neefjes and van der Kant 2014).  

 

1.2.1. Endocytosis 
 
The extracellular surface of the plasma membrane is the means by which the cell 

communicates with its external environment. In order to appropriately respond to, and/or 

affect, the extracellular environment the composition of the plasma membrane must be 

tightly regulated. Endocytosis is a vital cellular process which describes the de novo 

production of internal membranes from the plasma membrane lipid bilayer. Cells utilise 

these membranes to internalise lipids, ligands and proteins of the plasma membrane in 

intracellular vesicles (Doherty and McMahon 2009). Endocytosis plays a central role in the 

maintenance of plasma membrane composition, thereby influencing nutrient uptake, cell 

adhesion, cell migration, cytokinesis and signal transduction (Grant and Donaldson 2009). 

It can be considered the morphological opposite of exocytosis, the mechanism in which 

entirely intracellular vesicles fuse with the plasma membrane, either expelling specific 

chemicals (for example neurotransmitters), or delivering lipids and proteins to the plasma 

membrane. It is the fine balance between these two processes that allows for effective cell-



 18 

to-cell communication. For example, in the central nervous system (CNS), neurons utilise 

endocytosis as a way of recycling neurotransmitters released by preceding cells. 

Additionally, endocytosis of transmembrane receptors on the cells surface, for example 

AMPA receptors, regulates the lasting sensitivity of cells to their specific ligands (Doherty 

and McMahon 2009; Rosendale et al. 2017).  

 

There are two major pathways of endocytosis: clathrin-dependent endocytosis (CDE) and 

clathrin-independent endocytosis (CIE). CDE occurs via the formation of clathrin coated pits 

(CCPs) in the plasma membrane, which are created via the assembly of the two major coat 

proteins: (1) clathrin triskelia; a three-legged pinwheel-shaped heteropolymer 

compromising three clathrin heavy chains with tightly associated clathrin light chains, and 

(2) adaptor protein-2 (AP2); a heterotetramer comprised of α, β2, μ2, σ2 subunits.  

(Ferguson et al. 2008). CDE also requires a number of endocytic accessory proteins (EAPs), 

which act as scaffolds and cargo recruiters, and also initiate curvature of the membrane. 

CDE can be split into four distinct stages; initiation, stabilisation, maturation and 

membrane fission, respectively. Dynamin, a large GTPase, is recruited at low levels to 

budding CCPs. Here, it regulates the initiation and maturation stages of CCPs, before 

forming short helical rings around the deep invaginations of CCPs, leading to membrane 

fission. Following membrane fission, the clathrin coated vesicles (CCVs) are uncoated, go 

through homotypic fusion events (the fusion of two similar compartments), and deliver 

their cargo to early endosomes (Schmid and Frolov 2011; Morlot and Roux 2013; Antonny 

et al. 2016). A proportion of vesicles are recruited back to the plasma membrane following 

sorting at the early endosome, while others are targeted to the lysosome for degradation 

and recycling (Mousavi et al. 2004).  

 

There are multiple mechanisms for CIE, but the most well characterised is the dynamin-

dependent, caveolae-mediated pathway. Caveolae are ‘flask-shaped’ invaginations in the 

plasma membrane (approximately 50-80 nm) that are rich in caveolins; a family of integral 

membrane proteins. Macropinocytosis and phagocytosis are two further mechanisms of 

CIE, however they do not utilise microdomains of caveolins, and involve the internalisation 

of somewhat large (> 1 μm) vesicles containing extracellular debris. However, phagocytosis 

only occurs in specialised cells, such as macrophages (Mayor and Pagano 2007). 



 19 

 

The generation of early vesicles from the plasma membrane proceed to share a common 

pathway in cargo transportation, regardless of whether they were produced by CDE or CIE. 

Various proteins are involved in the facilitation of docking and fusion of the early vesicles 

with the membranes of target organelles. Annexin A2, a Ca2+-dependent phospholipid 

binding protein, has been shown to play a role in the regulation of membrane and actin 

dynamics, specifically in the endocytic pathway. It is present on early endosomes where it 

modulates membrane traffic, including the generation of multivesicular intermediates 

targeted for transportation to late endosomes (Morel et al. 2009). Rab proteins are a family 

of small GTPases. To date, over 70 mammalian Rab GTPases have been identified, and of 

these approximately 20 have defined functions in endocytic processes, such as membrane 

tethering (Hutagalung and Novick 2011). Rab5 and Rab7 are often used as markers for early 

and late endosomes, respectively. Rab5A is a central mediator in the tethering of early and 

late endosomes, while Rab7 facilitates tethering of the late endosome and lysosome 

(Vanlandingham and Ceresa 2009). When activated, Rabs interact with tethering factors, 

such as early endosomal antigen 1 (EEA1) on early endosomes, driving the formation of 

SNARE complexes, and ultimately membrane fusion (Christoforidis et al. 1999). The 

composition of a SNARE complex is heterogenous in nature, and the components are 

dependent on the vesicle. Eventually, Ca2+-dependent, heterotypic fusion of the late 

endosome with the lysosome creates a hybrid organelle, which due to its acidic pH and 

hydrolytic contents acts as a site for macromolecular degradation and recycling.  

 
1.2.2. Interaction of the endolysosomal system with other cellular organelles 
 

Lysosomes have an emerging role as cellular signalling hubs, with evidence that these acidic 

organelles interact with both the ER and mitochondria to mediate lipid metabolism, Ca2+ 

signalling, lysosomal biogenesis and mitochondrial fission.   

 

The term ‘membrane contact site’ (MCS) describes cellular domains in which two 

organelles are in close proximity (< 20 nm), and are therefore able to promote integration 

and facilitate molecular function.  A well characterised mechanism of how MCSs influence 

cell dynamics is the interaction between the ER and early endosomes/ lysosomes in 
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response to levels of cholesterol (Johansson et al. 2007; Rocha et al. 2009), however for 

ease of explanation the following describes the path of late endosomes. When cellular 

levels of cholesterol are low, late endosomes gather at the periphery of the cell, however 

when levels of cholesterol are high they accumulate at the centre of the cell. Upon 

maturation, late endosomes travel to the centre of the cell where they fuse with lysosomes 

to initiate cargo degradation in a process regulated by oxysterol-binding-related protein 1L 

(ORP1L). ORP1L localises to the membrane of late endosomes via interaction with Rab7 

and phosphoinositides. The oxysterol-binding domain (OBD) of ORP1L senses cholesterol 

in the membrane of the organelle and binds it, while Rab7 effector, RILP, recruits dynein-

dynactin motor complex to facilitate retrograde transport of the late endosome. 

Conversely, low-cholesterol conditions drive a conformational change of ORP1L that 

exposes its FFAT motif, which is then free to bind the ER-bound Vamp-associate proteins 

(VAPs). In this way a new MCS is created between the late endosome and the ER, the 

dynein-dynactin motor complex dissociates from RILP, and the organelle is relocalised to 

the periphery of the cell via anterograde transport; showing the impact of MCSs on 

organelle positioning (Johansson et al. 2007; Rocha et al. 2009).  

 

There is also evidence for a role of MCSs between the ER and lysosomes in Ca2+ modulation. 

Atakpa et al showed that MCSs between the ER and lysosomes were microdomains rich in 

IP3 receptors (IP3Rs) that work to facilitate the selective delivery of Ca2+ from the ER to 

lysosomes; although IP3Rs were not required for MCS assembly (Atakpa et al. 2018). They 

also showed that this interaction was dependent on low lysosomal pH, as dissipation of 

lysosomal pH using with bafilomycin A not only inhibited Ca2+ uptake by lysosomes, but 

also disrupted the ER-lysosome MCSs.  

 

Mechanisms underlying the interactions between lysosomes and mitochondria are 

somewhat incomplete, however the existence of common pathways between these two 

organelles may provide information on the physiological roles of these connections. Both 

lysosomes and mitochondria play vital roles in amino acid metabolism and Ca2+ 

homeostasis, suggesting a central property of their interaction (Todkar et al. 2017). In fact, 

lysosomal Ca2+ release has been shown to activate the Ca2+-dependent phosphatase, 

calcineurin, which in turn activates TFEB (Medina et al. 2015). TFEB has been shown to 
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drive the transcription of PGC1α and peroxisome proliferator activated receptor α (PPARα), 

which in turn stimulates mitochondrial fatty acid β- oxidation; a crucial pathway in ATP 

production for tissues with high energy requirements (Vega et al. 2000; Settembre et al. 

2013a). This suggests a role for lysosomal Ca2+ in regulating mitochondrial metabolism. 

Additionally, it has been shown that the lysosomal TRPML1 channel acts as a ROS sensor, 

releasing Ca2+ into the cytosol under high ROS conditions. This leads to the activation of 

calcineurin and TFEB, which in turn gives rise to increased autophagy, which clears 

dysfunctional mitochondria/ excess ROS (Zheng et al. 2016).  

 

The above emphasises the importance of lipid and Ca2+ homeostasis within the cell, and 

further highlights the importance of the lysosome as a key cellular signalling hub existing 

in a dynamic, interdependent relationship with other major cellular organelles.  

1.3 Cellular Ca2+ regulation: Lysosomes, the ER and 
mitochondria 

 
Ca2+ is the third most abundant metal in nature, and throughout evolution has become the 

most universal, intracellular second messenger for biological organisms (Carafoli and Krebs 

2016). Under normal physiological conditions, the cytosolic Ca2+ concentration ([Ca2+]c) is 

approximately 100 nM, 10,000-fold lower than its extracellular environment (1 mM). 

Although vital for the life of all multicellular organisms, a sustained elevation in [Ca2+]c 

levels ultimately leads to cell death. As Ca2+ cannot be metabolised, the cell must tightly 

regulate its levels via multiple binding and specialised extrusion proteins localised to 

various organelles that maintain high concentrations of luminal Ca2+, such as the ER 

(Clapham 1995; Lloyd-Evans et al. 2010). As such, cellular Ca2+ dyshomeostasis gives rise to 

a host of pathological symptoms, the underlying causes of which remain to be investigated 

as therapeutic targets. 

 
1.3.1. Endocytosis and Ca2+ regulation 
 
The internalisation of extracellular material or proteins at the plasma membrane during 

endocytosis leads to the formation of vesicles containing Ca2+-rich, extracellular fluid 

(approximately 1 mM). These vesicles later fuse with early endosomes and increase their 

luminal Ca2+ concentration, which normally ranges from 4-40 μM. Studies have revealed 
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that the high Ca2+ concentration within these early endosomes is diminished minutes after 

endocytosis, while simultaneously undergoing acidification. TRPML3, an early endosomal 

Ca2+ release channel, was later found to underlie this process in a pH dependent manner. 

Through TRPML3, Ca2+ maintained within the lumen of the early endosome is able to flow 

into the cytosol at a mildly acidic pH (Martina et al. 2009; Lelouvier and Puertollano 2011). 

However, it is suggested that there must be a point in the endolysosomal system where 

Ca2+ efflux ceases and Ca2+ is actively pumped into the organelles due to the lysosome 

having a Ca2+ concentration of approximately 500 μM (pH 4- 4.5), though the precise point 

at which this occurs remains elusive (Lloyd-Evans et al. 2010).   

 
1.3.2. Lysosomal Ca2+ regulation 
 
Lysosomal Ca2+ is regulated by  transmembrane proteins, including the TRPMLs and two 

pore channels (TPCs). Studies have implicated lysosomal Ca2+ in a number of cellular 

processes, such as autophagy, vesicular trafficking, exocytosis and membrane repair. 

Disruption to levels of lysosomal Ca2+ has been linked to neurodegeneration in Niemann-

Pick type C (NPC), as well as more common neurodegenerative diseases, including AD and 

PD (Lloyd-Evans et al. 2008; Settembre et al. 2013b; Feng and Yang 2016; Fraldi et al. 2016). 

Henceforth, the mechanisms by which lysosomal Ca2+ is maintained are discussed. 

 

The TRPML family of transmembrane proteins are composed of three members, TRPML1, 

TRPML2 and TRPML3. They are closely related, and share approximately 75% similarity in 

their amino acid sequences (Di Paola et al. 2018). The most well characterised of these is 

TRPML1, a 580 amino acid cation channel comprising 6 transmembrane domains that is 

localised to late endosomes and lysosomes. It is critical for the proper functioning of these 

organelles, with the lysosomal TRPML1 channel being implicated in a number of cellular 

processes, including regulation of autophagy and ER stress via release of lysosomal Ca2+, 

membrane repair via modulation of exocytosis, regulation of lysosomal Zn2+/Fe2+ and ROS 

sensing. Mutations in the gene encoding TRPML1, MCOLN1, cause Mucolipidosis type IV 

(MLIV), an autosomal recessive LSD characterised by psychomotor retardation, corneal 

opacities, elevated blood gastrin levels and achlorhydria. At a cellular level, TRPML1 knock-

out cells display defects in endocytic trafficking and the lysosomal accumulation of 
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lipofuscin and other macromolecules, including phospholipids, mucopolysaccharides and 

gangliosides (Cheng et al. 2010). 

 

Although TRPML1 permeability to Ca2+ has been well established, various studies have also 

reported the channels ability to pump ions of the lysosomal lumen into the cytosol, 

including Zn2+, K+, Na+ and Fe2+ (Kiselyov et al. 2005; Dong et al. 2009). However, many 

experiments investigating the ion conductance of TRPML1 involved overexpression, 

reconstitution of channels into bilayers and induction of swelling using vacuolin; a cell-

permeable triazine that causes all parts of the endocytic system to swell, not lysosomes 

specifically. Hence, these experiments have not replicated physiological conditions and 

may not be representative of the situation in normal cells. Investigation into TRPML1’s 

permeability to Ca2+, however, has been replicated under various experimental conditions 

by a number of groups, suggesting the validity of this concept.  

 

A low throughput screen for TRPML1 activators led to the discovery of a synthetic 

mucolipin agonist, mucolipin synthetic agonist 1 (ML-SA1), which has enabled further 

investigation into TRPML1 (Shen et al. 2012). It is closely related to the small molecule 

activator of TRPML3, SF-51, which was shown to also weakly activate TRPML1 (Grimm et 

al. 2010). Similarly, it has been demonstrated that ML-SA1 is able to activate TRPML2 and 

TRPML3. Single channel recordings from endo-lysosomes were carried out following 

vacuolin-induced swelling. As TRPML1 is the most prominent TRPML channel present on 

endo-lysosomes it was thought this would avoid the potential interference of other TRPML 

channels being activated by ML-SA1.  However, as previously stated, vacuolin causes 

swelling of the entire endocytic system, and therefore the possibility that the resultant 

recordings came from TRPML3 cannot be ruled out (Cerny et al. 2004; Martina et al. 2009; 

Shen et al. 2012). Nicotinic acid adenine dinucleotide phosphate (NAADP) is a potent 

lysosomal Ca2+-releasing second messenger that has been suggested to invoke Ca
2+ release 

from TRPML1, however this finding remains unconfirmed (Zhang et al. 2011). 

 

Lysosomal Ca2+ is also regulated via TPCs, a family of non-selective cation channels localised 

to the endolysosomal system. TPC1 and TPC2 are the only members currently identified in 
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the human genome. The fundamental distinction between TPC1 and TPC2 is their voltage 

dependence. In recent years it has been reported that TPC1 forms a previously 

uncharacterised, depolarisation-activated, non-inactivating Na+ channel called lysoNav, 

which is opened upon luminal alkalisation. It was therefore concluded that TPC1 was able 

to sense both changes in pH and voltage (Cang et al. 2014). TPC2 has been suggested as a 

target for endolysosomal Ca2+ release from acidic compartments in response to NAADP. 

Overexpression of human TPC2 in HEK cells heightened NAADP binding, and consequently 

lysosomal Ca2+ release, whereas knockdown studies prevented this (Calcraft et al. 2009; 

Ruas et al. 2015). Single channel recordings utilising the insertion of immunopurified TPC2 

into a lipid bilayer has showed that not only is TPC2 permeable to Ca2+ following NAADP 

binding, but also acts as a sensor of both luminal Ca2+ and pH. It was revealed that at a low 

pH, TPC2 is activated by NAADP, while the opposite is true at a neutral pH (Pitt et al. 2010).  

Other research groups have suggested that TPC2 is a selective Na+ channel activated via an 

NAADP-independent pathway by PI(3,5)P2 (Wang et al. 2012; Cang et al. 2013). The study 

by Wang et al utilised TPC knockout mouse models to demonstrate that NAADP-responses 

remained present despite the deficiency of TPCs. In response, Ruas et al created a novel 

TPC-null mouse line and demonstrated the absence of TPCs before showing that loss of 

endogenous TPCs eradicates NAADP-dependent Ca2+ responses. Re-expression of TPCs 

restored NAADP sensitivity (Ruas et al. 2015). It was later revealed that the ‘TPC-null’ 

mouse line used by both Cang et al and Wang et al expressed truncated TPCs that were still 

capable of supporting NAADP-induced Ca2+ release (Ruas et al. 2015).  

1.3.3. ER Ca2+ regulation 
 
The ER is the largest intracellular Ca2+ store, with a concentration of approximately 1 mM. 

It regulates its luminal Ca2+ via a number of transmembrane proteins, including SERCA, 

inositol 1,4,5-trisphosphate (IP3) and ryanodine receptors (IP3R and RyR, respectively), as 

well as luminal Ca2+ binding proteins, such as calreticulin. The high Ca2+ content of the ER 

is vital for protein processing, and provides a reservoir to support stimulus-response 

communications, some of which play a critical role in cellular processes, including 

mitochondrial bioenergetics, apoptosis and autophagy (Braakman and Hebert 2013).  
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The sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) is a 110 kDa ER transmembrane 

protein that is ubiquitously expressed in all eukaryotic cells. It is a P-type ATPase pump that 

transports two calcium ions from the cytosol into the lumen of the ER in exchange of the 

hydrolysis of one molecule of ATP (Guerrero-Hernandez et al. 2010). This creates a Ca2+ 

gradient which maintains the high luminal Ca2+ concentration of the ER and, consequently, 

low cytosolic Ca2+ levels (approximately 100 nM). This gradient allows Ca2+ to be a 

ubiquitous second messenger for a number of cellular pathways, including synaptic 

transmission, metabolism, muscle contraction and fertilisation.  

 

There are 3 genes that encode SERCA1, 2 and 3 (ATP2A1, ATP2A2 and ATP2A3, 

respectively), and they are known to generate more than 10 isoforms via alternative 

splicing. The expression of SERCA 1, 2 and 3 is dependent on cell type. SERCA1 is typically 

expressed in fast-twitch skeletal muscle, while SERCA2 is predominantly expressed in 

cardiac and slow-twitch skeletal muscle, although there is evidence for the expression of 

the latter in other tissues (MacLennan et al. 1985; Brandl et al. 1986). Of all SERCA2 

isoforms, SERCA2b is particularly interesting as it has the highest affinity for Ca2+ due to its 

distinctive C-terminal extension, known as the ‘2b-tail’ (Vandecaetsbeek et al. 2009). 

SERCA3 isoforms are expressed at low levels in muscles, but have been shown at high levels 

in several non-muscle tissues, including platelets, epithelial cells, fibroblasts, endothelial 

cells and hematopoietic cell lines (Anger et al. 1993; Bobe et al. 2005).  

 

Dysregulation of SERCA has long been associated with muscular and cardiovascular 

diseases, however there is evidence that SERCA may play a role in the pathogenesis of a 

number of neurodegenerative diseases, such as Parkinson’s disease (PD) and Alzheimer’s 

disease (AD) (Green et al. 2008; Brini and Carafoli 2009; Betzer et al. 2018). It has previously 

been demonstrated that α-synuclein aggregate-dependant degeneration was initiated at 

early time points when no obvious phenotypes were present (Kragh et al. 2014). Betzer et 

al found that there was an early reduction in cytosolic Ca2+ across cellular models of α-

synuclein aggregate-dependant degeneration, which was followed by an increase in 

cytosolic Ca2+ when phenotypes eventually presented. Using co-immunoprecipitation 

studies, they showed that α-synuclein aggregates (but not monomers) bind to SERCA, 

triggering the hydrolysis of ATP and pumping of Ca2+ from the cytosol into the ER lumen, 
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causing the early reduction in the levels of cytosolic Ca2+. They also demonstrated that 

inhibition of SERCA using cyclopiazonic acid (CPA) prevented both the early reduction, and 

subsequent elevation, in cytosolic Ca2+ in both cellular models and α-synuclein-transgenic 

Caenorhabditis elegans. They further concluded that treatment with CPA had a 

neuroprotective effect on dopaminergic neurons in the latter. They proposed that SERCA 

could be a sensible therapeutic target in the treatment of α-synucleinopathies, such as PD 

(Betzer et al. 2018). SERCA has also been implicated in the pathogenesis of AD, with it being 

proposed that SERCA activity is regulated via interaction with presenilin (PS), proteins 

involved in the generation of amyloid beta (Aβ) from amyloid precursor protein (APP). As 

such, it was proposed that modulation of SERCA activity may modify Aβ production (Green 

et al. 2008; Brini and Carafoli 2009). 

 

Lipid accumulation has also been shown to impact SERCA function. Sandhoff disease is a 

lysosomal storage disease that accumulates ganglioside GM2 due to a deficiency in the 

lysosomal enzyme, b-hexosaminidase (Hex B). Hexb-/- mouse models have been shown to 

have a slower rate of Ca2+ uptake via SERCA, which was corrected by feeding with miglustat, 

a ceramide-specific glucosyl transferase inhibitor that prevents glycolipid synthesis. This 

study highlights the link between lipid accumulation and defective ER Ca2+ handling via 

SERCA (Pelled et al. 2003). 

 

IP3Rs are a family of ubiquitously expressed ER Ca2+ channels comprised of 3 homologous 

isoforms (1-3) encoded for by different genes. Although distinct, these isoforms share 

approximately 70% sequence identity, with the transmembrane regions of each channel 

being almost 90% identical. IP3Rs can exist as homo- or heterotetreamers constituted of 

four subunits with a molecular weight of approximately 300 kDa each. Each monomer has 

a ligand-binding pocket located close to the N-terminus, a cytosolic regulatory domain, and 

a pore region with 6 transmembrane helices at the C-terminus. The latter of which forms 

the Ca2+ channel region (Fan et al. 2015). IP3Rs play a key role in store-operated Ca2+ entry 

(SOCE), a key signalling pathway in maintaining cellular Ca2+ homeostasis. 

 

Phospholipase C (PLC) cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) in response to 

extracellular stimuli, such as neurotransmitters and hormones. This reaction generates 
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plasma membrane-bound diacylglycerol (DAG) and soluble IP3. Upon binding to IP3R, IP3 

induces Ca2+ release from the ER, increasing the concentration of cytosolic Ca2+. This 

increase in cytosolic Ca2+ can be sequestered into lysosomes and mitochondria if they are 

in close proximity. Emptying of the ER via IP3R results in the dissociation of luminal Ca2+ 

from the EF-hand domain of stromal interacting molecule 1 (STIM1), an ER Ca2+-sensing 

protein. This results in the oligomerisation of STIM1, causing it to translocate to the plasma 

membrane where it forms STIM1 puncta. Here, STIM1 interacts with the pore-forming 

subunit of the store-operated Ca2+ release activated Ca2+ (CRAC) channel, Orai1, which 

accumulates in the plasma membrane adjacent to STIM1. The close proximity of these 

proteins at ER-plasma membrane junctions allows for their direct interaction, which leads 

to CRAC channel activation, and consequent refilling of the ER (Zhang et al. 2005; Xu et al. 

2006; Luik et al. 2008).  

 

IP3R1 is the most prominent IP3R in the central nervous system, and has been linked to 

several neurological, neurodegenerative and developmental diseases including 

Huntington’s disease (Tang et al. 2003), AD (Stutzmann et al. 2004), lysosomal diseases 

(Ginzburg and Futerman 2005) and CCDC47 deficiency (Morimoto et al. 2018). In AD, 

neuronal Ca2+ signalling is impaired and it has been shown that IP3-mediated Ca2+ release 

is enhanced in cortical neurons from familial Alzheimer’s disease (Psen1-/-) mutant mice, 

although the mechanism by which this occurs is controversial (Stutzmann et al. 2004). 

Some have speculated that presenilin (PS) 1 and 2 act as Ca2+ leak channels in the ER, and 

therefore the AD-associated mutations in PS1/2 disrupt their function. It is speculated that 

this then leads to Ca2+ overload and subsequent excessive IP3-mediated Ca2+ release (Tu et 

al. 2006; Nelson et al. 2007). It is noteworthy that an unbiased genetic screen for ER Ca2+ 

modulators supported the function of PS1/2 as ER Ca2+ leak channels (Bandara et al. 2013). 

Alternatively, it has been proposed that gating of IP3R1 can be directly potentiated by 

PS1/2, as it was shown that reduced IP3R1 expression normalises the disturbed Ca2+ 

signalling seen in AD PS1 mice, thereby alleviating pathologies associated with mutant PS-

related AD (Shilling et al. 2014). The importance of normally regulated Ca2+ release is also 

illustrated in human patients with mutations in the gene encoding the ER CCDC47 Ca2+ 

binding protein. Loss of CCDC47 function leads, by a currently unknown mechanism, to 

reduced IP3R mediated Ca2+ release that results in severe developmental delay and 
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neurological impairment (Morimoto et al. 2018). It is clear that any abnormality in IP3R 

mediated Ca2+ release is detrimental in the brain. 

 

RyRs are members of the same gene family as IP3Rs, and remain to have around 40% 

homology between their putative transmembrane regions. Despite this, they both have 

individual physiological/ pharmacological profiles. RyRs are ubiquitously expressed ER Ca2+ 

release channels, and are vital for the function of many organs, including cardiac function, 

synaptic transmission and pancreatic β-cell function. Defective signalling via RyR has been 

associated with the onset of AD, heart failure and diabetes mellitus.  

 

RyRs are extremely large homotetramers formed of 4 monomers with a molecular weight 

of 565 kDa (approximately 5000 amino acids) each. There are three isoforms (RyR 1-3) 

expressed in humans, although all are expressed in many tissues. At low cytosolic Ca2+ 

concentrations, RyR is typically closed. However, at micromolar cytosolic Ca2+ 

concentrations, Ca2+ binds to high-affinity binding sites on the receptor, increasing its open 

probability (Po) and causing the channel to open. The maximal channel activity of RyR is 

seen when cytosolic Ca2+ is around 10 µM, higher concentrations lead to a reduction in the 

Po. Co-immunoprecipitation studies have shown that PSs interact with RyR2 in the brain 

(Lee et al. 2006).  

 
1.3.4. Mitochondrial Ca2+ regulation  
 
Mitochondria, like the ER, act as intracellular Ca2+ reservoirs that maintain low cytosolic 

Ca2+ levels. As such, Ca2+ flux across the inner mitochondrial membrane (IMM) mediates 

intracellular cytoplasmic Ca2+ signals, as well as cellular bioenergetics and the initiation of 

cell death pathways. The discovery of the mitochondrial Ca2+ uniporter (MCU) increased 

the understanding of mitochondrial Ca2+ uptake. Deficiency of the MCU has been shown to 

supress apoptosis, and has therefore been suggested to be a key regulator in apoptotic cell 

death (Sebag et al. 2018). Additionally, inhibition using Ru360, a pharmacological inhibitor 

of MCU, has been shown to prevent Aβ-mediated apoptosis in cultured microglia, thereby 

exhibiting a neuroprotective effect (Xie et al. 2017). As such, the MCU has been, and 

remains to be, extensively studied due to its potential as a pharmacological target.  
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Prior to the identification of the MCU, uptake of Ca2+ into the mitochondria had been 

shown to be a passive process dependent on mitochondrial membrane potential (ΔΨm)- 

approximately 180 mV (Gunter and Pfeiffer 1990). It was also demonstrated that Ca2+ influx 

occurred without the co-transport of anions, revealing that it was uniporter (De Stefani et 

al. 2011). Further investigation into the MCU have shown that it exists as part of a 

heteromeric complex comprised of MICU1, MICU2, MCUR1, MCUb, EMRE and SLC25A23. 

Of these proteins, MICU1 is the negative regulator of the MCU, and is responsible for 

setting the threshold which regulates channel opening. When cytosolic Ca2+ exceeds 1-2 

µM, the EF hand domain of MICU1 senses this and physically dissociates from the channel, 

causing a conformational change in MCU to adopt its open state. MCU regulator 1 (MCUR1) 

is the positive regulator of the MCU which directly interacts with the channel to drive Ca2+ 

uptake into the mitochondria. Although this process is important in maintaining normal 

cellular Ca2+ homeostasis, under pathological conditions, such as ROS and Ca2+ overload, it 

can lead to mitochondrial dysfunction (Perocchi et al. 2010; Mallilankaraman et al. 2012; 

Plovanich et al. 2013; Sancak et al. 2013; Hoffman et al. 2014). Additionally, inhibition of 

uptake into the mitochondria via the MCU is also detrimental to cell health, as it leads to 

sustained increases in cytosolic Ca2+. Mitochondrial Ca2+ buffering has been demonstrated 

to be disrupted in neurons from cln8mnd mice. It was shown that decreased uptake of Ca2+ 

into the mitochondria via the MCU impaired the clearance of cytosolic Ca2+ (Kolikova et al. 

2011).  

The pore-forming subunit of the MCU is a pentamer with N and C terminal domains 

inserted into the mitochondrial matrix. The N-terminal domain of the MCU has three 

conserved cysteines containing free thiols (Cys67, Cys97 and Cys191) that are vulnerable 

to oxidation. Of these, Cys97 is particularly susceptible to nucleophilic reaction. In the 

circumstance of oxidative stress Cys97 is S-glutathionylated, which causes a conformational 

change in the N-terminal domain of the MCU. This in turn promotes the oligomerisation of 

MCU and increased rate of Ca2+ uptake into the mitochondria, leading to Ca2+ overload and 

mitochondrial swelling  (Lee et al. 2016).   

Mitochondrial Ca2+ flux via the MCU is balanced by its efflux through the Na+/Ca2+ 

exchanger (NCLX) or the H+/Ca2+ exchanger, though it is well established that in excitable 
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cells Ca2+ exchange is mediated by the former. It has been demonstrated that the efflux of 

Ca2+ from the mitochondria via the NCLX is dependent on the concentration of cytosolic 

Na+ (although Li+ can be substituted). Low levels of Na2+ in the cytosol minimises Ca2+ efflux, 

whereas increasing cytosolic Na+ enhances it (Carafoli 1974; Crompton et al. 1978). 

Defective mitochondrial influx/ efflux leads to mitochondrial Ca2+ dyshomeostasis, and 

subsequent mitochondrial Ca2+ overload. Coupled with oxidative stress, Ca2+ overload can 

trigger the formation of the mitochondrial permeability transition pore (MPTP), which is 

understood to be an initiator of apoptotic and necrotic cell death (Zhivotovsky et al. 2009; 

Bernardi et al. 2015). PINK1 and LRRK2 are two PD-associated protein pathways which 

display reduced mitochondrial Ca2+ efflux (independent of changes to ΔΨm) in knock-out 

primary cultures of cortical and midbrain neurons from postnatal rat pups. It was shown 

that upregulation of NCLX can rescue this defect to prevent mitochondrial Ca2+ overload, 

discerning a role of NCLX in PD-related pathogenesis (Ludtmann et al. 2019). 

 

Although it is well established that NCLX is the primary extrusion mechanism for 

mitochondrial Ca2+ in excitable cells, it should be mentioned that knock-out and 

pharmacological inhibition of NCLX reduced Ca2+ efflux by 80%. This indicates the existence 

of alternative extrusion mechanism(s), such as NCX2 and NCX3, as inhibition of NCX2/3 

using siRNA lead to reduced mitochondrial Ca2+ efflux (Wood-Kaczmar et al. 2013).  

1.4 Lysosomal storage disorders  
 
1.4.1. Lysosomal storage disorders: An overview 
 
Lysosomal storage disorders (LSDs) have been at the heart of lysosomal research since the 

discovery of the lysosome, with the physiological function of many lysosomal proteins 

being discerned as a result of their existence (Cox and Cachon-Gonzalez 2012). LSDs are a 

group of over 70 different inherited diseases characterised by impaired lysosomal function. 

Individually these disorders are rare, but together have a prevalence of 1 in 5000 live births 

(Meikle and Hopwood 2003). Clinical phenotypes of LSDs typically begin in infancy and 

childhood, although adult-onset forms of specific diseases have also been reported. The 

majority of LSDs present with progressive neurodegeneration, although other organ 

systems (cardiac and/ or renal, for example) may be affected depending on the disease. 
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LSDs usually occur due to mutations in genes encoding different lysosomal proteins, such 

as lysosomal enzymes, non-enzymatic lysosomal proteins or non-lysosomal proteins that 

impact lysosomal function. Due to the role of the lysosome as a cellular hub for catabolism, 

recycling and signalling, LSD-associated gene mutations can impair lysosomal function and 

lead to the accumulation of undigested storage material in lysosomes. This leads to cellular 

dysfunction, and ultimately, cell death (Platt et al. 2018). 

 

Due to the complex pathology of many LSDs, the pathogenesis of many diseases remains 

elusive. However, therapeutic intervention has been a success for several LSDs, with many 

having Food and Drug Administration (FDA) or European Medicines Agency (EMA) 

approved therapies. These include enzyme replacement therapies (ERT) and small 

molecule therapies, such as substrate reduction therapy (SRT). Gene therapy for several 

LSDs are at pre-clinical stages and, for some disorders, have progressed to the clinic.  

 

1.4.2. Lipid metabolism and Storage in LSDs 
 
Sphingolipids and Glycosphingolipids 
 
Sphingolipids were discovered in 1884 by German physician, Johannes L. W. Thudichum 

after he analysed the molecular composition of alcoholic brain extracts following acid 

hydrolysis (Thudichum, 1884). He termed the nitrogen-containing organic base which 

constitutes the main backbone of most sphingolipids and GSLs in mammalian cells, 

‘sphingosine’.  

 

Sphingolipids constitute a class of lipids consisting of a sphingoid base backbone (a single 

hydrocarbon chain, usually C18, with an amino alcohol head group) attached to the acyl 

group of a fatty acid via an amide bond. Attached to these lipid anchors are a variety of 

charged, neutral, phosphorylated and/or glycosylated moieties which form complex 

sphingolipids. The moieties attached result in both polar and non-polar regions of the 

molecule giving rise to its amphipathic properties, which explains their tendency to 

aggregate into membranous structures. In mammalian cells there are at least five different 

sphingoid bases, including sphingosine and dihydrosphingosine, and more than twenty 

different fatty acid species to attach to these backbones (Young et al. 2012).  
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Ceramides (Cer) are N-acylated sphingoid bases that act as precursors to more complex 

sphingolipids, such as sphingomyelin and glycosylated derivatives, GSLs (including 

gangliosides and globosides). For example, Cer is converted into sphingomyelin, the most 

abundant sphingolipid in mammalian cells, by the addition of a phosphorylcholine 

headgroup to position 1 of the sphingoid base (Young et al. 2012).  

De novo Cer biosynthesis ensues in the cytosolic leaflet of the ER membrane, where a group 

of four enzymes equivalently generate ceramides of differing acyl chain lengths from non-

sphingolipid precursors. The initial reaction in Cer biosynthesis requires the enzyme serine 

palmitoyl transferase (SPT), which catalyses the condensation of L-Serine with palmitoyl-

CoA to produce 3-ketosphinganine. SPT activity has been reported to correlate with relative 

amounts of sphingolipids. 3- ketosphinganine is then reduced at its ketone group to a 

hydroxyl group to D-erythro-sphinganine by the enzyme 3- ketosphinganine reductase in 

an NADPH dependent manner. D-erythrosphinganine is acylated to dihydroceramide by six 

distinct (dihydro)ceramide synthases, CerS1-6 (Young et al. 2012). Dihydroceramide D4-

desaturase catalyses the desaturation of dihydroceramide into ceramide. Ceramide is a 

membrane bound molecule with very low solubility in aqueous environments, therefore 

vesicular transport or chaperone-mediated methods are required to mobilise ceramide. 

Ceramide transfer protein (CERT) extracts Cer from the ER membrane and transports it to 

the Golgi, where it can be modified into more complex sphingolipids and glycosphingolipids 

(Young et al. 2012). Once in the Golgi, carbohydrate moieties are added to ceramide 

consecutively to form more complex sphingolipids (Gault et al. 2010). Sphingolipids and 

their derivative GSLs are major constituent of cell membranes, where they play a structural 

and regulatory role. Sphingolipids have also been shown to play a role in biosynthesis of 

sphingosine-1-P and apoptosis (ceramide) signalling. Others have reported that GSLs, 

specifically ganglioside GM1, are also capable of influencing Ca
2+ flux from the ER (d'Azzo 

et al. 2006; Sano et al. 2009). However, many LSDs show an accumulation of sphingolipids 

and GSLs in lysosomes. As such, these LSDs are termed ‘glycosphingolipidoses’, and they 

arise due to a defect in sphingolipid metabolism. The structures of different sphingolipids 

and glycosphingolipids are outlined in figure 1.1.  
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Figure 1.1 - Structures of sphingolipids and glycosphingolipids contained with the 

sphingolipid and glycosphingolipid biosynthetic pathway. A summary of how the addition 

of chemical groups to a sphingosine backbone generates different species of 

sphingo/glycosphingolipids, alongside an outline of their biosynthetic pathway. (Image 

from creative commons: LHcheM is licensed under CC BY-SA 3.0. Figure has been modified) 
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Gangliosides and Globosides 
 
Gangliosides were discovered by Ernst Klenk in the 1930s after he analysed post-mortem 

brain samples of Tay-Sachs patients  (Klenk, 1937). They are sialic-acid containing 

glycosphingolipids that are found ubiquitously throughout bodily tissues and fluids, 

however, they are especially abundant in the nervous system. The expression levels of 

brain gangliosides changes dramatically throughout development, highlighting their 

importance in normal growth and maturation. To date, 188 different gangliosides have 

been identified in vertebrate tissues (Yu et al. 2011).  

 

Gangliosides, like all glycosphingolipids, are synthesized in the ER before being modified in 

the Golgi apparatus via the addition of carbohydrate moieties (described above) in a 

reaction catalysed by a succession of specific glucosyltransferases. Most gangliosides are 

synthesised from lactosylceramide (LacCer), with the exception of ganglioside GM4 which 

is derived from galactosylceramide (GalCer). The synthesis of ganglioside GM3 occurs via 

the addition of a sialic acid to LacCer by the CMP-sialic acid, LacCer a2,3 sialyltransferase 

(or GM3 synthase). Following this, GD3 and GT3 are synthesised in turn by their applicable 

synthases. Collectively, GM3, GD3 and GT3 act as precursors to form more complex 

gangliosides, known as the a-, b- and c- series, respectively. GM3 is converted into GM2 by 

b1,4- N-acetylgalactosaminyltransferase (or GM2 synthase), which is subsequently 

converted into GM1 by b3-galactosyltransferase IV (or GM1 synthase) (Yu et al. 2011).     

 

Primarily, but not exclusively, gangliosides are localised to the plasma membrane where 

they play a role in cell-to-cell recognition, Ca2+ modulation, and signal transduction within 

caveolae (specialised cell surface microdomains). Inherited defects in ganglioside 

metabolism give rise to fatal neurodegenerative diseases categorised under LSDs due to 

their accumulation of gangliosides in lysosomes. Diseases caused by defects in ganglioside 

metabolism are known collectively as the ‘gangliosidoses’, with the most recognised being 

GM1- and GM2-gangliosidosis, both of which present with defects in ganglioside 

catabolism due to significantly reduced activity of the enzyme responsible for their 

degradation. There have been very few cases of defects in ganglioside biosynthesis in 

humans, however of the two cases reported both occurred in childhood. The underlying 
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pathology of these cases was that the synthesis of more complex gangliosides from 

ganglioside GM3 was blocked, with one patient dying at 3.5 months old (Fishman et al. 

1975; Simpson et al. 2004; Fragaki et al. 2013). Additionally,  mutations in the ST3GAL5 

gene lead to a deficiency in GM3-synthase, which results in a rare form of severe epilepsy, 

also called Amish infantile epilepsy syndrome, further confirming the vital role of 

gangliosides in development  (Simpson et al. 2004).  

 

Globoside (Gb3) is another glycosphingolipid with more than one carbohydrate side chain 

attached to the ceramide base. Defects in the catabolism of Gb3 and degradation product, 

globotriaosylceramide, give rise to different neurodegenerative diseases. The Catabolism 

of gangliosides and globosides is complex, but as with all GSLs occurs in the lysosome, and 

involves a number of different enzymes, the deficiency of which causes a number of LSDs. 

As such, this process is summarised in figure 1.2. 
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Figure 1.2: An overview of the pathway of sphingolipid degradation. The eponyms of 

known metabolic diseases and those of SAPs (red) necessary for in vivo degradation are 

indicated. Hydrolases are given in green. Heterogeneity in the lipid part of the sphingolipids 

is not indicated. Variant AB, Variant AB of GM2-gangliosidosis deficiency of GM2-activator 

protein (GM2-AP) ; Sap, sphingolipid activator protein (Image from creative commons: Sav 

vas is licensed under CC BY-SA 3.0.) 
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Lipofuscin  
 

One of the most notable changes to the morphology of neurons during aging is the 

accumulation of the lipofuscin aggregates. Lipofuscin is a relatively insoluble, 

autofluorescent lipopigment complex formed by a number of highly oxidised, cross-linked 

macromolecules, including lipids, misfolded proteins and metal ions (Fe2+, Fe3+, Cu2+, Zn2+, 

Al3+, Mn2+ and Ca2+) (Hohn et al. 2010; Rodolfo et al. 2018). Lipofuscin complexes vary 

depending on tissue and exhibit heterogeneity in composition of oxidised proteins (30-

70%), lipids (20-50%) and metal ions (2%) (Benavides et al. 2002; Double et al. 2008). Due 

to its polymeric nature and highly cross-linked structure, lipofuscin is resistant to 

proteolytic degradation, and it is not cleared by exocytosis. This leads to  its accumulation 

in lysosomes; a commonly used marker for aging. 

 

Although lipofuscin has been researched extensively for over 100 years, there remains to 

be a single, well-defined mechanism for lipofuscin accumulation. Instead, there are a 

number of different theories, including lipid peroxidation, altered cellular proteostasis, 

mitochondrial-lysosomal crosstalk, and altered lipid metabolism. The lipid peroxidation 

theory is well supported, and proposes that degradation of iron-containing proteins in the 

lysosome leads to free radical formation via Fenton reactions, which go on to cross-link 

lysosomal macromolecules to form lipofuscin.  

 

Cellular proteostasis is maintained by multiple mechanisms, namely ubiquitin-mediated 

autophagy for degradation via the ubiquitin-proteasome system (UPS) and lysosome-

mediated autophagy. Throughout aging, proteostasis becomes less efficient, hindering 

degradation of misfolded proteins. As a result, these proteins expose their hydrophobic 

domains, and so tend to form complexes with other proteins, which leads to the formation 

of protein aggregates (Kettern et al. 2011; Rodolfo et al. 2018). Uptake of these aggregates 

into lysosomes via autophagy then leads to further aggregation with lysosomal material. 

This drives the formation of protease-resistant lipofuscin, which in turn causes defects in 

the autophagic pathway (Hohn and Grune 2013). Insufficient clearance via autophagy can 

cause the aggregation of lipofuscin in the cytosol, and it has been proposed that an 

abundance of cytosolic lipofuscin can inhibit the proteasome. The 20S proteasome binds 
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to lipofuscin aggregates, however they are unable to be degraded due to their cross-linked 

organisation and the proteasome remains attached. This in turn prevents the degradation 

of oxidised proteins, upregulating the production of free radicals, and ultimately leading to 

cytotoxicity (Sitte et al. 2000; Hohn et al. 2010).  

 

Over time, oxidative stress and mutations to mitochondrial DNA lead to impairment of 

mitochondrial metabolism, further increasing oxidative stress by the production of ROS via 

oxidative phosphorylation. As a result, dysfunctional mitochondria are eliminated by the 

lysosomal system through the initiation of mitophagy (Atkins et al. 2016; Rodolfo et al. 

2018). Lysosomes then accumulate non-degraded mitochondrial proteins, such as the small 

hydrophobic subunit C of the F0/F1 ATP synthase; the main storage component of lipofuscin 

in a group of LSDs called the neuronal ceroid lipofuscinoses (Ezaki et al. 1995). Aggregation 

of lipofuscin in lysosomes leads to reduced autophagy and lower turnover of functional 

mitochondria. This highlights the importance of efficient crosstalk between lysosomes and 

mitochondria during aging. Additionally, dysfunctional mitochondria generate increased 

levels of ROS, which drives lipofuscinogenesis and creates a feedback loop of functionally 

deficient mitochondria and lysosomes. This leads to increased oxidative stress, decreased 

energy production and defective autophagic pathways (Brunk and Terman 2002; Terman 

et al. 2010).  

 

Defective lipid metabolism has also been implicated in the formation of lipofuscin 

aggregates. Hebbar et al proposed that the accumulation of lipofuscin deposits is a direct 

consequence of dysregulated levels of ceramides and sphingosines in the early stages of 

neurodegeneration (Hebbar et al. 2017). Others have showed that defective ceramide 

biosynthesis gives rise to neurodegeneration; a novel mechanism for lipofuscin aggregation 

(Zhao et al. 2011). 

 

As is clear from the above, the formation of lipofuscin is a complex operation in which 

lysosomes play a central role. It is therefore unsurprising that lipofuscin aggregation is a 

hallmark of a number of diseases with an underlying pathology of lysosomal dysfunction.  
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1.4.3. Therapeutic intervention for LSDs 
 

Approximately 30 LSDs are caused by mutations in genes that encode soluble lysosomal 

hydrolases, leading to a reduction in activity or protein deficiency (Mehta et al. 2006). Due 

to the soluble nature of these proteins, the therapy usually pursued for these LSDs is ERT, 

although SRT and haematopoietic stem cell transplantation (HSCT) are also in use. 

Therapeutic strategies for a number of LSDs are summarised in table 1.1.  

 

HSCT was developed prior to ERT, and was previously the only way of treating an LSD. HSCT 

was developed on the principle that donor cells are able to migrate into the recipient’s 

organs and correct the metabolic defect via the local release of the deficient enzyme. For 

instance, in the central nervous system (CNS), microglial cells are partially replaced by 

donor cells, which are then able to deliver the target enzyme to neurons. However, the 

success rate of treating severe neurological disease with HSCT is limited, as the process 

itself is slow and incomplete (Beck 2018). Yet, for few LSDs HSCT remains to be the first 

choice of treatment. For example, the severe form of mucopolysaccharidosis type I (MPS 

I), often termed Hurler disease, is a severe neurological condition for which HSCT remains 

to be the primary treatment. HSCT has been shown to increase life expectancy and improve 

clinical manifestation in Hurler disease patients when administered in early life (Poe et al. 

2014). However, other MPS subtypes have not had great success with HSCT, and so ERT, 

amongst other therapeutic interventions, have been developed.  

 

The objective of ERT is to correct metabolic defects in LSD patients by administering 

infusions of recombinant enzymes by either intravenous (IV), intracerebroventricular (ICV) 

or intrathecal (IT) procedures. The therapeutic enzymes are produced from genetically 

modified cells of various organisms, for example animals (CHO cells), humans (human 

fibrosarcoma cell line), plants and eggs. Infusions usually have to take place weekly or 

fortnightly. Infused enzymes are targeted to lysosomes of affected cells via interactions 

with cell-surface receptors that recognise carbohydrate moieties, such as mannose and 

mannose-6-phosphate on the enzymes (Grubb et al. 2010). Mannose-6-phosphate 

receptors (M6PRs) shuttle between the trans-Golgi network (TGN) and endosomes, and in 
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this way the enzymes are delivered through the endocytic pathway into lysosomes where 

they can substitute for their defective counterpart (Matthes et al. 2011).  

 

Christian de Duve and Roscoe Brady first proposed the idea of ERT in the mid-1960s after 

observing that the accumulation of storage material in lysosomes of LSD patients was 

caused by an enzyme deficiency. The translation of these ideas into clinical practice took 

almost three decades, with the first ERT for Gaucher disease, imiglucerase (Cerezyme), 

receiving orphan drug designation by the FDA in 1991 (Mechler et al. 2015).  The 1983 

Orphan Drug Act (ODA) was a law passed in the USA to facilitate the development of drugs 

for a rare disease or condition upon the request of a sponsor, and was instrumental in the 

development of innovative therapies for LSDs. Drugs or biological products that meet the 

criteria specified in the ODA regulations are given the status of ‘orphan drug designation’.  

 

Although an effective treatment for several LSDs, ERT is not without its limitations and risks. 

Two-thirds of all LSDs have a severe, progressive neurological phenotype, and the infused 

enzymes utilised cannot penetrate the blood brain barrier (BBB) (Hemsley and Hopwood 

2009). Due to this, intravenous injection of the recombinant enzymes is only effective in 

treating lysosomal accumulation in peripheral tissues. To combat this, IV administered ERT 

can be combined with a small molecule SRTs capable of penetrating the BBB, such as 

miglustat. Alternatively, ICV and IT injections have been employed as a way to deliver 

soluble therapeutics directly to the CNS (Cohen-Pfeffer et al. 2017). For example, CLN2 

disease, an LSD presenting with progressive neurodegeneration, is caused by the deficiency 

of tripeptidyl peptidase 1 (TPP1), and has recently undergone a clinical study for ERT. 

Cerliponase alfa (Brineura) is a recombinant proenzyme form of human TPP1 that is 

administered via an ICV infusion port in CLN2 disease patients, and has been shown to slow 

the rate of neurological and cognitive decline in affected individuals (Schulz et al. 2018). 

Although there are risks of ICV access devices, such as infections and ports coming loose, 

these complications are manageable and can be minimized with proper care and 

experience (Cohen-Pfeffer et al. 2017). 
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Table 1.1 - An overview of approved drug therapies for treating LSDs caused by 
mutations in genes encoding soluble lysosomal enzymes. Disease name alongside the 
enzyme deficiency of said disease. Numbers next to treatments correspond to their 
approval in the ‘status’ column.  
 

Disease Enzyme deficiency Treatment(s) Status 

Gaucher 
disease 

Glucocerebrosidase 1. Imiglucerase 
(Cerezyme, enzyme 
preparation, 
produced in CHO 
cells) 

2. Velaglucerase 
(Vpriv, enzyme 
preparation, 
produced in human 
cells) 

3. Taliglucerase 
(Elelyso, enzyme 
preparation, 
produced in plant 
cells) 

4. Miglustat (Zavesca, 
substrate reduction) 

5. Eliglustat (Cerdelga, 
substrate reduction) 

1. EMA/ FDA 
approved and 
other 
 
 

2. EMA/ FDA 
approved and 
other 

 
 

3. FDA approved, 
also Brazil and 
Canada  

 
 

4. EMA approved 
 

5. EMA/ FDA 
approved and 
other 

Fabry disease a-galactosidase 1. Agalsidase beta 
(Fabrazyme, 
enzyme 
preparation, 
produced in CHO 
cells) 

2. Agalsidase alfa 
(Replagal, enzyme 
preparation, 
produced in human 
cells) 

3. Migalastat 
(Galafold, 
chaperone) 

1. EMA/ FDA 
approved and 
other 

 
 

 
2. EMA approved, 

also Brazil and 
Canada 

 
 

3. EMA approved 
for patients 
with amenable 
mutations 

Wolman 
disease/ 
cholestereryl 
ester storage 
disease 

Acid lipase 1. Sebelipase 
(Kanuma, enzyme 
preparation, 
produced in egg 
white from 

1. EMA/ FDA 
approved 
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genetically modified 
chicken) 

CLN2 disease TPP1 1. Cerliponase alfa 
(Brineura, enzyme 
preparation for 
intraventricular 
injection) 

1. EMA/ FDA 
approved 

Niemann-Pick 
disease type 
B 

Acid 
sphingomyelinase 

1. Recombinant 
enzyme 

1. Orphan drug 
designation 

Niemann-Pick 
disease type 
C 

Acid 
sphingomyelinase 

1. Miglustat (Zavesca, 
substrate reduction) 

2. Heat shock protein 
70 (Hsp70) 

1. EMA approved 
 
2. Orphan drug 

designation 
a-
Mannosidosis 

a-mannosidase 1. Recombinant 
enzyme 

1. Orphan drug 
designation 

Farber 
disease 

Acid ceramidase 1. Recombinant 
enzyme 

1. Orphan drug 
designation 

MPS I 
(Hurler, 
Hurler-Scheie, 
Scheie) 

a-L-iduronidase 1. Laronidase 
(Aldulrezyme, 
enzyme preparation 
produced in CHO 
cells) 

2. HIRMAb fusion 
protein 

1. EMA/ FDA 
approve, and 
other 

 
 
2. Orphan drug 

designation 
MPS II 
(Hunter 
syndrome) 

Iduronate sulphatase 1. Idursulfase 
(Elaprase, enzyme 
preparation, 
produced in human 
cells for intravenous 
application) 

2. Idursulfase (for 
intrathecal 
injection) 

3. HIRMAb fusion 
protein 

1. EMA/ FDA 
approved, and 
other 

 
 
 
2. Orphan drug 

designation 
 

3. Orphan drug 
designation 

MPS III A 
(Sanfilippo A) 

Heparan N-sulphatase 1. Sulfamidase (for 
intrathecal 
injection) 

2. Gene therapy 

1. Orphan drug 
designation 

2. Orphan drug 
designation 

MPS III B 
(Sanfilippo B) 

a-N- 
acetylglucosaminidase 

1. Insulin growth 
factor II fusion 
protein (for 
intravenous 
application) 

2. Gene therapy 

1. Orphan drug 
designation 
 
 
 

2. Orphan drug 
designation 
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MPS IV A 
(Moriquio A) 

N-acetyl- 
galactosamine-6- 
Sulphatase 

1. Elosulfase (Vimizim, 
enzyme 
preparation, 
produced in CHO 
cells) 

1. EMA/ FDA 
approved, and 
other 

MPS VI 
(Maroteaux-
Lamy) 

Arylsulphatase B 1. Galsulfase 
(Naglazyme, 
enzyme 
preparation, 
produced in CHO 
cells) 

1. EMA/ FDA 
approved, and 
other 

MPS VII 
(Pompe 
disease) 

b-glucuronidase 1. Recombinant 
enzyme preparation 

2. Alglucosidas alfa 
(Lumizyme, enzyme 
preparation, 
produced in CHO 
cells) 

3. Enzyme plus 
chaperone 

1. Orphan drug 
designation 

2. EMA approved, 
and other 

 
 
 

3. Orphan drug 
designation 

 

For LSDs caused by mutations in genes encoding transmembrane proteins, therapeutic 

intervention has proved difficult. For transmembrane proteins, ERT is not suitable, as 

delivering the protein does not guarantee its proper insertion into the membrane. Due to 

this, gene therapy and SRT are the current therapeutic avenues explored.  

Miglustat (also known as N-butyl-deoxynojirimycin or NB-DNJ) is a small molecule 

iminosugar with the ability to cross the BBB. It acts as an inhibitor of GSL synthesis via the 

inhibition of glucosylceramide transferase. Originally developed as an anti-retroviral to 

treat HIV in the 1990s, miglustat was eventually repurposed as an SRT for the treatment of 

glycosphingolipidoses, such as Gaucher disease (Platt et al. 1994b; Cox et al. 2000). 

Miglustat is discussed in more detail in chapter 4. Gaucher disease is the most prevalent 

sphingolipidosis,  with the primary storage material being glucosylceramide; a common GSL 

intermediate in the synthesis and degradation of gangliosides and globosides (Aerts et al. 

2003). Treatment with miglustat is sufficient to reduce the accumulation of 

glucosylceramide in CNS and peripheral tissue of Gaucher patients. 

GSL storage is also seen in Niemann-Pick type C (NPC) (te Vruchte et al. 2004). Treatment 

of NPC-/- mice with miglustat revealed decreased GSL accumulation, delayed onset of 
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clinical phenotypes and increased lifespan (Zervas et al. 2001b). A small clinical trial in the 

UK and USA in 2007 showed positive effects of miglustat in correcting multiple factors of 

NPC disease pathology (Patterson and Walkley 2017). Since, miglustat has been approved 

as an SRT for NPC worldwide, excluding the USA (Lyseng-Williamson 2014).  

1.5 The neuronal ceroid lipofuscinoses and CLN5 
 

1.5.1. The neuronal ceroid lipofuscinoses (NCLs) 
 
The neuronal ceroid lipofuscinoses (NCLs) describe a group of severe neurodegenerative 

lysosomal storage disorders with an autosomal recessive mode of inheritance. The NCLs 

have a combined incidence of 1:12,500 live births, making them the most common group 

of neurodegenerative lysosomal storage diseases in the UK. They are often referred to as 

Batten disease after Sir Fredrick Batten who first characterized these diseases in the early 

1900’s (Persaud-Sawin et al. 2007). However, Zeman and Dyken later coined the term ‘NCL’ 

in 1969 after they successfully distinguished this group of diseases from Tay-Sachs disease; 

an ‘amaurotic family idiocy’ to which they bore apparent clinical similarity (Zeman and 

Dyken 1969).  

 

Clinically the NCLs are characterized by progressive motor and cognitive decline, visual 

deterioration leading to complete loss of vision, sleep disturbances, and the onset of 

myoclonic seizures. Towards the end of the disease’s progression there is extensive 

neuronal loss, ultimately leading to premature death. Although these clinical symptoms are 

seen in all NCLs, the age of onset varies based on the genetic variant. To date, 13 genetic 

variants have been identified, CLN1-14 (CLN9 is no longer classified as an NCL). The NCLs 

are often subcategorized into groups depending on age of onset, although the age of onset 

can vary depending on where the mutation occurs in the gene. This is summarized in table 

1.2. 
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Table 1.2 - A summary of NCL subcategory, major storage component, and storage 

ultrastructure across the NCL genetic variants.  

 

NCL subcategory Gene Loci Storage 

ultrastructure 

Major storage 

component 

CLN1 Infantile, 

Variant late 

infantile, 

Juvenile, Adult 

(Kufs) 

CLN1/ PPT1 1p34.2 GROD Saposins A and D  

CLN2 Late infantile, 

Juvenile 

CLN2/ TTP1 11p15.4 CL SCMAS 

CLN3 Juvenile CLN3 16p12.1 FP (CL, RL) SCMAS 

CLN4 A 

(AR*) 

CLN4 B 

(AD**) 

Adult (Kufs) 

 

Parry disease 

CLN6 

 

CLN4/ DNAJC5 

15q23 

20q13.33 

FP, GROD SCMAS 

CLN5 Variant late 

infantile 

CLN5 13q22.3 RL, CL, FP SCMAS 

CLN6 Variant late 

infantile  

CLN6 15q23 RL, CL, FP SCMAS 

CLN7 Variant late 

infantile  

CLN7/MSFD8 4q28.2 RL, CL, FP SCMAS 

CLN8 Variant late 

infantile 

CLN8 8p23.3 CL SCMAS 

CLN10 Congenital/ 

neonatal, 

infantile, 

variant late 

infantile 

CLN10/ CTSD 11p15.5 GROD Saposins A and D 

CLN11 Adult (Kufs) CLN11/ GRN 17q21.31 FP Not yet reported 
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CLN12 Juvenile CLN12/ 

ATP13A2 

1p36.13 GROD, 

lamellar 

structures 

SCMAS 

(uncharacterised 

non-neuronal 

storage) 

CLN13 Adult (Kufs) CLN13/ CTSF 11q13.2 GROD Not yet reported 

CLN14 Infantile  CLN14/ KCTD7 7q11.21 GROD, FP SCMAS 

 

*AR: Autosomal recessive; **AD: Autosomal dominant. Abbreviations: SCMAS, Subunit C 

of the mitochondrial F0/F1 ATP synthase; GROD, Granular osmiophilic deposits; CL, 

curvilinear profiles; RL, rectilinear profiles; FP, fingerprint profiles. 

 

At a cellular level, the NCLs are characterized by the accumulation of lipofuscin, an 

autofluorescent lipopigment, throughout all bodily tissues. Lipofuscin was long thought to 

be the major storage component of the NCLs, however this was later shown to not be the 

case. Following isolation of storage bodies from a number of CLN6 ovine tissues it was 

revealed that 2/3 of storage body preparations were protein, later shown to be the 

hydrophobic membrane protein subunit C of the F0/F1 ATP synthase (SCMAS).  The 

remainder of the sample was shown to be mainly lipids, including lysobisphosphatidic acid 

(Palmer et al. 2013). SCMAS (complex V) has since been identified as the main protein 

storage component in most NCLs, including CLN2, CLN3, CLN5, CLN7 and CLN8.  

 

Furthermore, the structure of the accumulated SCMAS is indistinguishable from the 

mature, functional protein found in intact mitochondria. A study isolated SCMAS from ATP 

synthase purified from bovine heart mitochondria. They then isolated SCMAS from 

lysosomal storage bodies obtained from both ovine liver and human brain tissue of a Batten 

disease sufferer. Characterisation of these samples using mass spectrometric methods 

revealed that irrespective of its source, SCMAS had an intact molecular weight of 7.65 kDa 

and the protein had undergone post-translational modification of lysine 43 (Chen et al. 

2004). This indicates that storage of SCMAS is not a partial degradation product of a 

proteolytic pathway, but rather a defect in the catabolism of the subunit itself. There is also 

evidence that the stored SCMAS had previously existed as part of the 16 oligomer 

multimeric ATPase complex located on the inner mitochondrial membrane as the N-
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terminal import signaling sequences had been cleaved.  

 

Defective autophagy is an emerging phenotype across a number of NCLs. Studies using 

Cln7-deficient mice have reported an accumulation of autophagosomes and autophagic 

substrates combined with lysosomal impairment in the brain. This suggests that mutations 

in Cln7 can inhibit autophagosome maturation and block autophagic flux; although the 

mechanism for this process is not well defined (Simonati et al. 2014).  Similar phenotypes 

have been reported in mouse models of CLN5 and CLN6 diseases, as well CLN6 patient 

fibroblasts (Cannelli et al. 2009; Thelen et al. 2012; Leinonen et al. 2017). Additionally, 

mutated lysosomal hydrolases, such as cathepsin D, are unable to degrade autophagic 

cargo, consequently leading to the accumulation of undegraded metabolites which impairs 

lysosomal function. Cultured neurons of mice deficient in cathepsin D or B and L presented 

with an accumulation of autophagosomes and mitochondrial proteins. In vivo studies of 

cathepsin D- deficient mice confirmed these phenotypes, reporting an accumulation of 

autophagosomes and storage material in lysosomes (Koike et al. 2000; Shimizu et al. 2005; 

Shacka et al. 2007).  

 

It is also noteworthy to mention that although postmortem brain studies have revealed a 

massive neuronal loss in NCL patients with characteristic storage remaining in neurons, the 

accumulation of storage bodies have been identified in numerous different tissues 

throughout the body. This is inclusive of tissues outside of the central nervous system, such 

as the liver, pancreas and kidney.  

 

As previously stated, the NCLs share common clinical and cellular phenotypes, however the 

emerging cell biology suggests that these diseases are perhaps not as similar as previously 

proposed. Although the genes underlying these diseases have been identified there is still 

question as to whether there may be some underlying common link in NCL disease 

mechanisms between the different CLN mutations. 
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1.5.2. CLN genes and gene products 
 
Mutations in the genes that have been shown to cause the onset of NCL encode for specific 

proteins. Across the NCLs, the function and cellular localisation of these proteins varies. 

This highlights how diverse this group of diseases are and suggests the existence of a 

common, currently unknown mechanistic or genetic connection between the different 

NCLs. The localisation and function of the different CLN proteins is summarised in table 1.3. 

 

Table 1.3 - A summary of the cellular localisation of CLN gene products and their known, 

or predicted, functions.  

 

NCL Gene|Protein Cellular 

localisation of 

protein 

Function  

CLN1 PPT1| PPT1 Lysosome A glycoprotein that removes thioester-linked 

fatty acyl groups from modified cysteine 

residues in proteins during lysosomal 

degradation 

CLN2 TPP1| TPP1 Lysosome A serine protease that activates and auto-

proteolyses by acidification, leading to 

cleavage of N-terminal tripeptidases from 

substrates. 

CLN3 CLN3| CLN3  Lysosome A 438 amino acid lysosomal transmembrane 

protein of unknown function. It is speculated 

to be a lysosomal ion transporter with 6 

predicted transmembrane domains. 

CLN4 DNAJC5| CSPα Neuronal 

synaptic 

vesicles  

CSPα plays a role in membrane trafficking and 

protein folding in the pre-synaptic 

compartment. It has been demonstrated to 

have anti-neurodegenerative properties. 

CLN5 CLN5| CLN5 Lysosome A 46 kDa lysosomal enzyme of unknown 

function 
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CLN6 CLN6| CLN6 Endoplasmic 

Reticulum 

A 311 amino acid transmembrane protein 

residing in the ER, the activity of which 

contributes to lysosomal function. 

CLN7 MSFD8| MSFD8 Lysosome A lysosomal transmembrane protein of 

unknown function. 

CLN8 CLN8| CLN8 Endoplasmic 

reticulum  

A 12 transmembrane protein required for the 

transport of lysosomal enzymes from the ER to 

the Golgi.  

CLN10 CTSD| Cathepsin D Lysosome A soluble lysosomal aspartic endopeptidase 

that plays a role in protein turnover and the 

proteolytic activation of growth factors/ 

hormones. It has been implicated in APP 

processing following activation and cleavage of 

ADAM30, leading to APP degradation. 

CLN11 GRN| GRN ER/ Golgi The GRN gene encodes the 88kDa precursor 

protein, progranulin. Cleavage of the signal 

sequence produces the mature protein, 

granulin. Granulin members are important in 

normal development. Mutations in the GRN 

gene are associated with FTD and CLN11. 

CLN12 ATP13A2| CLN12 Lysosome ATP13A2 encodes a predicted lysosomal P5-

type ATPase that plays a role in cation 

regulation and homeostasis.  

CLN13 CTSF| Cathepsin F Lysosome A soluble lysosomal papain-like cysteine 

protease. 

CLN14 KCTD7| KCTD7 Plasma 

membrane 

KCTD7 (potassium channel tetramerization 

domain-containing protein 7) encodes a 

predicted protein containing an N-terminal 

domain that is homologous to the T1 domain 

in voltage-gated potassium channels. It shows 

no colocalization with markers for endosomes, 

ER, lysosomes, Golgi or the cytoskeleton. 
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1.5.3. NCL disease mechanisms  
 
To date, no single mechanism can explain NCL pathogenesis and it remains unclear what 

connects these diseases at a genetic or cellular level. One theory has credited the 

accumulation of SCMAS, a mitochondrial abnormality, to the pathogenesis of the NCLs. 

However, SCMAS is not the main storage component in all NCL subtypes, with some 

accumulating saposins A and D instead.  

 

SCMAS has been reported to be the major storage component in 10 out of the 13 NCLs, 

although the storage ultrastructure can vary between the different genetic variants (Table 

1.2). When mislocalised, SCMAS self-aggregates with lipids, forming fairly insoluble and 

relatively protease-resistant protein-lipid complexes (Elleder et al. 1995). This fits with the 

hypothesis that there are disturbances to the catabolism of SCMAS as TPP1, the enzymes 

deficient in CLN2, has been shown to be essential for its degradation (Ezaki et al. 1995). 

Contradictorily, the activity of TPP1 has been shown to be higher in other forms of NCLs 

that have SCMAS as their major storage component, as well as in CLN1 that does not 

demonstrate SCMAS storage (Junaid and Pullarkat 1999). It was later demonstrated that 

SCMAS was a specific substrate of CTSD, the enzyme deficient in CLN10 that completes the 

degradation of subunit C (Ezaki et al. 1999). This emphasises the catabolism of SCMAS as a 

multi-step process. It is therefore plausible that the NCLs may be linked via defects in its 

enzymatic degradation pathway, leading to common phenotypic features. Recent studies 

have shown that the CLN8 protein acts as a chaperone for lysosomal enzymes, facilitating 

their delivery from the ER to the lysosome, supporting this notion (di Ronza et al. 2018).  

 

Others have attributed NCL pathogenesis to impaired autophagy. Autophagy is an ordered 

cellular process responsible for the degradation of organelles and macromolecules via the 

endolysosomal system. Its involvement in the NCLs has been suggested following 

experimental evidence revealing abnormalities in autophagic pathways, although there are 

still many unanswered questions. It has been reported that there are an increased number 

of autophagic vacuoles in the brains of Cln10/Ctsd knock-out mice, coinciding with the 

accumulation of classic storage deposits in autophagic vacuoles. Additionally, there was an 
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increase in the quantity of autophagosome-associated LC3-II protein, and reduced 

colocalisation of this protein with LAMP1; indicative of impaired autophagy.  

 

LC3-II also increased in Cln3Δex7/8 knock-in mice. Additionally, colocalisation of LC3-II 

containing vesicles with markers of the endolysosomal system were reduced in cerebellar 

cell lines derived from said mice when compared with WT controls. When comparing 

isolated autophagic vacuoles from WT and Cln3Δex7/8 mice it was revealed that the 

ultrastructural morphology of these vacuoles in the disease isolate was less mature than 

that of the WT control (Cao et al. 2006). It was suggested that the maturation of autophagic 

vacuoles is disrupted in CLN3 disease, and the initiation of autophagy could perhaps be a 

pro-survival feedback response in the CLN3 disease cascade.  

 

Further investigation utilising cells derived from Cln3Δex7/8 knock-in mice and Cln6/nclf mice 

revealed that the accumulation of SCMAS happens within acidic organelles, not the 

mitochondria, before it is transferred to lysosomes (Cao et al. 2011). This data supports the 

hypothesis that there is a defect in the autophagosome-lysosomal pathway in the stated 

forms of NCL. This may suggest a role for the NCL proteins in essential cellular mechanisms 

that promote the survival of neuronal cells and also link the lysosome, mitochondrion and 

turnover of SCMAS. Further investigation into CLN6/nclf mice revealed an age-dependent 

increase of LC3-II with neuronal p62-positive aggregates; indicative of impaired 

autophagosome-lysosome fusion. It was suggested that the formation of these toxic p62 

positive aggregates might lead to the neuronal degeneration seen in CLN6 (Thelen et al. 

2012). 

 

It is also plausible that apoptosis may be defective in the NCLs and may therefore 

contribute to the disease pathogenesis. This is due to a role being defined for SCMAS in the 

formation of the mitochondrial permeability transition pore (mPTP) and perhaps not being 

able to fulfill this role in NCL cells. There are many emerging theories on NCL pathogenesis, 

however many publications focus on one particular aspect of the disease without 

investigation into up-stream events that may cause these problems, or further down-

stream events which may occur as a consequence of this defect. Nevertheless, many 

researchers seem to agree on the idea that the NCL genes play a role in development of 
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the central nervous system and most likely involved in the same metabolic pathway 

(Weimer et al. 2002). 

 

The role of ER stress in NCL pathogenesis has also been explored. The ER is involved in lipid 

metabolism, protein synthesis and modification, and cellular Ca2+ homeostasis. Cellular 

stress, induced by internal or external signals, activates a succession of orchestrated 

intracellular signals that activate the unfolded protein response (UPR). To date, ER stress 

has been linked with 4 NCLs: CLN1, CLN3, CLN6 and CLN8.  

 

CLN1 disease is an infantile NCL caused by a deficient in palmitoyl-protein thioestarase 1 

(PPT1), a lysosomal hydrolase that catalyses the cleavage of thioester linkages in reversible 

palmitoylated proteins, aiding their degradation and/or recycling (Camp and Hofmann 

1993; Vesa et al. 1995). It has been reported that some mutations in PPT1 result in 

misfolding of the protein which prevents its transportation to lysosomes, leading to its 

retention in the ER (Das et al. 2001). Brain biopsies and cultured cells from CLN1 patients 

has revealed elevated levels of apoptosis, which has been suggested to be driven by ER 

stress-mediated caspase activation (Riikonen et al. 2000; Kim et al. 2006). Furthermore, 

tissue from CLN1 mice has revealed abnormal ER morphology, coupled with activation of 

UPR and caspase 3-induced apoptosis (Zhang et al. 2006). However, the precise mechanism 

by which deficient/ eradicated PPT1 activity leads to ER stress remains speculative. It could 

be an interference with ER-lysosome microdomains which prevent cross-talk between 

these organelles, or simply a more general disruption to the endolysosomal system.  

 

CLN3 disease, a juvenile NCL, was also linked to ER stress. Overexpression of mutant CLN3 

reduced the expression of glucose-regulated protein 78 (GRP78, also known as BiP), an ER 

chaperone protein, but increased the expression of CCAAT/-enhancer-binding protein 

homologous protein (CHOP), a protein induced by ER stress. The same was seen in siRNA 

knockdown models (Wu et al. 2014). This suggests that impairment of CLN3 function leads 

to an inability of the cell to manage ER stress responses. ER stress has been linked to CLN6 

disease due to the biometal (Zn2+, Mn2+ and Cu2+) dyshomeostasis described in the Merino 

and South Hampshire sheep models of CLN6 disease. It is thought that this dyshomeostasis 
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impairs the processing of protein folding, causing ER stress and subsequent apoptosis 

(Kanninen et al. 2013; Grubman et al. 2014).  

 

The CLN8 protein is a 286 amino acid ER-resident transmembrane protein, and although 

the function is not delineated, it is thought to be linked to lipid homeostasis and enzyme 

trafficking (di Ronza et al. 2018). UPR can be regulated by lipids, and in turn can regulate 

lipid metabolism. ER stress markers, BiP and CHOP, as well as caspase 12, have been shown 

to be upregulated in the CNS and retina of Cln8mnd mice. In this way it is suggested that ER 

stress plays a role in the pathogenesis of CLN8 disease (Ranta et al. 1999; Galizzi et al. 

2011).  

 

1.5.4. Variant late infantile NCL (CLN5 disease) 
 
Variant late infantile NCL, or CLN5 disease, is often referred to as the Finnish genetic variant 

of the NCLs as it was originally thought to be confined to Finland. Within Finland, it has a 

prevalence of 2.6 per million residents. However, in the Southern Ostrobothnia region this 

prevalence increases to 1:5000 within the indigenous child population under the age of 15 

years old (Uvebrant and Hagberg 1997). As such, CLN5 disease is an example of how 

founder effects and genetic isolation have shaped the gene pool of a population. This 

occurs due to the enrichment of disease-causing genes through numerous genetic 

bottlenecks over generations. 

 

In more recent years it has become apparent that CLN5 disease is not restricted to the 

Finnish population, but rather has been found in several different countries and ethnic 

groups (Holmberg et al. 2000; Bessa et al. 2006; Cannelli et al. 2007; Sleat et al. 2009; Xin 

et al. 2010).  

 

Patients with CLN5 disease often present with motor and speech disturbances around the 

age of 3-6 years, with ataxia showing between 7-10 years. Dementia and cognitive decline 

are seen at 6 years onwards; with no CLN5 patients studied having an IQ over 66 by the age 

of 9 years old. Early stage ophthalmological examinations reveal macular dystrophy in CLN5 

patients. Between the ages of 7-9 years optic atrophy is present, ultimately leading to 
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complete loss of vision. Myoclonus onsets between the ages of 6-13 years and persists into 

the late stages of disease progression. Epileptic seizures are observed from the age 9 years 

(Santavuori et al. 1991). Feeding difficulties, such as difficulty swallowing/ slow eating, 

onset between the ages of 9-13 years. This can cause patients to lose weight over the 

disease progression due to insufficient energy supply. The demand for energy may be 

further increased by myoclonus, and eventually patients will die prematurely between 12-

24 years of age (Mole et al., 2011). Conversely, a delay between the onset of symptoms 

and disease progression has been reported in two adult onset patients (Xin et al. 2010). 

Age of onset of various symptoms associated with CLN5 disease are summarised in figure 

1.3. 

 

 
 

Figure 1.3 – Age of onset of clinical features of CLN5 disease. Gantt chart showing the 

typical age brackets for the onset of clinical symptoms in CLN5 disease patients.  

 

1.5.5. The CLN5 gene 
 
Using genome-wide association studies, the CLN5 gene was assigned to 13q21-q32 by 

linkage analysis in 16 Finnish families with common ancestors (Savukoski et al. 1994; Varilo 

et al. 1996). Mutations in the CLN5 gene result in the onset of variant late infantile NCL 

(CLN5 disease). Thus far, 27 distinctive mutations have been identified in the CLN5 gene in 

patients from both Finnish and non-Finnish origin.  Of these there are 11 small deletions/ 
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insertions, 10 missense mutations, one large deletion and 5 nonsense mutations (Mole et 

al., 2011).  

 

The most prominent mutation in the CLN5 gene has been found exclusively in CLN5 

affected families from Finland. This 2bp deletion (exon 4, c.1175delAT) was identified in 

94% of Finnish disease chromosomes and is appropriately termed the ‘Finnish Major’ 

mutation (Fin major). It results in a premature stop codon that prevents the final 16 amino 

acids that make up the c-terminus of the polypeptide from being synthesized (protein 

change: p.Tyr392X). The resultant 391 amino acid polypeptide is unstable and easily broken 

down (Isosomppi et al. 2002). Although ‘Fin major’ is exclusively seen in Finnish families its 

carrier frequency varies within the country itself. In the west coastline community, which 

includes the Southern Ostrobonthia, the carrier frequency is 1:24. This frequency decreases 

to 1:100 in the rest of Finland, and reduces further outside of Finland.  

 

The second most common mutation, known as the ‘Finnish minor’ mutation (Fin minor), is 

a G>A transversion (exon 1, c.225G>A) that causes the substitution p.Trp75X, leading to the 

synthesis of a predicted protein of 74 amino acids. All mutations, excluding Fin major, have 

been identified in individuals from a variety of countries, including Finland, the UK, 

Argentina, Italy, Portugal, Sweden and the Netherlands (NCL mutation database 2015). 

 

1.5.6. The CLN5 protein 
 
The CLN5 gene encodes a 407-amino acid single transmembrane domain-containing, 

glycosylated polypeptide with a predicted molecular weight of 46 kDa; the function of 

which remains elusive. Additionally, the predicted topology of the CLN5 protein has been 

widely debated (Savukoski et al. 1998; Isosomppi et al. 2002; Vesa and Peltonen 2002; 

Bessa et al. 2006). Some have argued that this lysosomal protein is soluble, conflicting with 

others who believe that the protein is tethered to the lysosomal membrane. In addition to 

reports of the Cln5 protein being soluble in mouse models, it has been reported that human 

CLN5 contains M6P residues (carbohydrate modifications) linked to Asn320, Asn330 and 

Asn401 (Holmberg et al. 2004). These interact with M6PRs, which are responsible for the 

targeting of soluble proteins to the lysosomal matrix. Hence, it was thought that this 
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process was how CLN5 was trafficked to the lysosome (Pohlmann et al. 1995). However, in 

mouse fibroblasts deficient in MPR, Cln5 was still able to traffic to the lysosome, indicating 

that it can also use an MPR-independent pathway more commonly associated with 

transmembrane proteins (Schmiedt et al. 2010). 

 

Using an antibody targeting amino acids 258-273 of CLN5, Isosomppi et al found that the 

CLN5 protein was localised to lysosomes and was secreted. They reported CLN5 was a 

soluble protein (Isosomppi et al. 2002). In a contradicting study, Vesa et al reported that 

CLN5 was a membrane-tethered protein localised to the endoplasmic reticulum (ER) using 

an N-terminal antibody (targeting amino acids 1-75). They came to this conclusion after 

CLN5 protein was only found in their supernatant following Triton-X 114 fractionation (Vesa 

and Peltonen 2002). In a paper from 2010, researchers suggested that the discrepancies in 

the data from the two labs were due to the antibodies used and the cellular processing of 

the CLN5 protein itself. They demonstrated that CLN5 is N-terminally processed in the ER 

resulting in equal sized polypeptides, which undergo further maturation during lysosomal 

trafficking following the proteolytic cleavage step. Therefore, the N-terminal antibody 

would only show the non-cleaved, recombinant CLN5 protein, whereas the antibody 

targeting amino acids 258-273 would detect the mature, soluble lysosomal protein 

(Schmiedt et al. 2010). 

 

The CLN5 protein has been implicated in the recruitment of the retromer complex to 

endosomes, essential for the re-arrangement of lysosomal sorting receptors from 

endosomes to the trans Golgi network. Jules et al revealed the mechanism by which CLN5 

is processed into a mature soluble protein in 2017. It was demonstrated that CLN5 is 

initially translated as a type II transmembrane protein and later cleaved by a member of 

the SPP/SPPL intramembrane protease family, SPPL3, to produce a mature soluble 

lysosomal protein made up of residues 93-407. SPPL3 and SPPL2b then cleave the 

remaining N-terminal fragment which is degraded in the proteasome (Jules et al. 2017).  

 

In recent years, the CLN5 protein has also been shown to play a vital role in embryonic 

development and neurogenesis, although its function remains elusive. Savchenko et al 

demonstrated that proliferation and differentiation of neuronal progenitor cells increased 
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in Cln5 knockout mouse models, however migration of these cells is reduced, and neuronal 

morphology is altered. The neuronal processes of differentiated Cln5 knockout cells were 

over 40% shorter than that of WT controls, however the number of processes was 

increased 3-fold. It was concluded that these defects were related to impaired neuronal 

maturation, and that the increased proliferation and differentiation towards neurons was 

a compensatory mechanism to offset the loss of functional, mature neurons in the Cln5 

knockout mouse brain (Savchenko et al. 2017). Co-immunoprecipitation studies revealed a 

physical interaction of the CLN5 protein with TPP1 (defective in CLN2 disease) and CLN3 in 

vitro (Vesa et al. 2002), which, as CLN2 and CLN3 are lysosomal proteins, further confirms 

a defined lysosomal function for CLN5. Fabritius et al confirmed this in vivo, showing that 

in the developing mouse brain CLN2, CLN3 and CLN5, have a similar spatial and temporal 

expression pattern. They further showed that the expression of each protein was detected 

early in embryonic development in areas of the brain where neuronal proliferation occurs, 

suggesting that together these proteins play a role in the creation of new neurons (Fabritius 

et al. 2014). These findings discern a role for the CLN5 protein in embryonic development, 

and highlight a mechanism for CLN protein interactions in vivo. However, the exact role of 

this interplay between NCL proteins remains unknown as only TPP1 currently has a defined 

function. 

 

1.5.7. Cell biology of CLN5/NCLs 
 
Ultimately, very little is known about the cellular dysfunction that leads to neuronal cell 

death across the NCLs. Apart from the presence of expanded lysosomes, storage of 

autofluorescent lipofuscin containing SCMAS and defective autophagy (Cotman and 

Staropoli 2012; Chandrachud et al. 2015), there are no real indications of exactly what 

changes occur at the macromolecular level within NCL cells. There is emerging evidence of 

alterations in Ca2+ signaling in several NCLs (Lange et al. 2018), although only in CLN3 has 

this been studied in any detail (Chandrachud et al. 2015) and shown to be a cause of the 

disrupted autophagy. There is also some evidence in the literature, albeit in older papers 

which could not distinguish the sub-types of NCL, of lipid storage, particularly 

glycosphingolipid storage, in patient post-mortem material and mouse brain (Walkley 

1995; Jabs et al. 2008). However, a recent study in CLN3 cell lines suggested that 
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glycosphingolipid levels were actually reduced (Somogyi et al. 2018), indicating perhaps 

that storage is not a common feature across all the NCLs but perhaps connected to those 

forms that accumulate the saposin proteins as storage molecules. Saposins are lysosomal 

glycosphingolipid binding proteins that assist in the delivery of the hydrophobic lipid to the 

enzyme responsible for its hydrolysis. Absence of functional saposins does result in 

glycosphingolipid storage (e.g. pro-saposin deficiency is one of the lysosomal storage 

diseases), suggesting that this may be a feature of some of the NCLs (Schulze and Sandhoff 

2014). In the case of CLN5, there are no studies on organelle biology or cellular physiology, 

without such information it is impossible to develop therapeutic targets or conduct small 

molecule screens. 

 

1.5.8. Histopathology of the NCLs and CLN5 disease 
 
Neuropathology of the NCLs is typically defined by two key characteristics: 

neurodegeneration and the accumulation of autofluorescent lipid-rich storage material. 

The onset of neuronal degeneration is attributed to the motor and cognitive decline 

observed in NCL patients, which ultimately contributes to disease progression and 

premature death of sufferers. The latter neuropathological feature, the accumulation of 

storage material, is of diagnostic significance (Williams et al. 2006). 

 

There is generalized cerebral and extreme cerebellar atrophy observed in all forms of LINCL 

(Autti et al. 1997; Tyynela et al. 1997). Atrophy starts in the dendritic tree and proceeds to 

neuronal loss which predominates in the cortical regions of the cerebrum and the 

cerebellum. In late stages of NCL, thalamic neurons and cerebellar Purkinje cells are nearly 

totally lost. Cortical neurons, often involving laminae III and V, are also somewhat 

destroyed and present with moderate to marked enlargement of cells; a process termed 

‘ballooning’ (Tyynela et al. 1997). White matter spongiosis and myelin loss have also been 

reported (Cannelli et al. 2007). In the older patients, the laminar loss of neurons has been 

suggested to be caused by uncontrolled epileptic seizures (Tyynela et al. 1997). 

 

Extensive cortical and cerebellar astrocytosis has been described in patients and Cln5-/- 

mice (Tyynela et al. 2004; von Schantz et al. 2009). Additionally, CD68, a marker of 
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microglial activation, has revealed large cells encompassing autofluorescent material 

(Tyynela et al. 2004). These findings emphasise the rapid and widespread 

neurodegeneration in these diseases. 

1.6 Association between NCLs and common neurodegenerative 
diseases 

 

LSDs cause early-onset, progressive neurodegeneration. Recent observations have 

recognised that genetic variants that cause Gaucher’s disease can act as a risk factor for 

developing PD, a typically late onset neurodegenerative disease (Stirnemann et al. 2017). 

In this way, it is thought that genes that underlie other LSDs may act as risk factors for other 

late-onset neurodegenerative diseases, such as AD. 

Histopathological studies of a mouse model of CLN10 disease (CTSD-/-) have revealed 

increased levels of frontotemporal lumbar degeneration (FTLD)-associated proteins 

progranulin (PGRN) and TMEM106B. Furthermore, phosphorylated TAR DNA-binding 

protein-43 (TDP-43) was identified in brain tissue from numerous NCL patients (Gotzl et al. 

2014; Zhou et al. 2017). Additionally, CLN11 is caused by a mutation in (GRN), the gene 

encoding PGRN. Loss-of-function mutations in GRN are commonly associated with causing 

familial FTD (Petkau and Leavitt 2014). This is suggestive that there may be some overlap 

between NCL disease mechanisms and more common neurodegenerative diseases, such 

as frontotemporal dementia.  

 

CLN10 disease is caused by a mutation in CTSD, the gene encoding Cathepsin D (CatD). CatD 

is involved in the clearance of numerous proteins including Aβ plaques and tau 

neurofibrillary tangles brought to the lysosome by autophagy. Therefore, aberrant CatD 

and lysosomal dysfunction have been strongly linked by both biochemical and genetic 

studies to AD (Vidoni et al. 2016). Moreover, TPP1, the protein deficient in CLN2 disease, 

has also been shown to be implicated in biochemical clearance of amyloid. It was 

demonstrated that TPP1 destabilises the fibrillar β-sheet domain of Aβ by cleaving it at 

multiple sites, which promotes Aβ proteolysis (Sole-Domenech et al. 2018). This function 

of TPP1 may explain the extreme accumulation of amyloid plaques in post-mortem CLN2 
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patient brain (Wisniewski et al. 1990). These studies suggest a link between the NCL 

lysosomal enzymes and AD pathogenesis.  

 

Aggregation of α-synuclein is a common hallmark of PD. Upregulation of α-synuclein 

protein has also been shown in CLN5 patient fibroblasts and CLN5 knockdown HeLa cells 

(Adams et al. 2019b). CLN5 has also been linked to AD via its direct/indirect association 

with retromer trafficking. The CLN5 protein has been shown to function in recruitment of 

retromer to endosomal membranes (Mamo et al. 2012). Retromer is a heteropentameric 

protein complex that is considered to be the master regulator of endosomal sorting and 

trafficking, and its associated defects have been implicated in the pathogenesis of late-

onset AD (Muhammad et al. 2008; Small and Petsko 2015). Whole-exome sequencing 

identified a CLN5 variant (N320S, p.Asn320Ser) which strongly associated with AD status in 

families affected more than once by the disease. Further biochemical analysis revealed that 

the resultant protein encoded for by the CLN5 variant lacked glycosylation, causing it to be 

retained in the ER. This missense variant also caused a shift in relative levels of 

procathepsin D, a well-known phenotype of retromer dysfunction (Qureshi et al. 2018).   

 

These data indicate a link between NCLs and more common neurodegenerative diseases. 

This highlights the versatile mechanisms underlying this enigmatic group of disorders, and 

further emphasises the importance of studying the NCLs, as well as other LSDs, in the wider 

field of neurodegenerative disease research. 

1.7 Therapeutic intervention in the NCLs 
 
To date there is no therapy that exists that can treat all the NCLs and only one therapy for 

one form of the NCLs, namely Brineura or recombinant TPP1 for treating CLN2 disease 

(currently approved by the FDA and approved but not licensed by the NHS in the UK). 

Enzyme replacement therapy can clearly only work for CLN1, CLN2 and CLN10 as the other 

diseases are all caused by defects in transmembrane or non-enzymatic proteins. As such, 

much effort has gone in to the development of gene therapy for the brain and visual 

abnormalities in the NCLs, as good large animal models of several NCLs exist that can be 

used to study the effect on a complex folded brain (Linterman et al. 2011; Mitchell et al. 

2018). Although gene therapy holds huge promise for the future, currently affected 
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patients are unlikely to benefit, and as such small molecule therapies are the most likely 

area within which some benefit will emerge in the short term. At present only one small 

molecule has been trialled for the NCLs, namely mycophenolate mofetil, an 

immunosuppressant, for CLN3 disease (Adams et al. 2019a). The clinical trial reported no 

adverse effect but no indication of efficacy is yet to emerge. In comparison with other 

lysosomal diseases, for example NPC disease where there have been several clinical trials 

in recent years in a disease cohort that is much more rare, there have been relatively few 

clinical trials in the NCL community. This could be the result of a poor understanding of the 

cell biology of the diseases and as such no obvious therapeutic targets to treat. The cell 

biology of Niemann-Pick C is well understood and underpins all of the therapeutic 

strategies that have led to the clinic (Platt et al. 2012). Clearly, an improved understanding 

of the cellular defects that lead to dysfunction could be of significant benefit to our ability 

to not only understand the disease but also to treat it. 

1.8 Summary 
 
NCLs, as well as other LSDs, are devastating neurodegenerative diseases that have 

detrimental effects on affected individuals. Although treatments for some NCLs are 

progressing, there is currently no approved therapy or cure for CLN5 disease. 

Understanding the underlying mechanisms of cellular dysfunction in CLN5 disease can 

unveil new potential therapeutic targets. We hope that by uncovering key cellular 

phenotypes of CLN5 disease we can piece together a pathogenic cascade, and identify 

therapeutic targets for small molecule intervention.  

1.9 Aims 
 
Chapter 3 

The aim of chapter 3 was to uncover and characterise key cellular hallmarks contributing 

to the pathogenesis of CLN5 disease in CLN5 patient fibroblasts. We aimed to enhance our 

understanding of CLN5 disease on a cellular/ biochemical level, with hopes this would allow 

us to uncover the pathogenic cascade of CLN5 disease. In chapter 3 we characterised basic 

organelle function and determined whether phenotypes observed in other lysosomal and 

more common diseases of neurodegeneration (discussed above) are also present in CLN5 
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patient cells. This data is important in revealing the common mechanistic pathway that 

groups the NCLs together, and could potentially unveil new therapeutic targets.  

 

Chapter 4 

The aim of chapter four was to build upon the identification of one cell biology phenotype 

identified in chapter 3, namely glycosphingolipid storage, to determine its appropriateness 

as a potential therapeutic target for CLN5 disease. We investigated whether treatment of 

CLN5 patient fibroblasts with the ceramide-specific glucosyltransferase inhibitor, miglustat, 

reduces the elevated levels of ganglioside GM1 and globoside Gb3 reported in chapter 3 

and in doing so whether it improves other abnormal cellular phenotypes. We also reported 

on the first off-label, clinical safely study of miglustat in two CLN5 disease patients. 

 

Chapter 5 

The aim of chapter 5 was to use high throughput drug screening based upon the 

identification of abnormalities in lysosomal enzyme activities from chapter 3, to identify 

activators and inhibitors of lysosomal TPP1. We looked to determine if the top hits from 

this screen are able to rescue CLN5 disease cellular phenotypes, and discussed their validity 

as possible small molecule therapies for this disease. 
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Chapter 2 | Materials and Methods 
 

All materials were purchased from Sigma Aldrich (Gillingham, UK) unless stated otherwise.  

2.1. Cell culture 
 

2.1.1. Human fibroblast cells 
 

CLN5 patient and age matched control human fibroblasts were maintained as monolayers 

in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% foetal bovine 

serum (FBS) and 2 mM L-glutamine at 37°C in a humidified incubator with 5% CO2. Control 

human fibroblasts (GMO5399) were obtained from Coriell Cell Repository (New Jersey, 

USA). CLN5 patient cell lines (HFG84 Pa/b and HFG90) were generously provided by Prof. 

Sara Mole (Institute of Child Health, University College London, UK). 

 

Table 2.1 - Cell lines and mutations. A summary of the human fibroblast cell lines used 

throughout this study and the mutations they carry (where applicable).  

Cell Code Description Mutation 

GM05399 WT HF N/A 

HFG84a CLN5 HF  

(compound heterozygote) 

c.35G>A p.Arg112His; c.619T>C 

p.Trp207Arg  

HFG84b CLN5 HF  

(compound heterozygote)  

c.35G>A p.Arg112His; c.619T>C 

p.Trp207Arg 

HFG90 CLN5 HF c.523insA p.Thr176AsnfsX11 

 

The mode of inheritance of CLN5 disease is autosomal recessive, meaning a mutated allele 

must be inherited from each parent for the disease to develop. Cell lines HFG84a and 

HFG84b are compound heterozygotes, indicating that they have two or more (in this case 

two) different mutant alleles at a particular gene locus. In the case of HFG90, only one 

mutation is reported which would indicate that this individual is homozygous for this 

mutation.  
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Standard nomenclature for gene mutations can be seen in table 2.1, where c. stands for 

coding (nucleotide number) and p. stands for protein (amino acid number). Hence, the 

mutation described for HFG84a and HFG84b, c.35G>A, refers to a guanine to adenine 

substitution at nucleotide number 35. This results in a change from arginine to histidine at 

amino acid 112 along the CLN5 polypeptide, denoted in table 2.1 as p.Arg112His. The same 

logic can be applied to the second mutation carried by HFG84a and HFG84b. This is a 

thymine to cytosine substitution at nucleotide number 619 (c.610T>C), which results in a 

change from tryptophan to arginine at amino acid number 207, denoted as p.Trp207Arg.  

 

In the case of HFG90, c.523insA represents an insertion (denoted as ‘ins’ in standard 

genetic mutation nomenclature) of adenine at nucleotide number 523. This insertion 

mutation causes a change from threonine to asparagine at amino acid number 176, which 

results in a frameshift (represented by ‘fs’) that produces a premature stop codon 

(represented by ‘X’) at position 11 in the shifted reading frame, denoted as 

p.Thr176AsnfsX11 (Ogino et al. 2007).  

 

A Grantham score compares the physiochemical properties of amino acids, including 

polarity, molecular volume and composition, to predict how an amino acid substitution 

could affect a protein. The Grantham score assigns a value relating to the degree of 

difference between two amino acids, which are characterised into classes of increasing 

chemical dissimilarity: conservative (0-50), moderately conservative (51-100), moderately 

radical (101-150), and radical (≥ 151) (Grantham 1974). The p.Arg112His and p.Trp207Arg 

mutations carried by HFG84a and HFG84b have Grantham scores of 29 and 101, 

respectively. Although one substitution is classified as conservative, the latter falls into the 

moderately radical category, which may explain its pathogenicity. The amino acid 

substitution in mutation carried by HFG90, p.Thr176AsnfsX11, has a Grantham score of 65, 

falling into the moderately conservative category. However, the Grantham score only takes 

into account the degree of difference between amino acid substitutions, and does not 

account for the frameshift and premature stop codon, which results in a truncated protein.  

 

Align-GVGD is a freely available, web-based program that combines Grantham scores with 

multiple sequence alignments to predict how likely an amino acid substitution is to 
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interfere with protein function. The classifications system is as follows: C0, C15, C25, C35, 

C45, C55, and C65, with C0 being least likely to interfere with function and C65 being most 

likely to do so. The classification for the mutations carried by HFG84a and HFG84b, 

p.Arg112His and p.Trp207Arg, are C25 and C65, respectively, indicating that the latter is 

highly likely to interfere with protein function. The amino acid substitution carried by 

HFG90, threonine to asparagine at amino acid 176, was classified under C55, which is again 

highly likely to interfere with function (Mathe et al. 2006; Huntsman Cancer Institute 

(University of Utah) 2014). 

 

2.1.2. B-lymphoblast cells 
 

Control B-lymphoblast cells (GM13072) were obtained from Coriell Cell Repository (New 

Jersey, USA). Cells were maintained in suspension in Roswell Park Memorial Institute 

Medium (RPMI) supplemented with 10% foetal bovine serum (FBS) and 2 mM L-glutamine 

at 37°C in a humidified incubator with 5% CO2.  

2.2. Drug treatments 
 

CLN5 patient fibroblasts and age matched controls were grown in appropriate conditions 

(2.1.1.) prior and during all drug treatments unless indicated otherwise. 

 

2.2.1. Miglustat 
 

Cells were treated with 50 µM Miglustat (Toronto Research Chemicals), solubilised in mQ 

H2O for 5 and 12 days.  

 

2.2.2. Fenofibrate 
 

Cells were treated with 1 µM Fenofibrate (Sigma) solubilised in DMSO for 5 days, 

concentration of DMSO in the treated cells remained below 0.01 %. 

2.2.3. Hexestrol  
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Cells were treated with 1 µM Hexestrol (Sigma) solubilised in DMSO for 5 days, 

concentration of DMSO in the treated cells remained below 0.01 %.   

 

2.2.4. Gemfibrozil  
 

Cells were treated with 1 µM Gemfibrozil (Sigma) solubilised in DMSO for 5 days, 

concentration of DMSO in the treated cells remained below 0.01 %.   

 

2.2.5. Naltrexone HCL 
 

Cells were treated with 1 µM Naltrexone HCL (Sigma) solubilised in DMSO for 5 days, 

concentration of DMSO in the treated cells remained below 0.01 %.   

 

2.2.6. Ginkgolide A  
 

Cells were treated with 1 µM Ginkgolide A (Sigma) solubilised in DMSO for 5 days, 

concentration of DMSO in the treated cells remained below 0.01 %.   

 

2.3. Recombinant CLN5 protein add-back 
 

2.3.1. CLN5 add-back 
 

Control and CLN5 patient fibroblasts were plated at 80% confluency in an ibidi µ-slide 8 

well chamber slide, with treated wells receiving 0.5 µg of soluble (46kDa) human 

recombinant (HR) CLN5 protein (Origene, Germany. Product code: TP314709). The 

expression host of the HR CLN5 protein was HEK293T cells, and purity was >80% as 

confirmed by SDS-PAGE and Coomassie blue staining. Untreated wells were filled with 

normal growth media. Cells were then incubated overnight under standard cell culture 

conditions stated previously.  
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2.4. Cell Biology 
 

2.4.1. Fixed cell biology 
 

2.4.1.1. Paraformaldehyde fixation of cells 
 

Cells were plated on acid washed, glass coverslips and cultured in standard growth 

conditions overnight. Growth media was removed the following day and cells were washed 

once in Dulbecco’s phosphate buffered saline (DPBS) before being incubated with 4% 

paraformaldehyde (PFA) for 8 minutes at room temperature. Cells were then washed once 

in complete DMEM to quench PFA, before being washed 3 times with DPBS. Coverslips of 

fixed cells were stored at 4°C kept submerged in DPBS to prevent drying out.  

 

2.4.1.2. Acetone fixation of cells 
 

Cells were plated on acid washed, glass coverslips and cultured in appropriate conditions 

overnight. Growth media was removed the following day and cells were washed once in 

Dulbecco’s phosphate buffered saline (DPBS) before being incubated in ice cold acetone 

for 5 minutes at room temperature. Post-incubation cells were washed 3 times with DPBS. 

Coverslips of fixed cells were stored at 4°C kept submerged in DPBS to prevent drying out.  

 

2.4.1.3. Methanol fixation of cells  
 

Cells were plated on acid washed, glass coverslips and cultured in standard growth 

conditions overnight. Growth media was removed the following day and cells were washed 

once in Dulbecco’s phosphate buffered saline (DPBS) before being incubated with 

methanol for 5 minutes at -20°C. Following, cells were washed 3 times with DPBS. 

Coverslips of fixed cells were stored at 4°C kept submerged in DPBS to prevent drying out.  

 

2.4.1.4. Blocking buffer 
 

DPBS was supplemented with 0.01% saponin and 1 % bovine serum albumin (BSA). Saponin 

selectively removes cholesterol from the cell membrane, permeabilising the cells, while 
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BSA prevents non-specific antibody interactions. Blocking buffer was aliquoted and stored 

at -20°C until needed.  

 
2.4.1.5. Primary antibodies for immunocytochemistry 
 

Primary antibodies utilised throughout this project are listed below. 

 

2.4.1.5.1. ATP5E 
 

Visualisation of levels of the epsilon subunit of the F0/F1 ATP synthase (ATP5E) were 

investigated due to literature stating that knock-down on this protein leads to 

translocation, and aggregation, of subunit C of the F0/F1 ATP synthase (SCMAS); the main 

storage component of CLN5 disease (Havlickova et al. 2010). PFA fixed cells were incubated 

with a 1:200 dilution of anti-ATP5E (Abnova, product code: H00000514-M01, lot number: 

02011-2f3) in blocking buffer overnight at 4°C.     

 

2.4.1.5.2. EEA1 
 

Visualisation of early endosomal antigen 1 (EEA1) were used to determine the localisation 

and levels of early endosomes in CLN5 disease cells compared with age matched controls. 

PFA fixed cells were incubated with a 1:200 dilution of anti-EEA1 (BD Bio, product code: 

600457, lot number: 8127593) overnight at 4°C in blocking buffer. 

 

2.4.1.5.3. Globoside (Gb3) 
 

Globoside (Gb3) is a glycosphingolipid degraded by the lysosomal enzyme α-galactosidase. 

The localisation and levels of Gb3 were determined via incubation of cells with a 1:1000 

dilution of anti-Gb3 (Tokyo Chemical Industry, product number: A2506, lot number: 

UGKQF-MI) at 4°C overnight in blocking buffer.  
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2.4.1.5.4. GRP75 
 

Glucose-regulated protein 75 (GRP75) is an essential protein for mitochondrial associated 

membrane (MAM) formation; a structure that physically links the ER to the mitochondria. 

These structures regulate the Ca2+ transfer between these organelles, with GRP75 also 

playing a role in mitochondrial integrity and cell death. Visualisation of localisation and 

levels of GRP75 were determined via incubation of cells with a 1:200 dilution of anti-GRP75 

(Abcam. Product code: ab2799, lot number: GR3269970-2) at 4°C overnight in blocking 

buffer.  

 

2.4.1.5.5. LBPA 
 

Imagining of lysobisphosphatidic acid (LBPA) was used to determine the lipid levels and 

localisation. PFA fixed cells were incubated with a 1:1000 dilution of anti-LBPA (Echelon, 

Salt Lake City, USA. Product number: Z-PLBPA, lot number: AB120117-23)) at 4°C overnight 

in blocking buffer.  

2.4.1.5.6. SCMAS 
 

Imaging subunit C of the F0/F1 ATP synthase (SCMAS) was used to determine protein levels 

and localisation. PFA fixed cells were incubated with a 1:200 dilution of anti-SCMAS 

(Abcam. Product code: ab181243, lot number: GR3200204-1) for 4°C overnight in blocking 

buffer.  

 

2.4.1.5.7. SERCA2 
 

Levels of the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA2) were imaged to 

determine the density of the ER in disease cells compared with healthy controls. Changes 

in levels of  SERCA2 may be indicative of Ca2+ dyshomeostasis. PFA fixed cells were 

incubated with a 1:200 dilution of anti-SERCA2 (Abcam. Product code: ab2817, lot number: 

GR3183713-2) overnight at 4°C in blocking buffer.  
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2.4.1.6. Secondary antibodies for immunocytochemistry 

Following incubation with primary antibodies, cells underwent three 5 minute washes in 

Dulbecco’s phosphate buffered saline (DPBS). Subsequently, cells were incubated with 

species-compatible Dylight 488 secondary antibody (Vector) or Dylight 594 secondary 

antibody (Vector, Peterborough, UK) at a 1:200 dilution in blocking buffer for 30 minutes 

at room temperature. Cells were then washed three times in DPBS. Secondary antibody 

controls were carried out during initial experiments with primary antibodies.  

2.4.1.7. FITC-cholera toxin subunit B staining (FITC-CtxB) 
 

Cholera toxin subunit B specifically binds to ganglioside GM1, hence the FITC-tag attached 

to the protein allows for visualisation of ganglioside GM1 in cells (Blank et al. 2007). PFA 

fixed cells were incubated with 1 µg/ml of FITC-CtxB overnight in blocking buffer at 4°C.  

 

2.4.1.8. Filipin staining  

 

Filipin, an autofluorescent polyene antibiotic (excitation 340-380 nm, emission 385-470 

nm), binds to un-esterified cholesterol, allowing for visualisation of its levels and 

localisation (Vanier and Latour 2015). PFA fixed cells were incubated for 30 minutes in 125 

µg/ml in complete DMEM at room temperature. Following, stained cells were washed 

three times in DPBS. 

 

2.4.1.9. Phalloidin 
 
Visualisation of the F-actin cytoskeleton with Alexa Fluor 488 phalloidin (Fisher Scientific) 

was used to determine differences in cytoskeletal structure between disease cells 

compared with age matched controls. Corresponding with manufacturer’s instructions, 

PFA fixed cells were further permeabilised with 0.1% Tritonä X-100 in DPBS for 15 minutes 

before being washed twice with DPBS. 5 µl of the 40X phalloidin stock (made up in 

methanol) was diluted in 200 µl PBS and supplemented with 1% BSA. Coverslips were 

covered with 200 µl of this solution and incubated in darkness for 30 minutes at room 



 71 

temperature. Cells were washed twice with DPBS and mounted using fluoroshield to be 

imaged later.   

 

2.4.1.10. Nuclear staining 
 

Co-staining of the nucleus was achieved by incubation of cells with 2 µg/ml Hoechst 33341 

trihydrochloride trihydrate in DPBS for 10 minutes. Three washes in DPBS were carried out 

post-incubation to remove background staining. Nuclear staining with Hoechst was not 

suitable alongside filipin as their excitation-emission wavelengths overlap.  

 
2.4.1.11. Coverslip mounting 
 

Coverslips were mounted onto glass microscope slides using fluoroshield mounting 

medium and left to dry for a minimum of 12 hours in darkness.  

 

2.4.2. Live cell staining 
 

2.4.2.1. Imaging buffer  
 

DPBS was utilised as the imaging buffer for all live cell analysis carried out unless stated 

otherwise.  

 

2.4.2.2. Lysotracker 
 

Lysotracker red DND-99 (Life Technologies) was used to examine the volume of 

intracellular acidic compartments (pH < 5.5). Cells were grown in ibidi µ-slide 8 well 

chamber slides overnight under standard cell culture conditions. The following day, growth 

media was removed and cells were washed once in DPBS before being incubated with 300 

nM lysotracker in imaging buffer for 15 minutes at room temperature. Post-incubation, 

cells were washed once in DPBS before being imaged live.  
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2.4.2.3. ER-tracker 
 

ER-tracker green (BODIPY FL Gilbenclamide) (Life Technologies) is a cell permeant stain that 

is highly selective for the ER. Gilbenclamide binds to sulphonylurea receptors prominently 

expressed on the ER, and so was used to investigate changes to ER volume and structure 

in cells. Cells were grown in ibidi µ-slide 8 well chamber slides overnight under standard 

cell culture conditions. The following day, growth media was removed and cells were 

washed once in DPBS before being incubated with 300 nM ER-tracker in imaging buffer for 

15 minutes at room temperature. Post-incubation, cells were washed once in DPBS before 

being imaged live.  

 

2.4.2.4. Mitotracker  
 

Mitotracker green FM (Life Technologies) is a cell-permeant, green-fluorescent stain that 

localises to mitochondria regardless of membrane potential. Mitotracker was used to 

visualise the structure of the mitochondrial network in cells. Cells were grown in ibidi µ-

slide 8 well chamber slides overnight under standard cell culture conditions. The following 

day, growth media was removed and cells were washed once in DPBS before being 

incubated with 300 nM mitotracker in imaging buffer for 15 minutes at room temperature. 

Post-incubation, cells were washed once in DPBS before being imaged live.  

 

2.4.2.5. Mitotracker CMT ROS 
 

Mitotracker Orange CMT ROS is a cell-permeant, orange-fluorescent dye that stains 

mitochondria and fluoresces in the presence of ROS in live cells in a membrane potential-

dependent manner. Cells were grown in ibidi µ-slide 8 well chamber slides overnight under 

standard cell culture conditions. The following day, growth media was removed and cells 

were washed once in DPBS before being incubated with 300 nM mitotracker CMT ROS in 

imaging buffer for 15 minutes at room temperature. Post-incubation, cells were washed 

once in DPBS before being imaged live.  
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2.4.2.6. CtxB trafficking assay  
 

In live cells, CtxB binds to ganglioside GM1 in the plasma membrane and, in healthy cells, 

is internalised via retrograde endocytic transport to the Golgi apparatus. Defective 

sphingolipid trafficking is a well-recognised phenotype of lysosomal storage diseases, 

which results in lipid storage in the endocytic system.  

 

Cells were grown in ibidi µ-slide 8 well chamber slides overnight under standard cell culture 

conditions. The following day, growth media was removed and replaced with pulse 

medium; ice cold growth medium containing 1 µg/ml FITC-CtxB. Cells were incubated at 

room temperature for 30 minutes with pulse medium, which was ice cold to avoid 

premature internalisation. Subsequently, pulse medium was removed and cells were 

incubated with pre-warmed normal growth medium for 45 minutes under standard cell 

culture conditions. Three back exchanges were carried out in ice cold growth medium 

containing 2% BSA and 0.1 mg/ml heparin sulphate to remove non-specifically bound 

ganglioside GM1 from the plasma membrane. Cells were washed once in DPBS and imaged 

immediately live.  

 

2.4.2.7. Cyto-ID 
 

Cyto-ID is a cell-permeant, cationic amphiphilic tracer (CAT) dye that selectively labels 

autophagic vacuoles. Cells were grown in ibidi µ-slide 8 well chamber slides overnight 

under standard cell culture conditions. The following day, growth media was removed and 

replaced with complete DMEM containing 2 µl of Cyto-ID green detection reagent 2 and 1 

µl Hoechst 33342 per ml. Cells were protected from light and incubated at 37°C for 30 

minutes under standard cell culture conditions, before being washed once and imaged live 

in 1x assay buffer provided in the Cyto-ID autophagy dectection 2.0 kit.  

 

2.4.2.8. DHE  
 

Dihydroethidine (DHE), also known as Dihydroethidium bromide (Polysciences inc, 

Germany), is a cell-permeant superoxide stain, and was used to assess levels of superoxide 
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in cells.  Cells were grown in ibidi µ-slide 8 well chamber slides overnight under standard 

cell culture conditions. The following day, growth media was removed and replaced with 

50 µM DHE in DPBS for 30 minutes at room temperature. Post-incubation, cells were 

washed once in DPBS and images live in imaging buffer.  

 

2.4.2.9. JC-1 
 

JC-1 (Life Technologies) is a mitochondrial membrane potential probe that exists as either 

a green fluorescent monomer at depolarised membrane potentials or a red J-aggregate (a 

dye with an absorption band that shifts to a longer wavelength of a higher absorption 

coefficient when aggregated) at hyperpolarised membrane potentials. JC-1 was therefore 

used to examine differences in mitochondrial membrane potential in control vs CLN5 cells. 

Cells were grown in ibidi µ-slide 8 well chamber slides overnight under standard cell culture 

conditions. The following day, growth media was removed and cells were washed once in 

DPBS before being incubated with 5 µM JC-1 for 30 minutes at 37°C in DPBS. Post-

incubation, cells were washed once in DPBS and imaged live in imaging buffer.  

2.5. Lysosomal enzyme assays 
 

Enzyme assays utilise specific enzyme substrates tethered to a fluorophore to measure 

enzymatic activity. Upon enzymatic cleavage of a substrate, the attached fluorophore is 

released and fluoresces. This resultant fluorescence is read by a plate reader and recorded 

in relative fluorescence units (RFU); indicative of the  enzyme activity. All experiments 

included buffer-only controls to account for background fluorescence and heat inactivated 

controls to ensure fluorescence was a result of enzyme activity. 

 

2.5.1. Preparation of standard curves 
 

Standard curves were made up using known concentrations of either 7-Amino-4-

methylcoumarin (AMC, Ex. 360/em. 460 ) or 4-methyumbelliferone (4-MU, ex. 365/ em. 

455) depending on the fluorophore attached to the substrate used in each assay and ran 

on the respective Greiner transparent 96-well microplates plates (Greiner bio-one, 
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Kremsmünster, Austria). This standard curve was then used to translate the RFU values 

obtained by plate reader into µM/min/µg protein.   

 

2.5.2. Assay protocols 
 

Human fibroblast cell pellets were homogenised and protein content was determined via 

BCA assay. Each homogenate was then aliquoted and stored at -80°C to avoid repeated 

freeze-thaw cycles of samples, which can lead to accelerated protein degradation and 

therefore effect enzyme activity giving false results. Enzyme assays were carried out using 

the protocols described below in Greiner transparent 96-well microplates plates, and the 

resultant fluorescence was read on a SPECTRAmax GEMINI enhanced monochromator 

microplate reader with Origin 2018 software (Molecular Devices, USA).  

 

2.5.2.1. Enzyme assays and conditions 
 
Each enzyme assay presented in this thesis used 2 µg of cellular homogenate unless stated 

otherwise. The conditions for each enzyme assay are summarised in table 2.2. Stop buffers 

were added following assay incubation. The pH of the stop buffer is not optimal for the 

enzyme to work, and therefore stops the reaction, allowing the respective substrate to 

fluoresce. In the case of TPP1, McIlvain’s phosphate/citrate buffer (pH 4.5) enhances the 

fluorescent signal before reading.  
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Table 2.2 -  Enzyme assays and their respective experimental conditions. A summary of 

the enzyme assays presented throughout this thesis alongside their experimental 

conditions, including fluorescent substrate and its concentration, assay buffer composition, 

incubation conditions, and, where appropriate, stop buffer composition. N/A indicates that 

there is no stop buffer available for this reaction.  

 
Enzyme(s) 
 

Substrate Buffer Incubation 
conditions 

Stop buffer 

Cathepsin D and 
E 
 

50 µM 7-
methoxycoumarin-
4-acetyl-Gly-Lys-Pro-
Ile-Leu-Phe-Phe-Arg-
Leu-Lys-
dinitrophenyl-D-Arg-
amide. 

Phosphate 
citrate buffer 
(pH 5.5) with 2 
mM EDTA and 
50 mM NaCl. 

1 hour at 
37°C in 
darkness. 
 

N/A 

Cathepsin L 
 

50 µM Z-Phe-Arg-7-
amido-4-
methylcoumarin. 

Phosphate 
citrate buffer 
(pH 5.5) with 
0.005% BRIJ, 2.5 
mM EDTA and 8 
mM DTT. 

30 
minutes at 
37°C in 
darkness. 

N/A 

Cathepsin B 
 

50 µM Z-Arg-Arg-7-
amido-4-
methylcoumarin. 
 

Sodium acetate 
buffer (pH 5.5) 
with 0.8 mM 
EDTA and 8 mM 
DTT. 

30 
minutes at 
37°C in 
darkness. 

N/A 

α-galactosidase 
 

2 mM 4MU-α-D-
galactopyranoside. 
 

Phosphate 
citrate buffer 
(pH 4.6). 

1 hour at 
37°C in 
darkness. 

Glycine/NaOH 
stop buffer (pH 
10). 

β-galactosidase  
 

2 mM 4MU-β-
galactopyranoside.  
 

Sodium acetate 
buffer (pH 4.5) 
with 0.1% 5 mM 
NaCl and 0.2% 
NaTc. 

1 hour at 
37°C in 
darkness. 
 

Glycine/NaOH 
(pH 10.6). 

Acid lipase 
 

0.1 mg/ml 4MU-
oleate. 
 

Sodium acetate 
buffer (pH 4) 
with 1% triton. 

1 hour at 
37°C in 
darkness. 

NaCO3 (pH 10.9). 

Hexosaminidase 
A 
 

2 mM 4MU-N-
acetyl-α-D-

Citrate buffer 
(pH 4.6) with 
0.01% triton. 

1 hour at 
37°C in 
darkness. 

NaCO3 (pH 10). 
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2.6. Measuring mitochondrial bioenergetics  
 

The following describes the MitoStress test from Aglient technologies using the XFe96 

Seahorse bioanalyser. All consumables used were obtained from Agilent Technologies 

unless stated otherwise. 

  

Cells were seeded in XF96 cell culture microplates at a density of 50,000 cells/well one day 

prior to the experiment taking place. Corner wells (A1, A12, H1 and H12) were left blank. 

Additionally, the sensor cartridge, which contains the fluorophores that record changes in 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), was hydrated 

in the utility plate using 200 µl of calibrant solution and left in a non-CO2 incubator at 37°C 

overnight with the lid firmly in place to avoid drying out of the probes. The seahorse 

machine was turned on the night before the experiment was due to take place with Wave 

software open to allow the machine to reach a stable temperature. 

  

The following day 100 ml of XF BASE medium (0.8 mM MgSO4, 1.8 mM CaCl2, 143 mM NaCl, 

5.4 mM KCl, 0.91 mM NaH2PO4, 3 mg/l Phenol Red) was supplemented with 0.18g of 

glucosamine-6-
sulphate. 
 

 

Total 
Hexosaminidase 
 

2 mM 4MU-N-
acetyl-α-D-
glucosamine. 
 

Citrate buffer 
(pH 4.6) with 
0.01% triton. 

1 hour at 
37°C in 
darkness. 

NaCO3 (pH 10). 

Hexosaminidase 
B 
 

2 mM 4MU-N-
acetyl-α-D-
glucosamine.  
 

Citrate buffer 
(pH 4.6) with 
0.01% triton. 

1 hour at 
37°C in 
darkness. 

NaCO3 (pH 10). 

Tripeptidyl 
Peptidase 1 
(TPP1) 
 

0.5 mM Ala-Ala-Phe-
7-amido-4-
methylcoumarin. 
 

sodium acetate 
buffer (pH 4) 
with 0.05% 
triton, 10% 
EDTA, 0.08% E64 
inhibitor and 
0.012% 
pepstatin A. 

1 hour at 
37°C in 
darkness. 

McIlvains’s 
phosphate/citrate 
buffer (pH 4.5). 
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glucose (final concentration 10 mM), 1 ml sodium pyruvate (final concentration 1 mM) and 

1 ml of 200 M L-Glutamine (final concentration 2 mM) before being adjusted to pH 7.4 

using 1 M NaOH and warmed pre-warmed to 37°C. Cells had growth media removed and 

were washed twice in 200 µl pre-warmed XF assay media (pH 7.4), before being left in 

175 µl assay medium for 1 hour at 37°C in a non-CO2 incubator. 

  

During the incubation period oligomycin, FCCP and a mixture of rotenone/ Antimycin A 

were prepared for the injection ports (Table 2.3).  

 

Table 2.3 - A summary of the drugs used in the seahorse assay. 

Port Drug Working concentration Conc. in ports 

A Oligomycin 1 µM 8 µM 

B FCCP 1 µM 9 µM 

C Rotenone/ Antimycin A 0.5 µM 5 µM 

  

Note: Dilutions are made up as x8, x9, x10 the final concentrations in wells to account for 

dilution upon 25 µl injection of the drug into 175 µl of assay medium in the wells. 

  

Using the guide plates provided, 25 µl of each drug was pipetted into the appropriate port 

(highlighted in table 2.3) of the sensor cartridge. The sensor cartridge was lifted in and out 

of the utility plate approximately 5 times to remove any bubbles that may have formed 

around the probes that may interfere with calibration. The utility plate containing the 

sensor cartridge was placed into the machine and calibration of the probes to calibrant 

solution was started. When the calibration had finished and the hour incubation of the cells 

was over, the utility plate was ejected from the machine and replaced with the cell plate, 

and the mito stress test was started, with oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) being measured by sensors on the bottom of the probes (figure 

2.1). Wave XF data analysis software was used to record and analyse these 

experiments. This data was later exported and transferred to Prism 8 software. A summary 

of calculations used to determine measurements outlined in figure 2.2.   
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Figure 2.1 - A schematic of how the seahorse bioanalyser measures mitochondrial 

bioenergetics. From above, each well of the sensor cartridge has 4 separate compartments, 

labelled A, B, C and D, with the probe in the centre. Drugs are pipetted into the injection 

ports using guide plates to avoid pipetting errors. When the drugs are loaded and the cell 

plate is inserted into the machine following the 1 hour incubation period in a non-CO2 

incubator, the sensor cartridge is inserted into the cell plate, with probes fully submersed 

in cell media. Following injection of the drugs, the oxygen consumption of the cells and pH 

of the media is recorded using fluorophores on the end of the probes, which give the 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) recordings by 

the analyser (original figure). 
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Figure 2.2 – A summary of how measurements are taken by the Seahorse XFe96 analyzer. 

The Cell Mito Stress Test involves the addition of oligomycin (» 18 minutes), FCCP (» 36 

minutes), and a mixture of rotenone and antimycin A (»  54 minutes) respectively. The 

change in oxygen consumption rate (OCR) following the addition of these drugs is used to  

determine the basal respiration, ATP production, maximal respiration and more.  

Measurements taken by the analyzer have been highlighted on the graph and outlined in 

the corresponding table, which includes the equations used to work out final values. More 

information on how the assay works can be found in the materials and methods section 

(original figure).   

2.7. Microscopy 
 

2.7.1. Fluorescence microscopy  

All fluorescence microscopy was performed on an inverted AX10 inverted microscope 

(Zeiss, Cambridge, UK) with LED lightsource and Colibri controller (Zeiss). Images were 

taken in monochrome with a Axiocam MRm CCD digital camera (Zeiss) using Axiovision 

software release 4.7.1 (Zeiss). Later analysis was achieved using ImageJ (NIH, Bethesda, 

USA) and any pseudo colouring was performed using Photoshop CS3 (Adobe, California, 

USA). LED percentage and exposure time were kept the same between control cells and 

disease/ treated samples. Subsequent image adjustments, such as brightness and contrast, 

were identically altered across samples. 
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2.7.2. Total area image analysis  
 

Total area of a probe, for example lysotracker, was determined using ImageJ analysis. 

Images were opened in ImageJ and changed to 8-bit monochrome, following which the 

threshold was set to red and adjusted to cover the area in the image occupied by all the 

fluorescence staining. Subsequently, the particles were analysed, with the size (inch2) set 

to 0.0005-infinity to discard background noise. The total area per image was recorded in 

excel and divided by the total number of cells in the field of view to give the average 

area/cell/image. The average area per data set (control or CLN5 patient fibroblasts, for 

example) was transferred to Prism 8 for statistical analysis.  

 

2.7.3. Punctate distribution image analysis  
 

Distribution of punctate staining in cells was determined by drawing a straight line through 

the centre of the cell in ImageJ and plotting the grey values along this line against distance. 

Similar length cells were generally selected. Data was exported into Prism 8 software to 

generate graphs.   

2.8. Ca2+ measurements  
 

2.8.1. Ca2+ probe loading 
 

Cells were grown in ibidi µ-slide 8 well chamber slides overnight under standard cell culture 

conditions. The following day, cells were incubated for 1 hour at approximately 4°C with a 

5 µM solution of fura 2, AM (Abcam, UK) in DMEM containing 1% BSA and 0.025% Pluronic 

acid F-127. The -AM group attached to fura allows the probe to cross the cell membrane 

into the cytosol, where it is later cleaved by esterases. The addition of Pluronic acid F-127 

prevents aggregation of the probe. Post-incubation, cells were washed in Ca2+-containing 

Hank’s buffered saline solution (HBSS) and left for 10 minutes to allow de-esterification of 

the Ca2+ probe. Subsequently, cells were washed once and imaged live in Ca2+-free HBSS to 

avoid extracellular Ca2+ entering the cell, ensuring the accurate measurement of 

intracellular stores. 
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2.8.2. SERCA-mediated ER Ca2+ release 
 

The addition of 2 µM thapsigargin was used to determine the total ER Ca2+ content in cells. 

Thapsigargin is a non-competitive inhibitor of SERCA2, which actively transports cytosolic 

Ca2+ into the ER to maintain its high Ca2+ concentration necessary for protein folding and 

maintain low resting cytosolic Ca2+. At a concentration of 2 µM, thapsigargin causes Ca2+ 

release from Ca2+ leak channels on the ER and induces Ca2+-induced Ca2+ release from RyR 

and IP3Rs; allowing us to measure total levels of ER Ca2+. A reduced concentration of 

thapsigargin (0.2 µM) was used to determine if cells were more susceptible to Ca2+ leak. 1 

mM CaCl2 was added at the end of the experiment to induce SOCE and determine if the 

cells were still viable. As the ER is the largest cellular Ca2+ store, it was not necessary to 

clamp other Ca2+ stores due to release from these stores being insignificant in the absence 

of extracellular Ca2+.  

 

2.8.3. IP3R-mediated Ca2+ release  
 

Post-probe loading, 1 µM IP3-AM was used to determine Ca2+ release via the IP3R. IP3-AM 

is  cell-permeant due to its acetoxymethyl (-AM) group, which allows the agonist to cross 

the plasma membrane into the cytosol. When in the cytosol, the -AM group is cleaved by 

esterases, allowing the free IP3 to act as an agonist to IP3R- triggering Ca2+ release. 

Following IP3-AM, 2 µM ionomycin was added to trigger release from all cellular Ca2+ stores 

to determine if cells were still viable.  

 

2.8.4. Mitochondrial Ca2+ release 
 

Levels of mitochondrial Ca2+ were determined via the addition of 5 µM oligomycin/ 

antimycin A. Oligomycin is a potent uncoupling agent that blocks the F0 subunit of the ATP 

synthase, while antimycin A is a potent ETC inhibitor. When combined, they prevent Ca2+ 

uptake into the mitochondria, subsequently causing its release. During initial experiments 

cells were loaded with 5µM Rhod-2, AM in DMEM containing 0.025% Pluronic acid F-127 

under sterile conditions and incubated for 1 hour at 37°C. Following this incubation period, 

cells were washed once in sterile DPBS and incubated in DMEM for approximately 16 hours 
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to allow retention of the probe in the mitochondria alone (cytosolic loaded Rhod 2 is slowly 

removed by multi drug efflux pumps on the plasma membrane (Trollinger et al. 1997)). On 

the day of the experiment, loading of the ratiometric Ca2+ probe, fura 2, AM, was carried 

out as stated above. Images of Rhod 2 fluorescence were taken prior- and post- addition of 

5µM oligomycin/ antimycin A, with the resultant reduction in fluorescence of Rhod 2 

ensuring the release of mitochondrial Ca2+ specifically. The increase in cytosolic Ca2+ 

concentration as a result of mitochondrial Ca2+ release was measured by fura 2.  

2.9. Biochemistry 
 

2.9.1. Western blotting 

Homogenised samples from cell pellets equivalent to 30 μg of protein (determined by BCA 

assay, as per manufacturer’s instructions) were denatured in SDS-containing sample buffer 

for 15 minutes at 95°C. The SDS in the sample buffer aids the denaturation of the protein 

and makes them negatively charged. Denatured protein samples were separated by gel 

electrophoresis across a 10% SDS-PAGE gel at 100 V for 20 minutes, before being turned 

up to 150 V for the remaining gel running time. This allows optimal separation of proteins. 

Gel running time varied depending on the size of the protein being investigated, but was 

generally between 1 hr 45 minutes to 3 hrs. Proteins were then transferred onto PVDF 

transfer membrane that had been soaked in methanol (Merck-Millipore, Billerica, USA) for 

a minimum of 1 minute using a semi-dry transfer method at 40mA for 2 hr. Transfer times 

varied depending on the size of the protein in question. 

Transfer membranes were then blocked overnight at 4°C or for 1 hr at room temperature 

in TBS-T containing 5% milk powder. Following this, membranes were incubated with 

primary antibodies overnight at 4°C in TBS-T containing 1% milk powder. The following day, 

3x 5 minute TBS-T washes were carried out and host-compatible HRP-linked secondary 

antibodies (Cell signalling technology) were applied at varying dilutions depending on the 

effectiveness of the primary antibody. Table 2.4 summarises the antibodies used for 

western blotting and the experimental conditions. Subsequently, membranes were washed 

3x in TBS-T for 5 minutes each, before being washed in ECL development solution and 

exposed onto X-ray film prior to development.  
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GAPDH (Santa Cruz, USA. Product number: SC-47724, lot number: D0618) was used as a 

standard across all western blot experiments at a primary dilution of 1:5,000 and a 

secondary dilution of 1:10,000. 

Table 2.4 - A summary of antibodies used in western blotting and their conditions. 

Primary antibody Host Dilution Secondary antibody and dilution 

EEA1 
 
(BD Biosciences. product code: 600457, 
lot number: 8127593) 

Mouse 
(mAb) 

1:1000 HRP-linked anti-mouse (1:5000) 

LAMP2 
 
(Abcam. Product code: ab18528, lot 
number: GR240613-1) 

Rabbit 
(pAb) 

1:1000 HRP-linked anti-rabbit (1:5000) 

BiP 
 
(Cell signalling technology. Product 
code: C50B12, lot number: 9) 

Rabbit 
(mAb) 

1:500 HRP-linked anti-rabbit (1:2500) 

CHOP 
 
(Cell signalling technology. Product 
code: L63F7, lot number: 7) 

Mouse 
(mAb) 

1:500 HRP-linked anti-mouse (1:2500) 

CLN5 
 
(Abcam. Product code: ab170899, lot 
number: GR170570-1) 

Rabbit 
(mAb) 

1:1000 HRP-linked anti-rabbit (1:5000) 

SERCA2 
 
Product code: ab2817, lot number: 
GR3183713-2 

Mouse 
(mAb) 

1:1000 HRP-linked anti-mouse (1:10,000) 

TPP1 
 
(Abcam. Produce code: ab54685, lot 
number: GR3246893-2) 

Mouse 
(mAb) 

1:1000 HRP-linked anti-mouse (1:5000) 

Abbreviations: mAb, monoclonal antibody; pAb, polyclonal antibody. 

2.9.2. Analysis of Western blots 

Developed western blot films were scanned and images were changed to greyscale to be 

used for densiometric analysis using ImageJ software. In ImageJ, the gel analysis plugin was 

used to plot the grayscale values from bands on the western blot. The area under the curve 

of each of the bands on the plot was calculated giving the relative density. All relative 
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density values from each sample were divided by the value of their respective GAPDH 

relative density. Across experiments, all samples were divided by the standardised control 

and multiplied by 100, making the control 100% across all western blots and all disease 

samples relative to this.   

2.10. Staining of CLN5 patient blood smears 
 
Controls (blood) were obtained from Cardiff biobank (Research ethics committee reference 

number: 18/WA/0089) and the CLN5 samples (blood smears) were obtained from the 

Nottingham Children’s Hospital (The ethics approval reference number; NIH NO: 

702756409). CLN5 patients received a miglustat dose of two 100 mg tablets three times a 

day. 

 
2.10.1. Cholera toxin subunit B and DB lectin 
 
Fixation of air dried control (A2041) and CLN5 patient blood smears was carried out by 

immersing samples in 100%, ice-cold acetone (made fresh every time) using a glass staining 

dish with a removable slide rack for 5 minutes, before undergoing three five minute DPBS 

washes. Following this, smears were placed in a humidity chamber, the bottom of which 

was lined with water-soaked blue roll to keep the chamber humid, and 500 µl of blocking 

buffer containing 1 µg/ml CtxB (stains ganglioside GM1 (Blank et al. 2007)) and 400 µg/ml 

Dichlorous bifluorous (DB) lectin (binds to terminal a-N-acetylglucosamine residues found 

in globoside Gb4 and Gb5/Forssman lipid (Hormia et al. 1988; Zhang et al. 2019)) was gently 

pipetted onto samples. A piece of parafilm cut to the size of the slide was carefully placed 

over the solution to ensure even distribution of the stains and prevent drying out. The lid 

was placed on the humidity chamber to keep samples in darkness, and incubated at 4°C 

overnight. The following day, samples were counterstained using 2 µg/ml Hoechst 33342 

in PBS for 10 minutes, and washed 3 times in DPBS. Excess liquid was drawn from the smear 

by blotting the corners of the slide in blue roll, and stained smears were then mounted 

using fluoroshield mounting medium and left to dry overnight. Imaging was carried out 

using a Leica DMI8 Lightning super resolution confocal microscope with Leica LASX 

software.   
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2.10.2. Giemsa staining 
 
Air dried control (A2041) and CLN5 patient blood smears were submersed in undiluted 

Giemsa staining solution,  a buffered thiazine-eosinate solution for the identification of 

blood cells, in a Coplin jar for 2 minutes at room temperature. Subsequently, stained blood 

smears were transferred into a Coplin jar containing dH2O for 2 minutes, following which 

they were rinsed gently with dH2O from a wash bottle. The nozzle of the wash bottle was 

widened to avoid disturbing or damaging the sample due to high pressure. Samples were 

left to air dry completely, following which they were mounted onto an appropriately sized 

coverslip using fluoroshield mounting medium and left to dry overnight before imaging.  

2.11. High throughput screening 
 
2.11.1. Optimisation and validation of TPP1 assay for HTS 
 
In triplicate, 10 µl of B-lymphoblast cell homogenate, active and denatured (10 minutes at 

95°C), were incubated overnight at 37°C in sodium acetate buffer (pH 4) with 0.05% triton, 

10% EDTA, 0.08% E64 inhibitor and 0.012% pepstatin A in darkness. The following day, 

McIlvain’s phosphate/citrate buffer (pH 4.5) was added to uncover optimal fluorescence of 

the AMC substrate, which was measured using a SPECTRAmax GEMINI EM microplate 

reader (Molecular Devices, USA), generating AMC excitation-emission data. 

 

B-lymphoblast cell homogenate concentration (2.5 µg, 5 µg and 10 µg), E64 concentration 

(10 µM, 100 µM and 200 µM), and incubation time (1, 2, 4, or 6 hours) were optimised 

using protocol buffers and equipment in the assay protocol described above. For HTS, a 

concentration of 10 µg was selected, along with 200 µM E64 and an incubation time of 4 

hours. 

 

2.11.2. High throughput screening and data analysis 
 
The primary screen ultilised the Oxford-stratified NIH/Biomol small molecule library, 

generously provided by Prof. Grant Churchill and Dr. Sridhar Vasudevan (University of 

Oxford), which is comprised of 640 FDA (Food and Drug Administration, USA) approved 

compounds stored in two 384-well plates at a concentration of 10 mM. These were later 



 87 

randomised into eight 96-well plates and drugs were diluted to a concentration of 25 µM 

in DMSO and were kept at -80°C. Compounds were screened at a final concentration of 1 

µM using the TPP1 enzyme assay (2.10.1.), with each drug tested in a single well. The 

compound autofluorescence was checked using a SPECTRAmax GEMINI EM microplate 

reader (Molecular Devices, USA). If background fluorescence of compounds was high this 

was subtracted, or the compound was ruled out entirely.  

 

 Data was normalised to the DMSO (negative) controls of each plate. Hits were selected 

using a defined cut-off value of ≧ 22% inhibition/ activation, a widely accepted and easily 

applied strategy (Sidarovich et al. 2015).  

 

2.11.3. Enzyme destabilisation and secondary screen 
 

E64 and pepstatin A are included in the assay buffer to prevent degradation, and 

subsequent destabilisation of the TPP1 enzyme. However, repeated freeze-thaw cycles 

could still destabilise TPP1 in the control B-lymphoblast homogenate (Persichetti et al. 

2014). Due to this, the enzyme stability of TPP1 in the homogenate was assessed by 

repeated free-thaw cycles (8 minutes at -80 °C/ 4 minutes at 42 °C). 1 ml of control B-

lymphoblast homogenate was placed into an Eppendorf and 100 µl was taken as the 

baseline enzyme stability. The remaining 900 µl was subjected to 9 rounds of free-thawing, 

with 100 µl being removed following each consecutive thaw. The TPP1 assay was carried 

out according to the optimised protocol described in section 2.10.1. Each sample was ran 

in triplicate. Data was analysed using ANOVA with Dunnett’s multiple comparisons test and 

presented as ± SEM.  

 

For the secondary screen, 2 ml of control B-lymphoblast homogenate was subjected to 9 

freeze-thaw cycles as described above and the TPP1 assay was run according to that 

described in section 2.10.2. Two concentrations of each drug, 1 µM and 0.1 µM, were 

tested in the secondary screen. Percentage loss of activity between untreated freeze-

thawed and original cell homogenate was calculated.  
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2.12. Statistical analysis 

In the case of microscopy, mitochondrial bioenergetics or Ca2+ analysis, each n refers to an 

experiment carried out using cells that were independently plated from different T75 

growth flasks on different days. For all qualitative data, a minimum of 10 images per well 

were taken using a Zeiss AX10 inverted microscope. The images shown throughout are 

representative of the whole data set. In the case of western blotting, each n refers to an 

independent cell culture sample.  

One-way ANOVA with Dunnett’s multiple comparisons test was used to analyse 

experiments in which three or more experimental conditions were present. In the case of 

drug-treated samples, Tukey’s post-hoc test was used. One-way ANOVA was used to 

analyse semi-quantitative techniques, such as total area image analysis (outlined in 2.7.2.), 

corrected to Fisher’s.  

The statistical test used for each experiment is outlined in the figure legends alone with the 

indicators of significance; *= P <0.05, **P= <0.01, ***P= <0.001, ****P= <0.0001. All 

statistical analysis was carried out using Prism 8 software.  
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Chapter 3 | Characterising cellular phenotypes of CLN5 
disease (Variant late infantile neuronal ceroid lipofuscinosis) 
 

3.1. Background 
 
As mentioned previously (see main introduction), there is currently no cure or therapy for 

CLN5 disease. Further understanding the changes in the cell biology that occur in this 

disease following mutations in the CLN5 gene can facilitate the identification of new 

pathways to target therapeutically.  

 

CLN5 disease is a childhood neurodegenerative disease caused by mutations in the CLN5 

gene. These mutations lead to the onset of disease pathology, which in itself is progressive 

and severe, starting between the ages of 3-6 years old. Symptoms include motor and sleep 

disturbances, ataxia, the onset of myoclonic seizures, optic atrophy leading to eventual 

blindness, and dementia and cognitive decline. Eventually, this leads to death, typically in 

the late teens/ early twenties. How exactly CLN5 disease cellular dysfunction leads to cell 

death and tissue dysfunction remains unknown. 

3.2. Benefit of uncovering fundamental changes in the cell 
biology of CLN5 

 
Although the genetics of CLN5 disease have been well studied, much of the cell biology 

remains unexplored (Palmer et al. 2013). Previously, there had been debate over whether 

the CLN5 protein was membrane bound or soluble. While it is now agreed that CLN5 is a 

soluble lysosomal protein (Jules et al. 2017), the function of said protein remains elusive. 

Examining fundamental changes in the cell biology of CLN5 disease patient fibroblasts 

compared to an apparently healthy control is not only beneficial in uncovering new 

therapeutic targets, but may also help to shed light on the possible function of this protein.  

 

This chapter aims to uncover key biomarkers of CLN5 disease by performing the first 

detailed phenotyping study of CLN5 patient fibroblasts. The focus is on cellular phenotypes 

observed in other LSDs and NCLs, as described in section 1.5. We hope that this will provide 
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further insight into the disease cascade of CLN5 disease, highlighting new potential targets 

for future therapeutic intervention. Herein, we show lysosomal expansion as the major 

phenotype of CLN5 disease, discuss the changes to cellular Ca2+ homeostasis in these cells, 

and explore how lipid storage may contribute to CLN5 disease pathogenesis. 

3.3. Procedures 
 
 
In section 3.4.1 we confirmed that the CLN5 patient fibroblasts used throughout this study 

are deficient in CLN5 protein via western blotting (2.9.1). Changes to the endolysosomal 

system in section 3.4.2 were investigated using a combination of fixed and live cell biology 

(2.4.1 and 2.4.2, respectively), which allowed visualisation of the distribution and levels of 

early and late endosomes, and lysosomes. Western blotting (2.9.1) was also used to 

compare levels of organelle protein markers, such as EEA1 and LAMP2, between control 

and CLN5 patient fibroblasts. The ability of CLN5 cells to endocytose and utilise exogenous, 

human recombinant CLN5 protein, and its impact on cellular phenotypes, and therefore 

the validity of the phenotypes observed in the untreated cells as bona fide CLN5 disease 

phenotypes, was assessed using methods described in 2.3.1. Data from this experiment 

was analysed using methods described in 2.7.2. Discrepancies between cell size in control 

and CLN5 patient fibroblasts was explored using fixed cell biology for cytoskeletal staining 

to validate the use of image analysis for quantification (2.4.1.9).  

 

Section 3.4.3 investigated autophagic defects in CLN5 disease using live cell imaging with 

CytoID (2.4.2.7). We also investigated changes to lipid endocytosis in CLN5 disease using 

techniques outlined in 2.4.2.6. Fixed cell biology (2.4.1), utilising fluorescent toxins and 

antibodies, was used to examine changes in the levels and localisation of lipids in CLN5 

patient fibroblasts compared with the control.  

 

In section 3.4.6, we looked at differences in the ER in CLN5 cells compared with the control. 

Live cell imaging (2.4.2.3) was used to detect differences in ER structure between control 

and CLN5 patient fibroblasts. Western blotting (2.9.1) was used to detect the presence of 

ER-stress proteins in control and CLN5 cells, and to inspect if there were differences in 
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protein levels of SERCA. We also undertook a thorough examination of ER Ca2+ handling 

(2.8).  

 

A combination of fixed and live cell imaging (2.4.1 and 2.4.2, respectively) was used to 

investigate changes to the structure of the mitochondrial network, as well as assessing 

levels of ROS and changes to mitochondrial membrane potential in CLN5 patient cells 

compared with the control. Changes to storage of mitochondrial components was also 

investigated (section 3.4.7). Changes in levels of mitochondrial Ca2+ was examined using 

procedures outlined in 2.8.4. The XFe96 Seahorse bioanalyser was used to measure 

changes in mitochondrial bioenergetics in CLN5 patient fibroblasts compared to the control 

(2.6).  

 

Finally, we explored changes to lysosomal enzyme activities in CLN5 disease cells using 

methods described in 2.5. 

 

Statistical analyses as described in section 2.10 of the materials and methods chapter were 

performed on all experiments as appropriate, with details provided in figure legends.  

3.4. Results 
 
As mentioned above, the underlying mechanisms that lead to cellular dysfunction, and 

consequent neurodegeneration, in CLN5 disease are currently poorly understood. In order 

to elucidate these mechanisms, we must first understand changes in the basic cell biology 

of CLN5 patient cells, and explore how the phenotypes uncovered may lead to the 

progression of CLN5 disease.  

 
3.4.1 Confirmation of no detectable CLN5 protein in CLN5 disease patient fibroblasts. 
 

As CLN5 disease is caused by mutations in the CLN5 gene, it was first investigated whether 

the patient fibroblasts were null, had reduced levels of CLN5 protein, or were producing a 

dysfunctional CLN5 protein. Western blot analysis was carried out to determine the levels 

of CLN5 protein in the apparently healthy control compared with CLN5 patient fibroblasts.  
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As expected, all CLN5 patient cells (HFG84a, b and 90) showed no detectable (<10% of 

control levels in all cases) CLN5 protein compared to healthy control (figure 3.1).  

 

 

 
 
Figure 3.1 – No detectable CLN5 protein in CLN5 patient fibrobalsts. Western blot showing 

protein levels of CLN5 and loading control, GAPDH, in control and CLN5 patient fibroblasts 

(HFG84a, HFG84b, HFG90). N=3, ****P= <0.0001. Data is presented as averages ± SEM and 

analysed using one-way ANOVA with Dunnett’s multiple comparison test.  

 

3.4.2 Endolysosomal defects in CLN5 patient fibroblasts 
 

Changes to the endolysosomal system are common in many lysosomal storage disorders 

(LSDs) (Platt et al. 2012). Redistribution of early and late endosomes in neuronal and 

epithelial cells has previously been linked to changes in cytosolic pH and altered 

cytoskeletal structure (Parton et al. 1991; Granger et al. 2014). Antibody staining for EEA1 

was used to visualise early endosomes in CLN5 patient fibroblasts compared with the 

control to determine if there were any changes to their distribution. Western blot analysis 

was also carried out to determine if there were changes to the levels of EEA1/early 

endosomes in CLN5 patient cells. 
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Antibody staining with Anti-EEA1 revealed a more perinuclear distribution of early 

endosomes in CLN5 patient fibroblasts compared to the more diffuse distribution seen 

throughout age-matched control fibroblasts. However, no significant change in total 

protein levels of EEA1 were observed between the control and CLN5 patient fibroblasts 

(figure 3.2). 

 

 
 
Figure 3.2 – Redistribution of early endosomes in CLN5 patient fibroblasts. Staining with 

anti-EEA1 (white) in control and CLN5 (HFG84a, HFG84b, HFG90) patient fibroblasts. 

Western blot analysis showing protein levels of EEA1 in control and CLN5 patient fibroblasts 

standardized to loading control, GAPDH, and presented as relative density. N=3, ns= not 

significant. Scale bars= 10 µm. Data is presented as ± SEM and analysed using one-way 

ANOVA with Dunnett’s multiple comparison test. 

 

Similarly, there is also a more perinuclear distribution of late endosomes in CLN5 patient 

fibroblasts when compared to the control, which display a more diffuse distribution 

throughout the cell (figure 3.3). Thin layer chromatography (TLC) was originally pursued as 

a method of separating lipid species, allowing for their identification and quantification. 
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However, fibroblasts are slow growing cells, and a large amount of cellular material was 

needed for a lipid extraction (a minimum of 1 mg). Additionally, problems arose with the 

TLC plates, which made the data from the TLC experiments inconsistent. ELISA kits used for 

the quantification of lipids, including LBPA, are commercially available and highly sensitive. 

However, time restrictions meant these experiments could not be completed in time to be 

included in this thesis. As such, there is no quantification of LBPA included in figure 3.3. 

 

 

 

 
 

Figure 3.3 – Redistribution of late endosomes in CLN5 patient fibroblasts. Staining with 

the late endosomal marker anti-LBPA (white) in control and CLN5 (HFG84a, HFG84b and 

HFG90) patient fibroblasts. Each replicate was carried out using cells that were 

independently plated from different t75’s on different days. A minimum of 10 images per 

well were taken using a Zeiss AX10 inverted microscope. Images shown above are 

representative of the whole data set. N=3. Scale bars= 10 µm.  

 

Another common phenotype of many LSDs is lysosomal expansion. Many LSDs store lipids 

and other macromolecules which leads to more lysosomes being produced by the cell and/ 

or lysosomal swelling. The lysosomal volume probe, lysotracker, was used to determine if 

there was any expansion of the lysosomal system in CLN5 patient fibroblasts. Additionally, 

western blot analysis for protein levels of lysosomal associated membrane protein 2 

(LAMP2) was used to determine if there was an increase in the number of lysosomes 

present in CLN5 patient cells.  

 

There is increased lysotracker fluorescence in CLN5 patient fibroblasts when compared 

with the healthy control, indicative of lysosomal expansion as anecdotally there appears to 
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be a qualitative increase in the size of each individual puncta in the CLN5 cells (figure 3.4A). 

When quantified by plate assay, the increased fluorescence of HFG84a, b and 90 is 2-, 1.5- 

and 2.45-fold higher than the control, respectively (figure 3.4B), supporting an increase in 

lysosomal expansion. However, western blotting analysis revealed no significant increase 

in protein levels of LAMP2, a lysosomal marker (figure 3.4C). Collectively, this data suggests 

that there is not an increased number of lysosomes in CLN5 patient cells, but rather 

lysosomal swelling, possibly due to the accumulation of storage materials in lysosomes.  

 

 
 

Figure 3.4 – Increased lysosomal volume in CLN5 disease. (A) Control and CLN5 (HFG84a, 

HFG84b and HFG90) human fibroblasts stained with the lysosomal volume probe, 

lysotracker (white), and a nuclear counterstain (Hoechst, pseudocoloured red) (B) 

Lysotracker fluorescence between control and CLN5 patient fibroblasts quantified by plate 

assay (data optimized and carried out by Abdullah Alshehri). (C) Representative western 

blot of LAMP2 and GAPDH loading control alongside analysis presented as relative density. 

N= 3-7, **P= <0.01, ****P= <0.0001. Scale bars= 10 µm. Data was analysed using one-way 

ANOVA with Dunnett’s multiple comparison test and presented as ± SEM.  
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As CLN5 is cleaved into a soluble lysosomal protein, we determined whether CLN5 patient 

fibroblasts were able to endocytose and utilise extracellular human recombinant (HR) CLN5 

protein to rescue lysosomal expansion phenotypes observed above (Fig. 3.4). Cells were 

treated with 0.5 µg HR CLN5 protein overnight under standard cell culture conditions 

(described in material and methods section 2.3). Cells were visualized using lysotracker red, 

and images were later analysed to determine the total lysosomal area using ImageJ. As 

demonstrated previously by other experimental methods (figure 3.4), total lysosomal area 

is significantly increased in CLN5 patient fibroblasts compared with the apparently healthy 

control. Overnight treatment with HR CLN5 protein is effective in reducing the total 

lysosomal area of CLN5 patient fibroblasts to a level that is no longer significantly different 

to the control (figure 3.5), indicating that lysosomal dysfunction in these patient fibroblasts 

is indeed caused by loss of CLN5 protein function rather than any other off target 

mutation/polymorphism. 
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Figure 3.5 – CLN5 patient fibroblasts can endocytose human recombinant CLN5 protein to 

reduce lysosomal expansion in CLN5 disease. (A) Lysotracker staining in untreated (UT) 

control and CLN5 (HFG84a, HFG84b and HFG90) patient fibroblasts compared with those 

treated with 0.5 µg human recombinant (HR) CLN5 protein overnight. Images were later 

analysed to find total lysosomal area (displayed as % control) using ImageJ software (B) 

Measurement of total lysosomal area in control and CLN5 patient fibroblasts before and 

after overnight treatment with 0.5 µg HR CLN5 protein. N=3-4, Scale bars= 10 µm. *P= 

<0.05, **P= <0.01, ***P= <0.001. Data was analysed using one-way ANOVA with 

uncorrected Fisher’s LSD and presented as ± SEM.  

 

Changes to cytoskeletal structure of control and CLN5 fibroblasts was investigated using F-

actin stain, phalloidin, in order to assess whether there were noticeable differences in cell 

size between control and CLN5 patient fibroblasts. Phalloidin staining allowed confirmation 

that there was no obvious qualitative difference in cell size between control and CLN5 

patient fibroblasts. Additionally, we observed reduced staining intensity of the F-actin 

cytoskeleton in CLN5 patient fibroblasts, with F-actin also appearing less straight and rigid 

(figure 3.6). 
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Figure 3.6 - Changes to cytoskeletal structure in CLN5 disease patient fibroblasts. 

Representative images of control human fibroblasts and CLN5 patient fibroblasts stained 

with the F-actin binding toxin, phalloidin-488, and nuclear counterstain (Hoechst, 

pseudocoloured blue). N=2. Scale bars= 10 μm. 

 

3.4.3 Increased autophagy in CLN5 patient fibroblasts 
 

Lysosomes are essential for maintaining normal cellular function. The accumulation of 

macromolecules within lysosomes is a common phenotype of LSDs, and can cause 

disruption to a number of cellular processes. These include defects in signaling pathways, 

lipid biosynthesis, Ca2+ homeostasis and intracellular trafficking, all of which can impair the 

process of autophagic vacuole clearance. Lysosomes also play a vital role in the autophagic 

pathway by releasing hydrolytic enzymes that breakdown storage material collected in 

autophagosomes upon fusion. As CLN5 disease cells present with lysosomal swelling (figure 

3.4), and as changes in endocytosis, Ca2+ signaling and lysosomal enzyme activity are all 

phenotypes associated with other NCLs, changes to autophagy were investigated. CytoID, 

a fluorescent marker of autophagic vacuoles, was used to establish if there were changes 

to autophagy in CLN5 patient fibroblasts.  
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Increased fluorescence of CytoID in CLN5 patient fibroblasts could indicate the defective 

clearance of autophagic vacuoles, which is indicative of increased autophagy. When 

quantified by image analysis, the total autophagic vacuole area of CLN5 patient fibroblasts 

is significantly higher than that of the control (figure 3.7).  

 

 

 

Figure 3.7 - Increased autophagy in CLN5 disease. (A) Staining with CytoID (white), a 

marker of autophagic vacuoles, in control and CLN5 patient fibroblasts (HFG84a, HFG84b, 

HFG90). Each replicate was carried out using cells that were independently plated from 

different t75’s on different days. A minimum of 10 images per well were taken using a Zeiss 

AX10 inverted microscope. Images shown above are representative of the whole data set. 

(B) Measurement of total autophagic area in control and CLN5 patient fibroblasts. N=4, 

Scale bars= 10 µm. **P= <0.01, ****P= <0.0001. Data was analysed using one-way ANOVA 

with uncorrected Fisher’s LSD and presented as ± SEM.  

 

3.4.4 Lipid endocytosis is impaired in CLN5 disease 
 
A CtxB transport assay was utilised to monitor cellular trafficking of ganglioside GM1 in live 

cells. In healthy cells ganglioside GM1 is trafficked to the Golgi, however in cells with 

endocytic trafficking defects, ganglioside GM1 appears as intravesicular endo-lysosomal 

punctate staining with reduced Golgi staining. Cells were treated with CtxB for 30 minutes 

at room temperature to allow time for the toxin to bind cell surface ganglioside GM1. This 
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was followed by a 45 minute chase at 37°C to measure ganglioside GM1 internalisation and 

trafficking.  

 

Higher levels of ganglioside GM1 are seen in CLN5 patient fibroblasts when compared with 

the control, indicated by the brighter staining of CtxB in CLN5 cells. However, the control 

displays a greater degree of what is likely to be Golgi staining because of the sub-cellular 

location compared with the more widespread, punctate staining observed in CLN5 

fibroblasts (figure 3.8). This suggests that endocytic trafficking of ganglioside GM1 in CLN5 

patient fibroblasts is slower than that of the control. 

 

 

Figure 3.8 – Slower endocytic lipid trafficking in CLN5 disease. Representative images of 

control and CLN5 patient fibroblasts (HFG84a, HFG84b, HFG90) following cholera toxin 

subunit B (CtxB) trafficking assay, pulsed for 30 minutes at room temperature and chased 

for 45 minutes at 37°C. N=2. Scale bars= 10 μm. 

 

3.4.5 Lipid dyshomeostasis in CLN5 disease patient fibroblasts 
 

A hallmark feature of many LSDs is primary and secondary accumulation of undigested 

lipids in lysosomes, which causes lysosomal dysfunction, endocytosis defects, signaling 

defects and ultimately cell death. Effective therapeutic strategies for many LSDs are lacking, 

but targeting lipid storage in the lysosome, via either small molecule intervention or 

manipulation of lysosomal exocytosis, has been demonstrated to ease symptoms of 

Gaucher disease and NPC (Samie and Xu 2014); highlighting the detrimental impact of 

excessive lysosomal lipid accumulation. It is therefore important to investigate lipid storage 

in CLN5 disease, as lipid accumulation may indicate defects in intracellular trafficking and/ 

or degradation pathways of these molecules. 
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As Shown in figure 3.9, there is accumulation of ganglioside GM1 in CLN5 patient fibroblasts 

compared with the control, indicated by the increased fluorescence of CtxB in CLN5 patient 

cells. Localisation of ganglioside GM1 in control cells is more diffuse than CLN5 cells, which 

display a more perinuclear distribution. Additionally, Globoside (Gb3), a glycosphingolipid 

with roles in signal transduction and apoptosis, appears to be stored in CLN5 patient 

fibroblasts. An anti-Gb3 antibody was used to investigate the distribution of Gb3 in PFA 

fixed control and CLN5 patient cells. In contrast to the diffuse Gb3 staining seen throughout 

control fibroblasts, the distribution of Gb3 in CLN5 patient cells presents as punctate 

staining, which may be indicative of storage in lysosomes.  There appeared to be no change 

in the localization and levels of ganglioside GM3, with diffuse, punctate staining being 

present in both control and CLN5 patient fibroblasts. Contrastingly, levels of cholesterol 

are elevated in CLN5 patient fibroblasts.  

 

As mentioned previously, there were issues with the primary method of lipid analysis (TLC). 

Additionally, time restrictions meant that ELISAs for the quantification of lipids could not 

be completed in time to be included in this thesis. Total area image analysis (outlined in 

2.7.2) was unsuitable to be used for the data sets represented in figure 3.9 as staining needs 

to be punctate, and due to lipids being an integral part of the plasma membrane, a lot of 

lipid staining is also diffuse, or prone to background staining.   
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Figure 3.9 – Increased lipid storage in CLN5 disease. Control and CLN5 patient fibroblasts 

(HFG84a, HFG84b, HFG90) stained with cholera toxin subunit B (CtxB), which binds 

ganglioside GM1. Antibody staining with Anti-Gb3, which binds globoside, was altered 

between control and CLN5 patient fibroblasts due to vast differences in staining intensity 

(seen in insets). As such, control and CLN5 images were modified inconsistently to make 

localization of Gb3 more obvious in different cell lines. Antibody staining with anti-GM3, 

which allows visualization of levels and localization of ganglioside GM3 between control 

and CLN5 patient fibroblasts. Filipin, a cholesterol stain, was used to visualize localization 

and levels of cholesterol in cells. Each replicate was carried out using cells that were 

independently plated from different t75’s on different days. A minimum of 10 images per 

well were taken using a Zeiss AX10 inverted microscope. Images shown above are 

representative of the whole data set. N=3-5, scale bars= 10 µm 

 

Herein, how changes in levels of these lipids and their distribution may effect different 

cellular mechanisms is investigated.  
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3.4.6 Exploring endoplasmic reticulum stress in CLN5 disease: Changes to organelle 
structure and Ca2+ dyshomeostasis 

 

The ER plays a vital role in Ca2+ homeostasis, protein synthesis, lipid metabolism, and post-

translational modification and trafficking. In recent years, ER stress has been linked to 

disrupted lipid metabolism and the initiation of autophagy.  Lloyd-Evans et al demonstrated 

how elevated levels of glycosphingolipids, specifically galactosylsphinogsine, were able to 

modulate Ca2+ release from RyRs in cortical rat microsomes (Lloyd-Evans et al. 2003). ER 

stress can cause the sequential activation of the unfolded protein response (UPR), a 

survival response that can lead to autophagy. As CLN5 patient cells display lipid 

accumulation and increased autophagy, defects in ER structure and levels of stress proteins 

were investigated. 

 

ER tracker is a cell permeant dye containing gilbenclamide (glyburide), which binds to 

sulphonylurea receptors of ATP-sensitive K+ channels; structures that are prominent on the 

ER. The probe is often used as an indicator of ER structure/ density. Staining with ER tracker 

revealed a denser ER in control human fibroblasts. However, staining of CLN5 patient 

fibroblasts showed the presence of swollen ‘bubble-like’ round membranous structures 

throughout the ER (figure 3.10A). These structures are most likely indicative of ER stress in 

CLN5 disease patient fibroblasts, and have been further confirmed by electron microscopy 

(EM) (appendix 1).  

 

Immunoglobulin heavy-chain-binding protein (BiP, also known as GRP78) is a HSP70 

molecular chaperone situated in the lumen of the ER. BiP has many roles, including actively 

folding or restricting the folding of substrates, acting as a molecular chaperone and 

facilitating ER-associated degradation (ERAD). However, most notably, BiP is an essential 

regulator of the UPR pathway. During ER stress, BiP dissociates from ER transmembrane 

receptors, inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 (ATF6) and 

protein kinase RNA-like ER kinase (PERK), initiating their respective UPR pathways 

(Bertolotti et al. 2000). Additionally, BiP is a UPR gene product, and is therefore 

upregulated during UPR. Hence, increased levels of BiP protein is an indication of increased 

ER stress. As indicated by western blot analysis in figure 3.10B, these preliminary data 
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indicate that there may be increased levels of BiP protein in CLN5 patients HFG84a and 

HFG84b, indicative of ER stress. Contrastingly, patient HFG90 does not show increased 

levels of BiP when compared with a healthy control, however, these data are preliminary 

and clearly require further repeats before any concrete statements can be made. Issues 

with the BiP antibody, ECL, and the western blot developer used throughout this project 

meant that it was not possible to repeat the experiment a sufficient number of times before 

the submission of this thesis. 

 

CCAAT-enhancer-binding protein homologous protein (CHOP) is a transcription factor 

encoded for by the DDIT3 gene with a role in ER stress-induced apoptosis. Under normal 

cellular conditions the expression of CHOP is low, however its expression distinctly 

increases in response to ER stress via IRE1-, ATF6- and PERK- dependent transcriptional 

induction. It has been shown that overexpression of CHOP in multiple cell lines promotes 

apoptosis, whereas cells deficient in CHOP protein are resistant to ER stress (Oyadomari 

and Mori 2004; Kim et al. 2008). All three CLN5 patient fibroblasts show a marked increase 

in levels of CHOP compared to the control, further indicative of ER stress (figure 3.10C), 

albeit only from a single repeat. Again, these preliminary results require further repeats, 

but the data is in keeping with the clearly abnormally distended ER structures observed in 

the CLN5 patient cells. As the CHOP antibody ran out and needed to be re-ordered (as well 

as issues with the ECL and the western blot developer used throughout this project), it was 

not possible to repeat the experiment a sufficient number of times before the submission 

of this thesis. 

 

Defects in ER Ca2+ signaling have been attributed to changes in the expression of different 

ER proteins in response to ER stress. Specifically, CHOP has been shown to induce ERO1a 

via transcription, which in turn can activate Ca2+ release from the ER via IP3 receptors. The 

Ca2+ released into the cytosol from the ER can trigger apoptosis via activation of CaMKII, 

and consequent instigation of downstream apoptotic pathways (Nishitoh 2012). 

Additionally, lysosomal lipid accumulation has also been recognized as a trigger for ER 

stress in various of LSDs, including Gaucher disease and GM1 gangliosidosis (Sano et al. 

2009; Cox and Cachon-Gonzalez 2012). Mechanisms by which this occurs are discussed in 
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more detail in the discussion. Together, this highlights the importance of investigating ER 

Ca2+ signaling in response to increased ER stress in CLN5 disease. 

 

 
 

Figure 3.10 - Increased ER stress in CLN5 disease. (A) Staining of control and CLN5 (HFG84a, 

HFG84b, HFG90) with ER tracker (white). Insets show enlarged areas of cells. N=3 (B) 

Western blotting for BiP, a master regulator of ER the unfolded protein response, and (C) 

CHOP, an ER stress protein linked to ER stress-related apoptosis, in Control and CLN5 

patient fibroblasts. N=1. Scale bars= 10 µm.  

 

Instigation of Ca2+ release via IP3 receptors using selective agonist, IP3-AM, shows increased 

Ca2+ release in fibroblasts from CLN5 patients HFG84a and HFG84b compared with the 

healthy control, however Ca2+ release in cells from patient HFG90 were not significantly 

different to the control (figure 3.11).  
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Figure 3.11 – Increased IP3-mediated Ca2+ release in CLN5 disease. Initiation of Ca2+ release 

from IP3 receptors using 1 µM IP3- AM (indicated by the black arrow) in control and CLN5 

patient (HFG84a, HFG84b, HFG90) fibroblasts loaded with fura-2. Quantification of average 

Ca2+ release per well is displayed alongside representative traces of Ca2+ release from IP3R 

in control (black), HFG84a (blue), HFG84b (red) and HFG90 (green) fibroblasts. N=5, **P= 

<0.01. Analysed using one-way ANOVA with Dunnett’s multiple comparisons test.  

 

The luminal Ca2+ levels of the ER is maintained by the sarco/endoplasmic reticulum Ca2+ 

ATPase (SERCA), which facilitates the uptake of cytosolic Ca2+ into the ER using ATP in order 

to maintain a high luminal ER Ca2+ concentration (0.1- 1 mM in resting conditions). Using 

high and low concentrations of thapsigargin, 0.2 µM and 2 µM respectively, possible 

changes to Ca2+ leak and total Ca2+ release in CLN5 patient fibroblasts were investigated.  

 

As demonstrated in figure 3.12, CLN5 patient fibroblasts are more sensitive to low 

concentrations of thapsigargin. Upon inhibition of SERCA with thapsigargin, cytosolic Ca2+ 

increases, which ultimately leads to the unmasking of Ca2+ leak channels. This causes 

subsequent Ca2+-induced Ca2+ release from RyR and IP3R (Shoback et al. 1995; 

Bezprozvanny 2009). Addition of 0.2 µM thapsigargin reveals that CLN5 patient fibroblasts 

release significantly more Ca2+ than the apparently healthy control.  
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Figure 3.12 - CLN5 patient fibroblasts are more sensitive to SERCA inhibition with 

subsequent enhanced ER Ca2+ leak from SERCA. Initiation of Ca2+ leak from SERCA using 0.2 

µM thapsigargin (indicated by the black arrow) in control and CLN5 (HFG84a, HFG84b, 

HFG90) fibroblasts. Quantification of average Ca2+ release per well is displayed alongside 

representative traces of control (black), HFG84a (blue), HFG84b (red), and HFG90 (green) 

fibroblasts. N=7-10, *P= <0.05, **P= <0.01. Data was analysed using one-way ANOVA with 

Dunnett’s multiple comparison test and presented as ± SEM.  

 

When total Ca2+ release via SERCA was triggered using 2 µM thapsigargin, there was no 

significant difference between control and CLN5 patient cells (figure 3.13). This data 

indicates that CLN5 patient fibroblasts do not have a lower luminal ER Ca2+ concentration 

than the control, and are therefore able to maintain their Ca2+ concentration. However, 

combined with data from figure 3.12, this suggests that channel sensitivity/ activity is 

heightened in CLN5 disease.  
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Figure 3.13 – No change in total Ca2+ release from the ER following full inhibition of SERCA 

in CLN5 disease. Initiation of Ca2+ release from SERCA with the addition of 2 µM 

thapsigargin (indicated by the black arrow) from Control and CLN5 (HFG84a, HFG84b, 

HFG90) fibroblasts. Quantification of average Ca2+ release per well is displayed alongside 

representative traces of control (black), HFG84a (blue), HFG84b (red) and HFG90 (green) 

fibroblasts. N=3, ns= not significant. Data was analysed using one-way ANOVA with 

Dunnett’s multiple comparison test and presented as ± SEM.  

 

Protein levels of SERCA2 were investigated using western blotting to assess whether 

changes in ER Ca2+ homeostasis were attributed to altered protein levels. As indicated in 

figure 3.14, there was no change to the protein levels of SERCA2 between the healthy 

control and CLN5 patient fibroblasts. The fact that protein levels were the same across all 

CLN5 patient fibroblasts is quite indicative of this, however, this data is N of 2 (due to time 

constraints), so another repeat is needed before any conclusions can be drawn.  
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Figure 3.14 - No change to SERCA2a protein levels in CLN5 patient fibroblasts. Western 

blot analysis of SERCA2 (110 kDa) and loading control, GAPDH, protein levels in control and 

CLN5 patient (HFG84a, HFG84b, HFG90) fibroblasts. N=2, ns= not significant. Data was 

analysed using one-way ANOVA with Dunnett’s multiple comparison test and presented as 

± SEM.  

 

3.4.7 Mitochondrial dysfunction: A consequence of ER stress and lipid accumulation? 
 

Lipid accumulation and ER stress have been linked to defects in mitochondrial function in 

LSDs, specifically the glycosphingolipidoses. The glycosphingolipidoses are a subgroup of 

LSDs caused by a deficiency in glycosidases that degrade sphingolipids and 

glycosphingolipids (GSLs). Lysosomal accumulation of ganglioside GM1 is able to alter the 

functional properties and lipid conformation of mitochondrial associated membranes 

(MAMs); functional tethering sites which allow cross talk between the ER and 

mitochondria. Impaired lysosomal degradation of ganglioside GM1 in GM1-gangliosidosis, 

another LSD, has been shown to interfere with ER Ca2+ signaling, alter the molecular 

composition of MAMs, and eventually lead to neuronal apoptosis and subsequent 

neurodegeneration. Due to the data showing storage of ganglioside GM1 in CLN5 disease 

(figure 3.9), increased ER stress (figure 3.10) and elevated ER Ca2+ leak (figure 3.12), 

changes to mitochondrial network in CLN5 patient fibroblasts were explored.  
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In contrast to the filamentous distribution of mitochondria throughout control cells, a more 

perinuclear clustering of the mitochondria was observed in CLN5 patient fibroblasts stained 

with mitotracker. Additionally, the mitochondrial network of CLN5 cells appeared 

fragmented, with individual mitochondria presenting as more rounded and swollen (see 

insets, figure 3.15). Distribution of Grp75, a mitochondrial- ER contact point protein, also 

appeared more clustered around the nucleus in CLN5 patient fibroblasts. When levels of 

superoxide and ROS were investigated, using DHE and mitotracker CMT ROS respectively, 

CLN5 patient fibroblasts showed increased fluorescence of both probes compared to the 

healthy control, indicative of increased levels of superoxide and ROS potentially from 

dysfunctional mitochondria. To confirm this we determined mitochondrial membrane 

potential in CLN5 patient fibroblasts, observing an increase in green staining indicative of 

altered membrane potential, an indication of formation of the mitochondrial permeability 

transition pore- an essential structure in apoptotic cell death (figure 3.15). Collectively, this 

data shows defects to the structure of the mitochondrial network and increased production 

of superoxide/ ROS, both of which are detrimental to cell health, suggesting mitochondrial 

dysfunction is a phenotype of CLN5 disease.  
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Figure 3.15 – Altered mitochondrial phenotypes in CLN5 disease.  Live staining of control 

and CLN5 (HFG84a, HFG84b, HFG90) fibroblasts with mitotracker (white), a mitochondrial 

network stain. PFA-fixed control and CLN5 patient cells stained with anti-Grp75 (white), a 

mitochondrial-ER contact protein. Dihydroethidium (DHE, white) indicates levels of 

superoxide in control and CLN5 patient fibroblasts. Mitotracker CMT ROS, here referred to 

as CMT ROS (white), in control and CLN5 patient fibroblasts.  JC-1, an indicator of ΔΨm, in 

control and CLN5 patient fibroblasts. JC-1 appears as a red, J-aggregate at polarized 

membrane potentials (pseudocoloured red), and a green fluorescent monomer at 

depolarized membrane potantials (pseudocoloured green). Nuclei are stained with hoescht 

(pseudocoloured blue). N=3-6, scale bars= 10 µm.  
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The mitochondria are important organelles in maintaining intracellular calcium 

homeostasis, which is a finely balanced system. Disruptions to mitochondrial Ca2+ signaling 

can be caused by a number of different phenomena, for example accumulation of 

ganglioside GM1 or increased production of ROS. Ganglioside GM1, shown to be stored in 

CLN5 patient fibroblasts (figure 3.9), is the only ganglioside proven to bind Ca2+ and 

regulate Ca2+ flux across membranes. There is also a bidirectional interaction between Ca2+ 

and ROS, meaning ROS is able to regulate Ca2+ signaling and Ca2+ signaling is essential for 

ROS production. Disruption of this interplay has been implicated in the pathogenesis of a 

number of neurodegenerative diseases, including Parkinson’s disease and Alzheimer’s 

disease. In fact, it has been evidenced that glycolipid storage in Gaucher disease underlies 

enhanced ER Ca2+ release from RyR due to a modification of the RyR redox sensor (Lloyd-

Evans et al. 2003). Due to the excessive accumulation of ganglioside GM1 and increased 

levels of ROS, changes to the levels of mitochondrial Ca2+ were investigated.  

 
Fura-2 AM was used as a intracellular Ca2+ probe. A combination of 5 µM oligomycin and 

Antimycin A was used to release mitochondrial Ca2+. Oligomycin is an inhibitor of the ATP 

synthase, while antimycin A is a respiratory chain inhibitor that dissipates mitochondrial 

membrane potential, leading to Ca2+ efflux via the mitochondrial permeability transition 

pore (mPTP), and subsequent inhibition of Ca2+ uptake via the MCU (Zhao et al. 2013). 

Quantification of levels of mitochondrial Ca2+ revealed that there was a significant increase 

in CLN5 patient fibroblasts compared with the control (figure 3.16 A). One day prior to this 

experiment, cells were loaded with Rhod-2, before being washed and incubated for 

between 12-14 hours (explained in materials and methods section 2.8.4) and images were 

taken before and after the experiment. The resultant drop in fluorescence indicates that it 

was mitochondrial Ca2+ being released (figure 3.16 B).  
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Figure 3.16 – Increased levels of mitochondrial Ca2+ in CLN5 disease. (A) Initiation of Ca2+ 

release from mitochondria using 5 µM oligomycin/ Antimycin A in control and CLN5 patient 

(HFG84a, HFG84b, HFG90) fibroblasts. Increase in cytosolic Ca2+ following mitochondrial 

Ca2+ release was measured using ratiometric Ca2+ probe, fura-2. Quantification of the 

average mitochondrial Ca2+ release per well is displayed alongside representative traces of 

control (black), HFG84a (blue), HFG84b (red), and HFG90 (green). Black arrow represents 

the addition of 5 µM oligomycin/ antimycin A. (B) Cells were loaded with Ca2+ probe, Rhod-

2, for 12-24 hours to ensure retention of the probe in the mitochondria. Images were taken 

before and after the addition of 5 µM oligomycin/ Antimycin A, with the resultant decrease 

in fluorescence indicating the release of mitochondrial Ca2+. N=4-5, *P= <0.05. Scale bars= 

10 µm. Data was analysed using one-way ANOVA with Dunnett’s multiple comparison and 

presented as ± SEM.  
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Changes to mitochondrial bioenergetics were also investigated using a Seahorse 

Extracellular Flux Analyzer. This is a plate-based assay which uses fluorescent probes to 

detect changes in levels of oxygen and H+ (pH) in real time following the addition of 

pharmacological agents. This allows changes in the cellular oxygen consumption rate (OCR) 

of different samples to be measured, and provides output for  basal and maximal 

respiration, ATP production and more. Further detail on experimental design can be found 

in the materials and methods section 2.6. 

 

Multiple measures of mitochondrial respiration were derived by the sequential addition of 

pharmacological agents (oligomycin, FCCP, and a mixture of rotenone and antimycin A) to 

respiring cells, producing a graph summarized in figure 2.2 (materials and methods, section 

2.6). For each parameter, three OCR readings are recorded over an 18 minute period. For 

the first 18 minutes basal respiration is recorded. This is followed by an injection of 

oligomycin, a complex V inhibitor, with the resultant decline in OCR being used to 

determine the ATP production. The second injection of carbonyl cyanide-p-

trifluoromethoxyphenyl-hydrazon (FCCP), a protonophore, collapses the inner membrane 

gradient, thereby triggering the electron transport chain (ETC) to reach its maximal rate. 

This incline in OCR allows maximal respiration to be determined. The final injection involves 

a mixture of rotenone, an inhibitor of complex I, and antimycin A, an inhibitor of complex 

III, which prevent the ETC from functioning, with the resultant drop in OCR allowing non-

mitochondrial respiration to be calculated. Equations used to calculate each measurement 

have been included in materials and methods section 2.6.  

 

Mitochondrial respiration, measured as OCR, is not only a strong indicator of the functional 

bioenergetic capacity of the mitochondria, but also cellular health in general. The basal 

respiration of CLN5 patient fibroblasts is significantly reduced when compared to the 

apparently healthy control, with the OCR of control cells being between 1.5-2.1 times 

higher than that of CLN5 patient cells (figure 3.17 C). The addition of FCCP revealed a 

significant reduction in the maximal respiration in CLN5 patient cells. The maximal 

respiration of control fibroblasts was between 1.3-2.1 times higher than that of CLN5 

patient fibroblasts, indicating defects in mitochondrial respiration in CLN5 disease (figure 

3.17 D). 
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 Seahorse analysis also revealed control fibroblasts to have an ATP production between 

1.5-2.1 times higher than that of CLN5 patient cells (figure 3.17 F). This depletion of ATP 

seen in CLN5 patient fibroblasts may be due to defects in the ATP synthase, as the main 

storage component of CLN5 disease is subunit C of the F0/F1 of the ATP synthase (SCMAS). 

Additionally, it could also be due to an overall decrease in respiration. Increased levels of 

ROS and dissipation of mitochondrial membrane potential suggest mitochondrial stress.  

  

Mitochondria utilize the majority of cellular oxygen to produce ATP, however there are 

other mechanisms by which oxygen is used within the cell; although they remain to be fully 

understood. Oxygen consumption via enzymatic reactions and oxygenases outside of the 

mitochondria, such as NADPH oxidase, is categorised as ‘non-mitochondrial respiration’ 

(Brand and Nicholls 2011). Non-mitochondrial respiration is significantly reduced in CLN5 

patient fibroblasts when compared to the healthy control, which are between 1.7-2.9 times 

higher. This may indicate a decrease in overall cellular metabolism (Figure 3.17 B).   

 

Coupling efficiency is defined as the percentage of mitochondrial respiration used for ATP 

synthesis (Gnaiger et al. 2015). There is no significant difference in the coupling efficiency 

between control and CLN5 patient fibroblasts (Figure 3.17 H). This is due to CLN5 patient 

cells showing a reduction in both ATP production and basal respiration. Coupling efficiency 

was not significantly different between control and CLN5 patient fibroblasts, indicating that 

the reduction in basal respiration underlies the reduced ATP production.    

 

During oxidative phosphorylation, the oxidation of carbohydrates and fatty acids produces 

electrons, which are shuttled along respiratory chain complexes I-IV located on the inner 

mitochondrial membrane (IMM). This is commonly termed the ‘electron transport chain’ 

(ETC). In 1961, Peter Mitchell introduced the chemiosmotic theory which stated that the 

energy produced by electron transfer via the ETC is used to pump protons against their 

electrochemical gradient from the intermembrane space (IMS), across the IMM to the 

matrix via complex V, thereby establishing the proton gradient (Proton-motive force, DP) 

necessary to drive ATP production. Proton leak describes the migration of protons to the 

mitochondrial matrix independent of complex V (Cheng et al. 2017). Although proton leak 
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is reduced in all CLN5 patient cell lines compared to the control, it is only significantly 

reduced in HFG84a, where the P value is <0.05 (figure 3.17 E). Reduction in DP due to 

proton leak has previously been linked to superoxide production (Papa and Skulachev 

1997), shown the be increased in CLN5 disease (figure 3.15). 

 

Spare respiratory capacity describes the amount of ATP that can be produced by oxidative 

phosphorylation in response to an abrupt increase in energy demand. CLN5 cell line, 

HFG84b, shows a significant increase in spare respiratory capacity when compared with 

the control. However, HFG84a and HFG90 are not significantly different to the apparently 

healthy control. Across all tests carried out during the seahorse analysis, HFG84b 

performed better than other CLN5 cell lines, which may explain this increase.  

 
Collectively, this data indicates reduced electron flow through the respiratory chain, which 

is coupled to decreased oxidative phosphorylation.  
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Figure 3.17 – Assessing mitochondrial bioenergetics in CLN5 disease. (A)  Changes in oxygen consumption rate (OCR) over time in control and 

CLN5 patient fibroblasts following the addition of 1 µM oligomycin, 1 µM FCCP, and 0.5 µM rotenone/antimycin A. Bar graphs showing (B)  Non-

mitochondrial respiration, (C) basal respiration, (D) maximal respiration, (F) ATP production, (E) Proton (H+) leak, (G) Spare respiratory capacity 

(%), and (H) coupling efficiency (%) between control and CLN5 patient (HFG84a, HFG84b, HFG90) fibroblasts. N=3, *P= <0.05, **P= <0.01, ***P= 

<0.001, ****P= <0.0001. Data was analysed using one-way ANOVA with Dunnett’s multiple comparison test and presented as ± SEM. 
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As SCMAS is an integral part of complex V and the main storage component of CLN5 

disease, localization and levels were investigated. Due to evidence that the aggregated 

SCMAS in lysosomes of CLN5 cells had previously existed as part of complex V, and recent 

research unveiling that knockdown of the epsilon subunit of the F0/F1 ATP synthase (ATP5E) 

leads to the cytosolic translocation of SCMAS in HeLa cells, localization and levels of ATP5E 

were also examined in CLN5 patient fibroblasts. 

 

SCMAS staining in control fibroblasts has a mitochondrial distribution, as expected (see 

inset). However, in CLN5 patient fibroblasts the distribution of SCMAS appears peri-nuclear 

and punctate, consistent with storage in lysosomes. Additionally, staining of control 

fibroblasts with ATP5E reveals a well distributed, punctate staining of the mitochondrial 

network with increased density in the perinuclear region of the cell. Contrastingly, staining 

of CLN5 patient fibroblasts reveals very little punctate staining, indicative of lower levels of 

ATP5E in CLN5 disease (figure 3.17). 

 

 

 

Figure 3.18 – Lysosomal SCMAS storage in CLN5 disease. Staining with an anti-SCMAS 

antibody in control and CLN5 patient (HFG84a, HFG84b, HFG90) fibroblasts. Insets show 

enlarged regions of individual cells. Images of staining with anti-ATP5E antibody in control 

and CLN5 patient fibroblasts are of enlarged sections of individual cells, with insets showing 

whole images. N=3, scale bars= 10 µm.  
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The buildup of storage material can be an indication of defective lysosomal enzyme 

activities. Accumulation of ganglioside GM1 and SCMAS may suggest changes in the 

activities of b-galactosidase and Cathepsin D, respectively. To investigate this, 

fluorescence-based plate assays were used to determine if there were changes in 

lysosomal enzyme activities in CLN5 disease (figure 3.18).    

 

Lysosomal cathepsins have been studied extensively in relation to a number of 

neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, 

Huntington’s disease, Amyotrophic lateral sclerosis and the NCLs (Kikuchi et al. 2003; 

Siintola et al. 2006; Steinfeld et al. 2006b; Qiao et al. 2008; Sevlever et al. 2008; Sun et al. 

2008; Cullen et al. 2009; Li et al. 2011; Hook et al. 2014). Evidently, cathepsin’s play a major 

role in normal lysosomal function and associated cellular processes, such as autophagy. 

Additionally, cathepsins have been linked to clearance of protein aggregates, including C-

terminal fragments (CTFs) in AD and clearance of SCMAS in NCLs (Koike et al. 2000; Wang 

et al. 2015; Cermak et al. 2016).  Therefore, we used cathepsin assays to investigate 

changes in the activity of a number of cathepsin’s in CLN5 disease. 

 

Cathepsin E (Cat E) is an non-lysosomal aspartyl protease of the pepstatin superfamily with 

high homology to cathepsin D (Cat D). Cat D is a lysosomal aspartyl protease, the deficiency 

of which underlies CLN10 disease and has also been linked to the pathogenesis of 

Alzheimer’s disease. Enzyme assays for Cat D and Cat E showed significantly reduced 

activity in CLN5 patient fibroblasts, with CLN5 cell lines falling between 64-70 % of the 

control. However as there is no specific substrate for each enzyme a true measure of the 

reduced activity for each cathepsin cannot be deduced (figure 3.19 A). Similarly, activity of 

Cathepsin L (Cat L), a lysosomal cysteine protease, in CLN5 patient fibroblasts was 

approximately 42-49 % the control; a significant reduction (figure 3.19 B). However, of the 

cathepsin assays, the activity of cathepsin B is most significantly reduced in CLN5 patient 

fibroblasts, with Cat L activity being just 2-9 % of that of the control (3.19 C).  

 

Deficiencies in lysosomal enzymes involved in lipid metabolism is an underlying cause of 

many LSDs, such as GM1-gangliosidosis, Wolman’s disease and Fabry disease. As lipids 

accumulate in CLN5 disease, we investigated whether there were changes to the activity 
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of lipid-regulating lysosomal enzymes in CLN5 patient fibroblasts. The enzyme activities of 

both a-galactosidase (a-GAL) and b-galactosidase (b-GAL), the enzymes required for 

degradation of globoside (Gb3) and gangliosidse GM1 respectively, are also significantly 

reduced. Activity of a-GAL is reduced to between 32-50 % of the control, while the decline 

in b-GAL activity is more wide-spread among CLN5 cell lines at 45-83 % of the control (figure 

3.19 D and E). Acid lipase, the enzyme responsible for the hydrolysis of cholesterol esters 

and triglycerides, is also significantly reduced in CLN5 patient fibroblasts, with CLN5 cells 

appearing to show between 45-80 % of the enzyme activity seen in the control (3.19 F).  
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Figure 3.19 – Changes to lysosomal enzyme activities in CLN5 disease. Bar charts showing 

changes in the activity (µM/min/µg protein) of (A) cathepsins D and E, (B) cathepsin L, (C) 

Cathepsin B (D) a-galactosidase, (E) b-galactosidase, (F) acid lipase, (G) hexosaminidase A, 

(H) hexosaminidase B and (I) total Hex in control and CLN5 patient (HFG84a, HFG84b, 

HFG90) fibroblasts. N=3, *P= <0.05, **P= <0.01, ***P= <0.001, ****P= <0.0001. Data was 

analysed using one-way ANOVA with Dunnett’s multiple comparisons test and presented 

as ± SEM.
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3.5    Discussion 
 

Characterisation of CLN5 patient fibroblasts has uncovered fundamental changes to 

various cellular phenotypes in CLN5 disease, including increased lysosomal expansion, re-

distribution of early and late endosomes, defective clearance of autophagic vacuoles, and 

accumulation of glycosphingolipids. We have also shown changes in the morphology and 

structure of the ER, and demonstrated changes to Ca2+ handing this organelle, indicative of 

ER stress. Changes to morphology and structure were also observed in mitochondria, along 

with increased levels of mitochondrial Ca2+ and ROS. Investigation into mitochondrial 

bioenergetics revealed significant reductions in basal and maximal respiration, as well as a 

significant decrease in ATP production. We have also shown a significant reduction in a 

number of lysosomal enzyme activities. Although fibroblasts are a good model to 

investigate general phenotypic changes in this disease, they do not represent the reality of 

the disease itself. The neurodegenerative and epileptic aspects of these diseases cannot be 

recreated in fibroblasts, and hence this model cannot provide insight into the impact these 

disease phenotypes have in an excitable cell, such as a neuron. However, there are also 

benefits of using fibroblasts as models of disease, the fact that they are not excitable allows 

the estimation of resting levels of Ca2+ and resting organelle function. As we were unable 

to obtain CLN5 induced pluripotent stem cells throughout the time course of this project, 

the phenotypes identified in this chapter could not be determined in excitable cells.  

 

Herein, we discuss how accumulation of certain lipids can disturb the normal process of 

autophagy via numerous different pathways. We also discuss the potential role of lipids in 

altering intracellular Ca2+ signaling, and how this possibly contributes to cellular 

dysfunction and, consequently, CLN5 disease pathogenesis. We also examine the more 

downstream effects of these changes, and how they lead to mitochondrial dysfunction, 

which in turn further damages the cell via the production of superoxide and ROS.  
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3.5.1. Lysosomal expansion and increased autophagy in CLN5 disease may be 
attributed to lipid accumulation in lysosomes due to decreased lysosomal enzyme 
activities. 

 

In addition to increased lysosomal volume in CLN5 patient fibroblasts, we also observed 

the accumulation of globoside (Gb3), ganglioside GM1 and, to a lesser extent, cholesterol 

in CLN5 disease; suggestive of storage of these substrates in lysosomes. Staining with 

lysotracker revealed an increase in fluorescence in CLN5 cell lines (figure 3.4 A), which 

when measured by plate assay is significantly different to the apparently healthy control 

(figure 3.4 B). However, western blot analysis revealed no significant change to protein 

levels of LAMP2 (figure 3.4 C). This suggests that there is lysosomal swelling in CLN5 disease 

patient fibroblasts, rather than an increased number of lysosomes present. This maybe be 

attributed to the storage of ganglioside GM1, Gb3 and cholesterol in lysosomes in CLN5 

patient fibroblasts (figure 3.9).  

 

Accumulation of undegraded lipids in lysosomes is a common hallmark of many LSDs. 

Decreased enzymatic activity of specific hydrolases or activator proteins in lysosomes leads 

to the build-up of substrates which are normally degraded, driving disease progression. An 

example of this is the accumulation of sphingolipids in Niemann-Pick types A and B, and 

Gaucher disease (Ferreira and Gahl, 2017). Interestingly, our data shows that a number of 

lysosomal enzymes were shown to have reduced activity in CLN5 disease. The aggregation 

of Gb3 in lysosomes of CLN5 disease may be attributed to a significant decrease in a- 

galactosidase activity; the enzyme responsible for cleavage of Gb3 (figure 3.20 D). Loss of 

function of a- galactosidase causes Fabry disease, an LSD presenting with neurological, 

cardiac and renal involvement. Additionally, b-galactosidase, the enzyme responsible for 

the degradation of ganglioside GM1, is also significantly reduced in CLN5 patient fibroblasts 

(figure 3.20 E). This could explain the accumulation of ganglioside GM1 seen in CLN5 

disease. Like NPC, CLN5 appears to be a multi-lipid LSD. The fact that the storage of a single 

lipid is not prominent, but rather a number of lipids are stored at a lower level, may suggest 

a lipid transport issue.   

 

It is well established that lysosomal accumulation of storage material, such as SCMAS, is a 

hallmark of CLN5 disease. However, despite reports of a possible role for the CLN5 protein 
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in sphingolipid metabolism, lipid storage in this disease has not been well outlined (Haddad 

et al. 2012; Schmiedt et al. 2012). This project, seemingly, is the first to confirm the storage 

of specific lipids in CLN5 disease; ganglioside GM1, Gb3 and cholesterol. The CLN5 itself has 

been reported to exhibit enzyme function as a glycoside hydrolase in Dictyostelium (Huber 

and Mathavarajah 2018). However, the effect of CLN5 deficiency has on other lysosomal 

enzyme activities have not been reported until now. This suggests that the CLN5 protein is 

needed for the normal activity of numerous lysosomal enzymes, and may play a role in 

targeting enzymes to the lysosome.     

 

Lipids are essential components for maintaining cellular homeostasis by acting as signalling 

intermediates, maintaining membrane integrity and providing energy substrates for 

various cellular processes (Ademowo et al. 2017). However, their accumulation in 

lysosomes has been associated with cellular dysfunction. Changes to cellular lipid 

metabolism may alter the normal autophagic process, affecting the clearance of damaged 

organelles and proteins, which when aggregated may lead to cytotoxicity.  

 

Cyto ID, a marker of autophagic vacuoles, was used to assess changes in levels of autophagy 

in CLN5 disease. We observed increased fluorescence of Cyto ID in CLN5 patient fibroblasts 

compared to the healthy control, indicating increased autophagy in CLN5 disease (figure 

3.7). Others in the field have confirmed an increase in autophagy in CLN5 disease by 

western blot analysis, showing elevated levels of autophagy marker protein LC3-II in both 

CLN5 patient fibroblasts and CLN5-deficient HeLa cells (Adams et al. 2019b).  

 

Increased fluorescence of Cyto ID in CLN5 patient fibroblasts indicates an accumulation of 

autophagosomes and autophagic cargo. Studies in CLN5 deficient mouse retinas revealed 

increased levels of LC3b II and P62, a protein specifically degraded by autophagy (Leinonen 

et al., 2017). Due to the degradation of P62 being dependant on the clearance of 

autophagic vacuoles by lysosomes, increased levels of P62 are an indication of an inhibited 

autophagy flux and potential disruption of either autophagic vacuole-lysosome fusion or 

lysosomal hydrolysis of autophagic components. Clearly, more research is required to 

define the nature of disrupted autophagy in CLN5 disease.  
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3.5.2. ER stress-mediated initiation of autophagy and apoptosis in CLN5 disease. 
 

We have reported dysregulated Ca2+ handling of the ER in CLN5 patient fibroblasts, 

demonstrating increased sensitivity of both SERCA and IP3 receptors to specific inhibitors/ 

agonists, thapsigargin and IP3, AM (figures 3.11- 3.13). This data indicates increased Ca2+ 

leak from the ER, which may also impact protein folding. Chaperone proteins in the ER, 

such as calreticulin and calnexin, are Ca2+-dependent chaperone proteins that play a role 

in the folding and quality control of newly synthesised proteins and glycoproteins. This is 

known as chaperone-assisted protein folding, specifically termed the calnexin/calreticulin 

folding cycle. It is a process dependent on ATP and ER Ca2+, hence depletion of either will 

result in ER stress and consequent activation of UPR (Ron and Walter 2007; Schroder 2008). 

Overall mitochondrial respiration of CLN5 patient fibroblasts is reduced, resulting in a 

reduction in levels of ATP (figure 3.18, C and F). This combined with increased Ca2+ leak 

from the ER of CLN5 cells may be sufficient to block cargo protein folding, inducing ER stress 

and initiating the UPR.   

 

ER stress has been linked to initiation of autophagy via activation of the unfolded protein 

response (UPR). CLN5 patient fibroblasts show the presence of abnormally enlarged ER by 

ER tracker staining and potentially increased protein levels of both BiP and CHOP, essential 

regulators of the UPR and ER-stress mediated apoptosis, respectively (figure 3.10). 

Disruption of the physiological processes carried out by the ER, such as Ca2+ homeostasis 

and protein/ lipid synthesis and metabolism, can lead to the initiation of UPR. For example, 

mutations in genes encoding lysosomal proteins can lead to their misfolding, which can 

cause them to become retained within the ER, as has been reported with TPP1 and PPT1 

(Das et al. 2001; Wujek et al. 2004). The CLN5 protein is heavily glycosylated. Protein 

glycosylation is crucial for proper folding and targeting of the protein to specific 

compartments, such as endosomes or lysosomes. Absence of a glycosylation site essential 

for proper folding will result in the protein being retained in the ER, and likely activate the 

UPR. Lack of a glycosylation site crucial for trafficking the protein to the correct 

compartment will most likely result in the protein accumulating in the Golgi (Bard and 

Malhotra 2006; Brodsky 2012). Both have been reported in CLN5 disease patient cells, and 

have been shown to be dependent on mutation and cell type (Vesa et al. 2002; Moharir et 
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al. 2013). However, as western blotting has confirmed that they are CLN5-null this cannot 

be the mechanism by which BiP is potentially increased (figure 3.1). 

 

We report increased Ca2+ leak in CLN5 patient fibroblasts (figure 3.12), which may trigger 

protein misfolding. As mentioned above, protein folding and glycosylation are Ca2+-

dependant processes. Increased Ca2+ leak, along with a reduction in cellular levels of ATP, 

may therefore disrupt chaperone function, leading to an accumulation of mis-folded 

protein (Ron and Walter 2007; Schroder 2008). Additionally, lipid accumulation at the ER 

may cause Ca2+ abnormalities which lead to activation of UPR. It has been shown in β-cells 

(specialised pancreatic cells) that saturated free fatty acids disturb SERCA activity, thereby 

compromising the function of the calnexin/calreticulin cycle, leading to improper protein 

folding and ER proteostasis (Cunha et al. 2008). It is therefore likely in the case of these 

CLN5 patient fibroblasts, that the potential activation of UPR occurs via disrupted ER Ca2+ 

signalling and glycosphingolipid accumulation. 

 

Prolonged ER stress can lead to the induction of CHOP, which consequently promotes 

apoptosis by supressing the transcription of Bcl2, an anti-apoptotic protein, and promoting 

the transcription of Bim, a pro-apoptotic protein. The potentially increased protein levels 

of CHOP in CLN5 patient fibroblasts may therefore indicate sustained ER stress which is 

sufficient to induce apoptosis (figure 3.10 C). Under prolonged ER stress conditions Ca2+ 

exchange between the ER and mitochondria changes dramatically. Cross-talk between the 

ER and mitochondria under normal homeostatic conditions occurs via the formation of 

functional subdomains, termed mitochondrial associated membranes (MAMs). These 

structures are high Ca2+ concentration microdomains that occur when mitochondria are in 

close proximity to the opening of the IP3R on the ER. IP3Rs release Ca2+ puffs into the cytosol 

which are sequestered by the mitochondria via the mitochondrial Ca2+ uniporter (MCU) 

(Mogami et al. 1998; Csordas et al. 1999; Rutter and Rizzuto 2000). The increased 

mitochondrial Ca2+ levels facilitate the production of ATP by activating the ATP synthase, 

and the resultant ATP can be used by the ER for protein folding (Griffiths and Rutter 2009). 

Ca2+ is pumped out of the mitochondria and into the cytosol at a slower rate via the 

Na+/Li+/Ca2+ exchanger (NCLX), where it can be pumped back into the ER via SERCA. 

However, under sustained ER stress, Ca2+ flux from the ER into the mitochondria causes 
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Ca2+ overload and dissipation of ΔΨm (Deniaud et al. 2008). This promotes the translocation 

of cytochrome C (which we tested and observed in one CLN5 patient cell line, data not 

shown) from the IMM to the ER, where it binds IP3R. This binding eradicates the Ca2+-

mediated inhibition of Ca2+ release from the IP3R, triggering amplification of ER Ca2+ release 

(Boehning et al. 2003). We have shown significantly higher levels of mitochondrial Ca2+ in 

CLN5 patient fibroblasts, as well as increased depolarisation of the ΔΨm using fluorescent 

dye, JC-1 (Figure 3.15). This coupled with the increased sensitivity of IP3R in CLN5 patient 

cells, leading to increased Ca2+ release in response to agonists, and potentially elevated 

protein levels of CHOP could support this theory. However, more work is needed to confirm 

this.  

 

Structural changes to the ER were also observed in CLN5 patient fibroblasts by both 

fluorescence microscopy (3.10 A) and electron microscopy (Appendix 1, Alshehri and Lloyd-

Evans unpublished). Changes to the morphology of the ER has previously been reported in 

neurons from the spinal cord of b-gal-/- mice and CBE-treated cultures of rat hippocampal 

neurons (a model of Gaucher disease) (Korkotian et al. 1999; Tessitore et al. 2004). Using 

EM, Tessitore et al showed that the ER of 3 month old b-gal-/- mice is less dense than that 

of WT controls, which may be due to SERCA dysfunction in GM1 gangliosidosis, and is 

compressed between enlarged lysosomes containing membranous material. They showed 

that loading of WT MEFs with ganglioside GM1 is sufficient to elicit ER stress responses. 

Studies in Gaucher disease hippocampal neurons showed that accumulation of 

glucosylceramide causes morphological changes to the ER, which appears more dense in 

these cells. Furthermore, it was demonstrated that glucosylceramide can impact the 

activity of ER Ca2+ channels by potentiating RyR-mediated Ca2+ release from the ER 

(Korkotian et al. 1999). Hence, the morphological changes seen in CLN5 patient cells may 

be linked to lipid accumulation, which is able to initiate UPR.  Thus, these structural changes 

to the ER are an  indication of the extent of ER stress in CLN5 patient fibroblasts (Tessitore 

et al. 2004).   
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3.5.3. A possible link between lipid storage and Ca2+ dyshomeostasis, and its 
contribution to CLN5 disease pathogenesis. 

 
Intracellular Ca2+ homeostasis is maintained by interactions between the plasma 

membrane, responsible for the tight regulation of bidirectional movement of Ca2+ across 

the lipid bilayer, and the function of numerous intracellular organelles, which store and 

release Ca2+ in response to multiple cellular cues.  The movement of Ca2+ across these 

membranes require the involvement of specific protein complexes and lipids, including 

glycosphingolipids (GSLs).  

 

A number of publications have linked the accumulation of gangliosides, namely GM1, to 

altered Ca2+ homeostasis in the ER and mitochondria across a number of different cell lines 

(Pagano 2003; Sano et al. 2009; Area-Gomez et al. 2012; Bononi et al. 2012; Garofalo et al. 

2016; Annunziata et al. 2018). They allow for the dissipation of Ca2+ waves from 

neighbouring to distant mitochondria, hence disruption of this process inhibits Ca2+ 

signalling via these organelles. In recent years MAMs have been described as hubs for 

neurodegeneration due to their involvement in the early stages of ER-mediated autophagy 

and apoptosis (Krols et al. 2016). Herein, the role of lipids at MAMs, and their possible 

involvement in Ca2+ dyshomeostasis in CLN5 disease are discussed. 

 

Glucose-regulated-protein 75 (Grp75, more commonly referred to as mortalin) is a 74 kDa 

mitochondrial protein classified as a member of the heat shock protein 70 (Hsp70) family 

of chaperone proteins. Grp75 bridges the IP3R-1 on the ER with the voltage-dependant 

anion channel (VDAC-1) on the outer mitochondrial membrane, providing stability to the 

complex and allowing for the formation of a pore that favours ER-to-mitochondria Ca2+ flux. 

Staining with Grp75 in CLN5 patient fibroblasts shows perinuclear re-distribution of the 

protein that, unsurprisingly, mimics that seen in the mitotracker staining (figure 3.15).  

 

There is evidence for the mutual role of proteins and lipids, in particular glycosphingolipids 

and cholesterol, in facilitating the formation of MAMs and prompting their physiological 

functions (Garofalo et al. 2016). Ganglioside GM1 is able to modulate the concentration of 

Ca2+ in intracellular stores. Excessive accumulation of ganglioside GM1 occurs in the 

lysosomal storage disease, GM1-gangliosidosis; a severe neurodegenerative condition 
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characterised by the loss of the GM1-degradative enzyme, b-galactosidase (b-gal). Animal 

studies using b-gal -/- mice revealed not only impairment of GM1 degradation by the 

lysosome, but also a redistribution of the lipid from the plasma membranes to the ER 

membranes. Accumulation of ganglioside GM1 at ER membranes leads to depletion of the 

ER Ca2+ store, an event which activates the unfolded protein response (UPR) as a survival 

mechanism (Sano et al. 2009). However, continuous accumulation of ganglioside GM1, and 

hence further emptying of the ER Ca2+ store, leads to sustained activation of the UPR which 

ultimately triggers a UPR-facilitated apoptotic process via the activation of CHOP.   

 

Further investigations confirmed ganglioside GM1 as an essential component of the MAMs 

in terms of structure and function. An increased number of mitochondria isolated from b-

gal-/- mice were found to be tethered to ER vesicles compared with that taken from WT 

controls. Preparations of pure MAMs taken from the brains of b-gal-/- mice revealed high 

levels of ganglioside GM1; usually undetectable in the MAMs of b-gal+/+ mice. Furthermore, 

consequent extraction of isolated MAMs using Triton X-100 in order to obtain 

glycosphingolipid enriched microdomains (GEMs) indicated even higher levels of 

ganglioside GM1 in b-gal-/- than that seen in the whole MAMs preparation. However, it is 

noteworthy that small amounts of ganglioside GM1 are present in the glycosphingolipid-

enriched domains (GEMs) of b-gal+/+mice, supporting a role for the lipid in the normal 

function of ER and Mitochondrial membranes (Sano et al. 2009). 

 

Co-precipitation studies in b-gal-/- mice have demonstrated a functional interaction 

between phosphorylated IP3R and ganglioside GM1. Additionally, higher levels of VDAC-1 

and Grp75 are reported in the GEMs of b-gal-/- mice, supporting the idea that elevated 

levels of this lipid stimulate tethering of the MAMs at GEMs. Although the accumulation of 

ganglioside GM1 has been shown to inhibit ER Ca2+ uptake via SERCA, increasing cytosolic 

Ca2+ levels, it has been demonstrated that a concomitant decrease in levels of ER Ca2+ also 

occurs. This process was demonstrated to activate UPR, leading to neuronal apoptosis in a 

mouse model of GM1 gangliosidosis (Tessitore et al. 2004; d'Azzo et al. 2006; Ballabio and 

Gieselmann 2009; Vitner et al. 2010). Continually elevated levels of ganglioside GM1 at 

GEMs changes the lipid microenvironment dynamics. In turn, this favours the clustering of 
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phosphorylated IP3Rs with Grp75 and VDAC, consequently supporting the formation of a 

mega-pore capable of transporting Ca2+. This potentiates the sustained diffusion of Ca2+ 

from the ER lumen to the mitochondrial matrix, which can in turn lead to mitochondrial 

dysfunction, and ultimately the initiation of apoptosis mediated by mitochondrial Ca2+ 

overload (Sano et al. 2009).  

 

As previously described, our data show increased Ca2+ leak from the ER via stimulation of 

IP3R and inhibition of SERCA (figures 3.11- 3.13), and higher levels of mitochondrial Ca2+ in 

CLN5 patient fibroblasts (3.15). Additional data shows perinuclear distribution of rounded, 

fragmented mitochondria- indicative of Ca2+ swelling, and a similar distribution of Grp75, a 

constituent of MAMs. We also show significantly reduced levels of b-gal and increased 

accumulation of ganglioside GM1 in CLN5 disease patient fibroblasts (figure 3.20 E) which 

may further support this hypothesis that ER-stress induced Ca2+ flux into the mitochondria 

via MAMs is amplified by the accumulation of ganglioside GM1 at microdomains. However, 

biochemical analysis similar to that described above would be needed to confirm this.  

 

It has previously been reported that exogenously-added gangliosides are able to modulate 

SERCA activity. Gangliosides GM1, GM2, and to a lesser extent GM3, have also been shown 

to have an inhibitory effect on SERCA, reducing the uptake of Ca2+ into the ER by an 

unknown mechanism (Pelled et al. 2003; Ginzburg et al. 2004; Ginzburg et al. 2008). 

Although, it has been suggested that gangliosides alter the compactness of the 

hydrophobic and hydrophilic domains of SERCA, thereby inhibiting it (Pelled et al. 2003). It 

is noteworthy that at higher concentrations, ganglioside GM3 has a stimulatory effect on 

SERCA activity. Ganglioside GM2 was found to have the most potent inhibitory effect on 

SERCA, with neurons (from Sandhoff disease b-Hex-/- mice) that accumulate endogenous 

GM2 being more sensitive to thapsigargin-mediated cell death (Pelled et al. 2003). 

However, ganglioside GM2 only partially inhibited SERCA (approximately 50%), with 

ganglioside GM1 being even less effective. This suggests that gangliosides are not ideal 

inhibitors when compared to molecules such as thapsigargin which have specific binding 

sites on the Ca2+ pump (Yu et al. 1998). However, it is possible that the partial inhibition of 

SERCA by gangliosides increases its sensitivity. CLN5 patient fibroblasts show increased 

sensitivity to lower concentrations of thapsigargin when compared to the control (figure 
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3.12). This may be attributed to the accumulation of ganglioside GM1 seen in CLN5 cells 

(figure 3.9), which partially inhibits SERCA, thereby reducing the threshold for total 

inhibition by thapsigargin and subsequent Ca2+ leak and release from other ER ion channels. 

These data further strengthens our findings that the ER of CLN5 patient fibroblasts is less 

effective at regulating its Ca2+ due to increased sensitivity of IP3R and SERCA, and suggests 

a role for gangliosides in the Ca2+ dyshomeostasis of CLN5 disease.       

 

Moreover, cholesterol accumulation has also been linked to inhibition of SERCA, specifically 

the SERCA2b isoform which has the highest affinity for Ca2+. Incubation of HEK293 cells 

with 1.5 µg of cholesterol resulted in partial inhibition of SERCA (approximately 50%), and 

a consequential reduction of Ca2+ uptake in to the ER (Li et al. 2004). Therefore, the 

accumulation of cholesterol in CLN5 patient fibroblasts (figure 3.9) may amplify the 

inhibition of SERCA alongside ganglioside GM1, further reducing the threshold for total 

inhibition, and increasing SERCA sensitivity.  

Neutral glycosphingolipids have been reported to modulate Ca2+ release from the ER. There 

is evidence that 1 µM exogenous Lyso-Gb3 leads to an increase in cytosolic Ca2+ levels in 

cultures of dorsal root ganglia neurons via activation of voltage-dependent Ca2+ channels 

on the plasma membrane. This data indicated a role for Lyso-Gb3 in neuronal 

depolarisation in Fabry disease (Choi et al. 2015). ER Ca2+ was not investigated in this study, 

but there the mechanism for SOCE is well established (Bollimuntha et al. 2017). As it has 

been demonstrated that Gb3 in Fabry disease can localise to the ER, it could be that the 

accumulation of Lyso-Gb3 somehow modulates ER Ca2+ channels/pumps,  which triggers 

an influx of Ca2+ via ion channels on the plasma membrane (Askari et al. 2007). The storage 

of Gb3 in CLN5 disease is not as severe as that in Fabry, however there are multiple lipids 

accumulated in this disease at lower levels which have been linked the defective ER Ca2+ 

handling. However, it remains a possibility that neutral glycosphingolipids, such as Gb3,  

may contribute to ER Ca2+ defects of CLN5 disease. Hence, an interesting future direction 

for this research may be to investigate the effects of Gb3 on ER Ca2+ channels and SERCA 

activity, which is relatively unexplored.  

 

The increase in cytosolic Ca2+ as a result of increased release of Ca2+ from the ER may also 

underlie the significant increase in mitochondrial Ca2+ in CLN5 patient fibroblasts. In the 
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cases of GM1 and GM2 gangliosidosis, a SERCA defect leads to inhibited Ca2+ re-uptake, 

causing a sustained elevation in cytosolic Ca2+. Additionally, ER defects in Gaucher disease 

lead to increased Ca2+ release from RyR, triggering an elevation in cytosolic Ca2+ (Vitner et 

al. 2010). Increased Ca2+ release,  inhibited Ca2+ uptake into the ER, or a combination of 

both, can cause mitochondrial dysfunction. Mitochondria act as buffers of cytosolic Ca2+, 

which when too high causes mitochondrial Ca2+ overload and subsequent increase in ROS 

production and cellular damage (Brookes et al. 2004). This may be the case in CLN5 disease. 

 
3.5.4. Mitochondrial dysfunction in CLN5 disease. 
 
Mitochondrial dysfunction is implicated in a number of neurodegenerative diseases, 

including PD, AD and ALS. It is typically a downstream consequence of earlier pathogenic 

changes in a disease cascade, making it an unsuitable target for therapeutic intervention. 

However, dysfunctional mitochondria can have detrimental effects on cell health, and can 

exacerbate disease phenotypes via the production of ROS, superoxide, and defective 

oxidative phosphorylation.  

Changes to mitochondrial morphology were also observed in CLN5 patient cells (figure 

3.15). The mitochondrial network of CLN5 patient fibroblasts is more fragmented and 

perinuclear in distribution, with individual mitochondrion appearing more rounded when 

compared with the control. Mitochondrial Ca2+ overload, increased ROS production and 

the initiation of the mPTP opening have all been been shown to induce mitochondrial 

swelling (Orrenius et al. 2003; Kroemer et al. 2007). While mitochondria are actively 

respiring they appear long and tubular, with a filamentous distribution throughout the cell. 

The short, rounded mitochondria seen in CLN5 patient fibroblasts are typically associated 

with pathological conditions (Claude and Fullam 1945; Mishra and Chan 2014). Hence, 

changes in mitochondrial morphology in CLN5 cells could be attributed to an increase 

mitochondrial Ca2+, leading to mPTP opening.  

We have shown that levels of mitochondrial Ca2+ are significantly increased in CLN5 disease 

patient fibroblasts compared to the healthy control (figure 3.16). High amounts of 

mitochondrial Ca2+ stimulates respiratory chain activity, generating higher amounts of ROS. 

ROS can act on ER Ca2+ channels to instigate further Ca2+ release and, in turn, promotes the 
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production of more ROS. Mitochondrial Ca2+ overload and increased levels of ROS are 

sufficient to trigger the sustained opening of the mitochondrial permeability transition 

pore (mPTP), an essential structure for apoptotic cell death (Seidlmayer et al. 2015). We 

have shown increased levels of ROS, specifically superoxide, in CLN5 patient fibroblasts 

(figure 3.15). Together, increased mitochondrial Ca2+ and ROS may form a feedback loop, 

amplifying  cellular damage by targeting other mitochondria in close proximity (Aon et al. 

2003). 

 

As SERCA function is dependent on ATP hydrolysis, increased levels of ROS in CLN5 patient 

cells may be implicated in SERCA dysfunction. It has been shown that ROS, specifically 

superoxide and hydrogen peroxide (H2O2), prevent ATP binding to SERCA, thereby 

uncoupling ATP hydrolysis from the pumping of Ca2+ from the cytosol into the ER lumen 

(Rowe et al. 1983; Boraso and Williams 1994; Kourie 1998). In this way, elevated levels of 

superoxide in CLN5 patient fibroblasts may partially inhibit SERCA activity. 

 

ROS have a very short half-life and therefore react rapidly with proteins, DNA and lipids 

(Winterbourn and Metodiewa 1999). This leads to oxidative damage. Due to this, ROS have 

been implicated in lipid peroxidation, of which fatty acids are particularly susceptible 

(Ademowo et al. 2017). Reaction of ROS with fatty acids drives the production of lipid 

peroxides, which are cytotoxic and highly reactive. This reaction propagates free radical 

damage to lipids in close proximity, leading to lipid peroxidation. Lipid peroxidation can 

cause mutations in mitochondrial DNA, intensifying mitochondrial dysfunction (Gaschler 

and Stockwell 2017.  

Seahorse analysis of CLN5 patient fibroblasts has highlighted key changes in the 

mitochondrial bioenergetics of CLN5 disease. Both basal and maximal respiration are 

significantly reduced in CLN5 disease patient fibroblasts (figure 3.18 C and D). There is also 

a significant reduction in non-mitochondrial respiration, ATP production and H+ leak (figure 

3.18 B, F and E). However, there is no significant difference in the coupling efficiency 

between control and CLN5 patient fibroblasts (figure 3.18 H), indicating that the reduction 

in ATP production is likely related to a decrease in basal respiration. SCMAS is the major 

protein storage component of CLN5 disease (figure 3.19), and has been shown to have 
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existed as part of the F0/F1 ATP synthase before translocating into the cytosol where it 

aggregates with lipids (Palmer et al. 2013). In healthy cells, SCMAS is a component of 

complex V in the electron transport chain, a process that pumps H+ against their 

concentration gradient across the IMM into the inter-membrane space (IMS) between 

respiratory chain complexes I-IV (Lippe et al. 2019). This process generates an 

electrochemical ion gradient across the IMM, commonly termed proton motive force 

(pmf). The energy released from pmf triggers the rotation of SCMAS, a ring shaped 

structure of F0 embedded in the IMM, which in turn causes the rotation of the γ- subunit 

of F1 which provides energy for the conversion of ADP to ATP (Jonckheere et al. 2012). It 

has been reported that when pmf gets too high, the electron transfer between complexes 

I-IV slows and there is a consequent increase in levels of ROS and superoxide. The rotation 

of SCMAS has been shown to be essential for movement of H+ from the IMS of the 

mitochondria into the matrix (Jonckheere et al. 2012). Hence, the translocation of this 

subunit in CLN5 disease may cause a sustained increase in pmf, which depolarises the 

mitochondrial membrane and contributes to the increased levels of ROS and superoxide, 

as well as the reduced respiration and ATP production seen in CLN5 patient fibroblasts.   

3.5.5. Lower levels of ATP5E may cause translocation and aggregation of SCMAS.  
 
The epsilon subunit of the F0/F1 ATP synthase (ATP5E) provides a connection between the 

two rotor subunits of F0 and F1, SCMAS and the γ- subunit, respectively. ATP5E has been 

shown to act as an endogenous inhibitor of F1 by extending its C-terminal helices into the 

stator-rotor interface, thereby causing steric hinderance (blocking conformational change 

due to crowding at a specific site) (Toei and Noji 2013). This effect is thought to have 

physiological relevance as it minimises ATP consumption.   

 

It has been reported that ATP5E may play a key role in incorporating SCMAS into the 

structure of the F0/F1 ATP synthase. Patient fibroblasts carrying a homozygous missense 

mutation in the ATP5E gene showed that the mutated ATP5E protein exists as part of the 

F0/F1 ATP synthase, however overall levels of ATP5E in cells is lower. This reduction in 

ATP5E is also followed by reductions in all other subunits of F0 and F1, with the exception of 

SCMAS. Patient cells carrying the ATP5E mutation, but not patients with ATP synthase 

deficiency due to mutations in TMEM70, were shown to have increased levels of SCMAS, 
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indicating that it is due to mutated ATP5E. It was also demonstrated that SCMAS did not 

exist as part of the F0/F1 ATP synthase complex, but instead accumulates to form 

aggregates which are insoluble in dodecyl maltoside even at high concentrations (Mayr et 

al. 2010). Additional studies knocked down ATP5E in HEK293 cells, which resulted in a 54-

64% reduction in ATP production, but did not affect coupling efficiency, similar to that seen 

in CLN5 patient fibroblasts. This study also showed decreased ATP5E levels caused a 

reduction of all other F0 and F1 subunits barring SCMAS, indicating that SCMAS is not 

degraded in the same way as other subunits. They also confirmed that knock down of 

ATP5E leads to accumulation of SCMAS in aggregates, demonstrating that ATP5E is an 

essential component for incorporation of SCMAS in the F0/F1 ATP synthase complex 

(Havlickova et al. 2010). Our data confirm SCMAS accumulation in CLN5 patient fibroblasts 

and lower levels of ATP5E by immunocytochemistry, which with further investigation may 

support a role for ATP5E in the formation of SCMAS aggregates in CLN5 disease (figure 

3.19).  

 
3.5.6. Cytoskeletal changes in CLN5 disease  
 
Staining with phalloidin has revealed a less dense F-actin cytoskeleton in CLN5 patient cells 

compared to the control (figure 3.6). Actin is the major component of the cytoskeleton, 

playing a role in cell adhesion, shape, migration and cytokinesis. Neuronal progenitor cells 

from Cln5 knock out models show altered morphology and reduced migration when 

compared to controls, which may be due to cytoskeletal remodeling, although this has not 

been confirmed (Savchenko et al. 2017). The actin cytoskeleton is highly dynamic, and 

rapidly assembles and disassembles in response to internal and external cues. In an ATP-

dependent process called treadmilling, actin filaments extend at one end, while shrinking 

at the other. This causes a transient destabilization of the filaments. However, ATP 

production in CLN5 cells is significantly reduced (figure 3.18 F), which may impact F-actin 

treadmilling, and subsequent remodeling and cell migration.  

 

Lipid and Ca2+ dyshomeostasis likely occur upstream of defective ATP production, and so it 

is plausible that the cytoskeletal changes observed in CLN5 cells may be a consequence of 

other pathological changes earlier in the cell. However, F-actin filaments play a role in 

endocytosis, the rate of which is shown to be slower in CLN5 patient fibroblasts (figure 3.8). 
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Reduced levels of F-actin, along with a decline in ATP production, would likely slow the rate 

of endocytic trafficking, which may explain this defect. F-actin formation is also dependent 

of protein kinase C and Ca2+ influx via L-type Ca2+ channels on the plasma membrane (Job 

and Lagnado 1998). We have uncovered defects in intracellular Ca2+ handling in CLN5 

patient cells, but have not fully explored the plasma membrane. Further investigation into 

this may aid in our understanding of the cytoskeletal defects of CLN5 patient fibroblasts.  

 
3.5.7. CLN5 patient fibroblasts are able to endocytose and utilise extracellular human 

recombinant CLN5 protein, suggesting the potential for protein therapy 
 
Our data indicates the ability of CLN5 patient fibroblasts to endocytose extracellular HR 

CLN5 protein, and in doing so are able to correct their lysosomal expansion (figure 3.5). 

This suggests that transmembrane region that is cleaved to produce the soluble CLN5 

protein is not necessary for CLN5 function, but may perhaps play a role of targeting CLN5 

to the lysosome. HSCT and ERT use this concept to deliver soluble proteins to cells that are 

deficient in a particular protein. These approaches have been used to treat a number of 

LSDs (outlined in the introduction). Our data not only indicate the ability of CLN5 cells to 

internalize extracellular CLN5 protein, but also that the HR CLN5 must be being trafficked 

to its correct location, the lysosome, for it to elicit these beneficial effects. The reduction 

in lysosomal volume, determined by lysotracker staining and subsequent image analysis to 

determine total lysosomal area, is indicative of clearance of storage. Interestingly, we see 

a decrease in the activity of a number of lysosomal enzymes in CLN5 patient fibroblasts, 

which we have linked to the storage of specific lipids in CLN5 disease. Internalization of HR 

CLN5 protein reduces lysosomal storage regardless of this. It may therefore be of interest 

to see how the treatment of CLN5 patient cells with HR CLN5 protein affects the activity of 

these lysosomal enzymes, as well as the storage of their substrates. This may help us in the 

process of discerning a role for the CLN5 protein in lysosomal function, a concept which 

currently remains elusive.  

 

3.7    Summary 
 
Through phenotyping we have not only uncovered key cellular biomarkers, but also present 

possible mechanistic links between cellular defects of CLN5 disease which open up new 
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areas for further investigation. We show how decreased activity of a number lysosomal 

enzymes leads to the accumulation and storage of their substrates, which in turn causes 

lysosomal expansion. We also show ER stress in CLN5 patient fibroblasts, and discuss its 

impact on autophagy and apoptosis, as well as morphological changes.  We have 

demonstrated defective Ca2+ handling of the ER, and how lipids may play a role in increased 

sensitivity of the ER to Ca2+ leak. Additionally, this ER Ca2+ leak may instigate mitochondrial 

dysfunction, which is able to exacerbate cellular damage by the formation of ROS/Ca2+ 

feedback loops. We have explored the extent of mitochondrial dysfunction, from changes 

to mitochondrial morphology to altered mitochondrial bioenergetics of CLN5 disease, 

which may impact cytoskeletal structure. We discuss how a reduction in levels of F-actin 

and ATP may lead to slower rate of endocytosis in CLN5 patient cells. Lastly, we show the 

ability of CLN5 patient fibroblasts to endocytose HR CLN5 protein, correcting lysosomal 

expansion in these cells.  

 

A number of these phenotypes have been observed in LSDs presenting with primary 

glycosphingolipid accumulation, suggesting this may be an upstream event in the CLN5 

disease cascade. This might suggest that glycosphingolipid storage in CLN5 is worthy of 

investigating as a therapeutic target, as there are FDA/EMA approved therapies that can 

reduce glycosphingolipid accumulation.  
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Chapter 4 | Miglustat: A potential small molecule 

substrate reduction therapy for CLN5 disease  

4.1   Background 

Miglustat (N-butyl-deoxynojirimycin or NB-DNJ) is a water soluble, non-peptidic derivative 

of deoxynojirimycin, a naturally occurring glucosidase inhibitor. Miglustat works by 

reversibly inhibiting the ceramide specific glucosyltransferase, an enzyme residing on the 

cytosolic surface of the Golgi which catalyses the transfer of glucose to ceramide to 

produce glucosylceramide; the initial step in glycosphingolipid biosynthesis. Miglustat was 

initially developed in the 1980s as an anti-retroviral for the treatment of HIV. However, 

miglustat failed in clinical trials owing to a lack of efficacy against the ER a-glucosidase 

target and side effects of osmotic diarrhoea. Miglustat was later repurposed as an SRT due 

to its potential to treat glycosphingolipidoses, such as Gaucher disease (Platt et al. 1994b; 

Cox et al. 2000; McCormack and Goa 2003). 

 

Figure 4.1 – Miglustat mechanism of action. The iminosugar, miglustat, is a ceramide-

specific glucosyltransferase inhibitor. Inhibition of glucosylceramide blocks the transfer of 

glucose to ceramide, preventing the production of glucosylceramide; the first step in 

glycosphingolipid biosynthesis. Consequently, glycosphingolipid biosynthesis downstream 

of this step is blocked, reducing the synthesis of neutral glycolipids, such as 

glucosylceramide and lactosylceramide, gangliosides and globosides.  

Gaucher disease is a multi-systemic, glycosphingolipid LSD with an autosomal recessive 

mode of inheritance. It is caused by a deficiency of the lysosomal enzyme, β-glucosidase, 

which leads to the lysosomal accumulation of glucosylceramide. Clinical symptoms of non-

neurological type I Gaucher disease include enlarged spleen and/or liver, skeletal 
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abnormalities and anaemia (Mehta et al. 2006; Stirnemann et al. 2017). The most severe 

form of Gaucher disease is type II, which presents with progressive neurological 

impairment and usually leads to death within the first year of life. Type III Gaucher disease 

also presents with neurological impairment, although this is less severe than type II 

(Stirnemann et al. 2017).  

ERT using recombinant β-glucosidase is an FDA and EMA approved therapy for type 1  

Gaucher disease patients, although a transformative therapy, it requires twice monthly 

infusion and this approach can lead to an immune response that neutralises the 

therapeutic enzyme (Brooks et al. 2003). Studies have revealed that sole treatment with 

100 mg miglustat three times a day in type 1 Gaucher patients reduced cell surface 

ganglioside GM1 concentrations in leukocytes by 38.5 % over 12 months, demonstrating 

glycosphingolipid depletion (Lachmann 2006). However, a 6 month randomised study 

revealed that patients who had previously received long-term ERT showed greater 

reduction in liver volume when being treated in combination with miglustat compared to 

ERT alone (Schiffmann et al. 2008). It has been concluded that miglustat treatment is 

effective in reducing the accumulation of glucosylceramide, and other glycosphinoglipids, 

in CNS and peripheral tissue of Gaucher patients. As a result, miglustat was approved for 

treatment of Gaucher disease by the EMA in 2002.  

NPC is an LSD that presents with prominent lysosomal cholesterol accumulation, however, 

reports of secondary glycosphingolipid storage in lysosomes led to studies testing the 

effectiveness of miglustat in improving disease phenotypes in NPC models (Pentchev et al. 

1980; Zervas et al. 2001a). Studies demonstrated that miglustat-treated NPC-/- mice 

showed reduced glycosphingolipid storage, as well as a delayed onset of neurological 

symptoms and prolonged lifespan (Zervas et al. 2001b). Miglustat-treated NPC-null CHO, 

and pharmacologically induced NPC cell models (U18666A and progesterone) treated with 

miglustat, also showed a marked reduction in glycosphingolipid storage (te Vruchte et al. 

2004). This led to an off label clinical safety study of miglustat in an adult patient with NPC. 

This showed that miglustat was able to successfully reduce lipid glycosphingolipid storage, 

as well as improving endosomal uptake and rescuing a lipid trafficking defect (previously 

identified in NPC), in B-lymphocytes from patient blood (Lachmann et al. 2004). Following 
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a successful small UK clinical trial in 2007, miglustat was approved as an SRT for NPC 

worldwide, excluding the USA. (Lyseng-Williamson 2014). The trial in 2007 showed positive 

effects of miglustat in correcting multiple factors of NPC disease pathology in patients 

(Patterson and Walkley 2017). As such, miglustat was the first small molecule to show any 

amelioration of neurodegenerative phenotypes in any of the LSDs.  

The above shows how the repurposing of miglustat has led to two approved therapies for 

glycosphingolipid LSDs, both of which accumulate different glycosphingolipids. This 

highlights the versatility of this small molecule in reducing lipid storage downstream of its 

primary target. However, it is noteworthy that miglustat has not always shown great 

success in treating LSDs. A randomised, double-blind, placebo controlled study in MPS III 

patients concluded that miglustat treatment did not reduce ganglioside levels in 

cerebrospinal fluid (CSF) of patients when compared with those receiving a placebo. 

However, the patient cohort enrolled in this study ranged from 2 to 11 year in age, which 

may have been too broad in terms of severity to see a marked reduction in ganglioside 

levels across all patients (Guffon et al. 2011).  

The tolerability of miglustat is also well documented, with the most common adverse side-

effect being diarrhoea which occurs in >80% of patients, but is more severe in adults. 

However, it is reported to be of mild-to-moderate in severity in both Gaucher disease and 

NPC patients, and is concluded to be manageable through dietary changes or treatment 

with oral anti-diarrhoea agents, such as loperamide or codeine phosphate. Other 

gastrointestinal disturbances, including flatulence, abdominal discomfort, constipation, 

nausea and indigestion, are less common but have been reported (Cox et al. 2000; Heitner 

et al. 2002; Lyseng-Williamson 2014). Weight loss (>5% of pre-miglustat administration 

values) is also reported in approximately 60% of type 1 Gaucher patients, however this 

occurrence in temporary and the majority of recipients stabilise or return to their original 

weight after 12 months (Heitner et al. 2002). There have also been reports of miglustat 

treatment resulting in appetite suppression in mice, which may also contribute to the 

weight loss observed in patients (Priestman et al. 2008).  
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4.2   Overview 
In chapter 3 we demonstrated increased storage of ganglioside GM1, Gb3 and, to a lesser 

extent, cholesterol in CLN5 patient fibroblasts. Additionally, we showed numerous changes 

to normal cellular physiology in CLN5 patient cells, including dysregulated Ca2+ handling, ER 

stress and mitochondrial dysfunction. Phenotypes which are remarkably similar to those 

seen in NPC disease. As with NPC, we have discussed a possible role for lipid accumulation 

in these cellular abnormalities, and question whether treatment of CLN5 patient fibroblasts 

with miglustat can successfully reduce the elevated lipid levels in CLN5 disease, and therein 

rescue these disease phenotypes.   

 

Herein, we show that miglustat is able to reduce the increased levels of ganglioside GM1, 

Gb3 and cholesterol in CLN5 disease patient fibroblasts, and show how this reduction in 

lipid accumulation corrects various disease phenotypes reported in chapter 3. We also 

present data from the first off-label, clinical safety study examining miglustat treatment in 

two CLN5 patients. Collectively, our data demonstrates lipid accumulation as a primary 

event in the CLN5 disease cascade, and how targeting this storage with SRT can correct 

downstream cellular defects that are detrimental to cellular health.  

4.3   Procedures 
In section 4.4.1, we utilised fixed cell biology methods (2.4.1) to confirm that treatment of 

CLN5 patient fibroblasts with miglustat (2.2.1) was having its desired primary effect of 

reducing lipid accumulation. In section 4.4.2, we used fixed cell biology again (2.4.1) to 

investigate if reduction of lipids using miglustat was able to impact the distribution of 

early/late endosomes and reduce levels of storage material, SCMAS, in CLN5 patient cells. 

We also utilised live cell biology (2.4.2) to conclude if reduction of lipid storage following 

miglustat treatment was able to successfully rescue lysosomal expansion in CLN5 disease 

(chapter 3, figure 3.4).  The effects of miglustat treatment on the defective clearance of 

autophagic vacuoles in CLN5 patient fibroblasts were explored using CytoID staining (2.4.2) 

in section 4.4.3.  
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ER and mitochondrial stress are prominent in CLN5 disease (chapter 3, figures 3.10- 3.17). 

In section 4.4.4, we utilised live staining  techniques (2.4.2) to visualise the structure of the 

ER and mitochondrial network, which allowed us to assess if miglustat is able to improve 

defects in organelle morphology and structure. We also investigated if miglustat treatment 

was able to rescue previously identified defects in ER and mitochondrial Ca2+ handling 

(chapter 3, figures 3.12 and 3.16, respectively) using techniques outlined in 2.8. 

 

In section 4.4.5, we analysed blood smears from an off-label, clinical safety study in two 

CLN5 patients using methods described in 2.10.  

 

Statistical analysis as described in 2.12, has been performed on all experiments where 

appropriate, and details of these are given in individual figure legends.  

4.4   Results 
 

4.4.1. Corrections to lipid dyshomeostasis and storage in CLN5 patient fibroblasts 

following miglustat treatment 

 

The reduction in lysosomal expansion and reduced accumulation of autophagic vacuoles in 

CLN5 patient fibroblasts following miglustat treatment is indicative of reduced lipid 

accumulation. We have previously demonstrated increased storage of lipids in CLN5 

disease, including ganglioside GM1, Gb3 and cholesterol. To confirm that miglustat was 

having its desired primary effect of reducing lipid storage in CLN5 patient fibroblasts, we 

looked at lipid accumulation before and after treatment with miglustat. Quantification was 

not possible for the same reasons described in chapter 3 (section 3.4.2). 

 

As previously demonstrated there is an increased accumulation of ganglioside GM1 in CLN5 

patient fibroblasts, indicated by the increased perinuclear punctate fluorescence of CtxB in 

CLN5 cells (Chapter 3, figure. 3.9). Treatment with miglustat, as expected, is capable of 

reducing the perinuclear punctate accumulation of this lipid, indicated by the reduction in 

CtxB fluorescence between untreated and miglustat-treated CLN5 cells. There is also a 

reduction in levels of ganglioside GM1 in control fibroblasts treated with miglustat, 
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however,  these are not the cells we are intending to target and therefore this is not 

problematic (figure 4.2).  

 

 

 

Figure 4.2 – Reduced ganglioside GM1 storage in CLN5 patient fibroblasts treated with 

miglustat. Control and CLN5 patient fibroblasts stained with CtxB to visualise levels and 

localisation of ganglioside GM1 (white) before (UT) and after treatment with 50 µM 

miglustat for 5 days (+ miglustat). Nuclei, stained Hoechst 33342, are pseudo-coloured red. 

N=3, Scale bars= 10 µm. 

 

CLN5 patient fibroblasts demonstrate an increased perinuclear punctate accumulation of 

Gb3, indicated by the increase in fluorescence of anti-Gb3, compared with the control 

which show diffuse, punctate staining throughout the cell (Chapter 3, Fig 3.9). Treatment 

with 50 µM miglustat for 5 days drastically reduces levels of Gb3 in CLN5 cells to a level 

that is almost identical to the control, rather than their untreated counterparts (figure 4.3).  
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Figure 4.3 – Reduced Gb3 storage in CLN5 patient fibroblasts treated with miglustat. 

Control and CLN5 patient fibroblasts stained with anti-Gb3 to visualise levels and 

localisation of Gb3 (white) before (UT) and after treatment with 50 µM miglustat for 5 days 

(+ miglustat). N=3, Scale bars= 10 µm. 

 

A major storage component of CLN5 disease is SCMAS. In chapter 3, figure 3.18, we 

confirmed the accumulation of SCMAS in the CLN5 patient fibroblasts being utilised 

throughout this study. Again, we demonstrate a punctate, perinuclear accumulation of 

SCMAS in CLN5 patient fibroblasts compared with the mitochondrial staining seen in the 

control fibroblasts (figure 4.4). Miglustat treatment successfully clears the accumulated 

perinuclear punctate SCMAS observed in the untreated CLN5 cells, with the resultant 

distribution appearing more mitochondrial in nature with an interconnected network of 

staining running throughout the cells (indicated by insets), similar to that seen in untreated 

the control. 
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Figure 4.4 – Increased clearance of SCMAS storage in CLN5 patient fibroblasts treated 

with miglustat. Control and CLN5 patient fibroblasts stained with SCMAS to visualise levels 

and localisation of SCMAS (white) before (UT) and after treatment with 50 µM miglustat 

for 5 days (+ miglustat). Insets show enlarged areas of single cells, representative of a 

population. N=3, Scale bars= 10 µm. 

 

4.4.2. Miglustat treatment partially corrects endolysosomal defects of CLN5 patient 

fibroblasts 

 

We have previously demonstrated a redistribution of early and late endosomes in CLN5 

disease, as well as evidence of lysosomal expansion. We wanted to examine if miglustat 

treatment was able to correct these phenotypes, indicating an improvement in 

endolysosomal processing. 

 

CLN5 patient fibroblasts demonstrate a perinuclear redistribution of early endosomes, 

indicated by clustering around the nuclei, compared to the control which show a more 

diffuse distribution of early endosomes throughout the cell (Chapter 3, figure 3.2). We have 

previously shown no significant difference between protein levels of EEA1 in control and 

CLN5 patient fibroblasts, indicating that increases in fluorescence of EEA1 staining in CLN5 

cells is due to clustering of early endosomes, rather than an increased number of these 

organelles. Staining with anti-EEA1 shows clustering of early endosomes in CLN5 patient 

fibroblasts compared to the control (figure 4.5A). Treatment with 50 µM miglustat for 5 
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days shows a partial improvement in the distribution of early endosomes in CLN5 patient 

fibroblasts (figure 4.5A), however this phenotype is not entirely rescued, as can be seen 

from plot profiles. This is further evidenced by plot profiles of HFG84a which show, large 

distinct peaks in the miglustat-treated cell (figure 4.5B). Although more early endosomes 

in miglustat-treated CLN5 cells are directed towards the periphery of the cell in comparison 

to their untreated counterparts, there is still clustering around the nucleus. A longer 

treatment with miglustat may therefore be needed to see a full correction, if at all, in this 

phenotype.  
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Figure 4.5 – Diffuse redistribution of early endosomes in CLN5 patient fibroblasts 

following miglustat treatment is somewhat improved. (A) Control and CLN5 patient 

fibroblasts stained with anti-EEA1 to visualise early endosomes (white) before (UT) and 

after treatment with 50 µM miglustat for 5 days (+ miglustat). (B-D) Plot profiles showing 

changes in grey value along a straight line drawn through individual, representative cells. 

N=3, Scale bars= 10 µm.  

 

Similar to early endosomes, late endosomes in CLN5 patient cells also show a perinuclear 

redistribution compared to the control, which show a diffuse distribution throughout the 

cell. This is again indicated by the clustering around the nuclei of CLN5 patient fibroblasts 

(Chapter 3, figure 3.3). However, treatment with 50 µM miglustat for 5 days shows 

restorative effects in CLN5 patient cells, juxtaposing the partial rescue seen in early 
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endosomal distribution. Late endosomes in miglustat-treated CLN5 patient fibroblasts are, 

with a few exceptions, more evenly distributed throughout the cell, with an increased 

number of these organelles now reaching the cell’s periphery. In this way, miglustat-

treated CLN5 patient fibroblasts are more comparable to the untreated control, rather than 

their untreated counterparts (figure 4.6).  

 

 

 

Figure 4.6 – Perinuclear distribution of late endosomes is corrected following treatment 

with miglustat. Control and CLN5 patient fibroblasts stained with anti-LBPA to visualise 

late endosomes (white) before (UT) and after treatment with 50 µM miglustat for 5 days 

(+ miglustat). N=3, Scale bars= 10 µm. 

 

A key phenotype uncovered in CLN5 disease is the increased lysosomal expansion, 

indicated by increased lysotracker red fluorescence in CLN5 patient fibroblasts compared 

with the control, although there is no obvious change in distribution of lysosomes (Chapter 

3, figure 3.4A and 3.4B). Notably, levels of LAMP2, a lysosomal membrane protein, in CLN5 

patient fibroblasts are unchanged (chapter 3, figure 3.4C), indicating that the increase in 

fluorescence in lysotracker red staining observed in CLN5 cells is a result of larger 

lysosomes, rather than an increased number of these organelles. This is in accordance with 

the lysosomal accumulation of undegraded lipids in CLN5 disease (Chapter 3, Figure 3.9). 

Miglustat treatment reduces lysotracker fluorescence, indicative of a reduction in 

lysosomal expansion, and in turn, storage (figure 4.7).  
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Figure 4.7 – Miglustat treatment reduces lysosomal expansion in CLN5 disease. Control 

and CLN5 patient fibroblasts stained with lysosomal volume probe, lysotracker red, to 

visualise lysosomes (white) before (UT) and after treatment with 50 µM miglustat for 5 

days (+ miglustat). N=3, Scale bars= 10 µm. 

 

4.4.3. Miglustat treatment reduces the accumulation of autophagic vacuoles in CLN5 

disease patient fibroblasts 

 

As miglustat successfully reduced lysosomal expansion in CLN5 disease, suggesting the 

clearance of stored lipids, we wanted to assess the impact of miglustat treatment on 

autophagy. We have previously shown an accumulation of autophagic vacuoles in CLN5 

patient fibroblasts, indicated by increased fluorescence of CytoID (Chapter 3, figure 3.7). 

Others in the field have also confirmed increased autophagy in CLN5 patient fibroblasts and 

CLN5-deficient HeLa cells by LC3 western blot (Adams et al. 2019b). Treatment with 

miglustat successfully reduces the accumulation of autophagic vacuoles in CLN5 patient 

fibroblasts, indicated by the clear decrease in CytoID fluorescence (figure 4.8). This is in line 

with the reduction in lysosomal expansion in CLN5 disease observed following miglustat 

treatment.  
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Figure 4.8 – Miglustat treatment reduces the accumulation of autophagic vacuoles in 

CLN5 disease. Control and CLN5 patient fibroblasts stained with CytoID to visualise 

autophagic vacuoles (white) before (UT) and after treatment with 50 µM miglustat for 5 

days (+ miglustat). N=3, Scale bars= 10 µm. 

 

4.4.4. Improvements to mitochondrial and ER phenotypes and Ca2+ handling 

 

In chapter 3 we proposed the idea that changes in mitochondrial and ER Ca2+ handling were 

potentially a result of increased lipid accumulation in CLN5 disease, as is observed in 

lysosomal diseases of primary sphingolipid storage (Pelled et al. 2003; Li et al. 2004; 

Ginzburg et al. 2008; Sano et al. 2009). Treatment with 50 µM miglustat for 5 days 

successfully reduces lipid accumulation in CLN5 disease, and normalises aspects of 

abnormal CLN5 endo-lysosomal biology, including storage of SCMAS. Following miglustat 

treatment, SCMAS staining appears to be inclusive of mitochondrial network , rather than 

existing in aggregates. Due to this, we investigated changes to key mitochondrial and ER 

phenotypes, including changes to levels of total mitochondrial Ca2+ and SERCA Ca2+ leak.  

 

Control cells display an extended, filamentous mitochondrial network that stretches across 

the entirety of the cell. Contrasting to this, the mitochondrial network in CLN5 cells stained 

with mitotracker shows an increased incidence of fragmentation, as well as rounding of 

individual mitochondria (figure 4.9). Treatment with miglustat improves the organisation 

of the mitochondrial network in CLN5 cells, revealing a more filamentous structure that 
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stretches out to the periphery of the cell, similar to the untreated control. Rounding of 

mitochondria and disruption to the organisation of the mitochondrial network are 

indicative of organelle stress. Hence, miglustat-induced changes to the mitochondrial 

network are indicative of an improvement to mitochondrial health, and so the impact of 

miglustat on mitochondrial ROS was investigated.   

 

 

 

Figure 4.9 – Improved mitochondrial network structure in CLN5 patient fibroblasts 

treated with miglustat. Control and CLN5 patient fibroblasts stained with mitotracker 

green to visualise mitochondrial structure and distribution (white) before (UT) and after 

treatment with 50 µM miglustat for 5 days (+ miglustat). Images are enlarged sections of 

individual cells to better highlight changes to the mitochondrial network, with whole 

images inserted as insets. N=3, Scale bars= 10 µm. 

 

Levels of ROS are increased in CLN5 cells compared to the control fibroblasts (Chapter 3, 

figure 3.15). ROS is detrimental to cell health due to its tendency to form feedback loops 

that exacerbate cellular damage (Papa and Skulachev 1997; Winterbourn and Metodiewa 

1999; Turrens 2003; Brookes et al. 2004; Gorlach et al. 2015). Miglustat treatment reduces 

levels of ROS in CLN5 patient cells (figure 4.10). Miglustat has previously been shown to 

increase antioxidant levels, thereby reducing lipid peroxidation in NPC patients (Ribas et al. 

2012). The antioxidant properties of miglustat, in combination with its reversible inhibition 

of glycosphingolipid biosynthesis and reduce glycosphingolpid storage (which is known to 

induce ROS), may further benefit mitochondrial and cellular health.  
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Figure 4.10 – Reduced levels of ROS in CLN5 patient fibroblasts treated with miglustat. 

Control and CLN5 patient fibroblasts stained with mitotracker CMT ROS to visualise 

mitochondrial ROS (white) before (UT) and after treatment with 50 µM miglustat for 5 days 

(+ miglustat). N=3, Scale bars= 10 µm. 

 

Superoxide, a ROS, is generated under normal physiological conditions when an oxygen 

atom loses an electron. It normally converted to hydrogen peroxide (H2O2) and O2 by 

superoxide dismutases (SODs). An accumulation of superoxide can exacerbate cellular 

damage via the production of hydroxyl radicals (•OH), the most potent of all oxygen free 

radicals. Due to their single, unpaired electron, •OH are extremely reactive, and are able to 

oxidise molecules in close proximity in order to balance this. This includes biological 

constituents, such as lipids, which can lead to lipid peroxidation. Collectively, these 

reactions are cytotoxic. There is an increased accumulation of superoxide in CLN5 patient 

cells, indicated by the increased fluorescence of the superoxide reactive fluorescent probe 

DHE, compared to the control (figure 4.11). Treatment with 50 µM miglustat for 5 days 

considerably reduces levels of superoxide in CLN5 cells to levels that are more comparable 

to the untreated control.  
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Figure 4.11 – Reduced levels of superoxide in CLN5 patient fibroblasts treated with 

miglustat. Control and CLN5 patient fibroblasts stained with dihydroethidium (DHE) to 

visualise levels of superoxide (white) before (UT) and after treatment with 50 µM miglustat 

for 5 days (+ miglustat). N=3, Scale bars= 10 µm. 

 

There is an established relationship between cellular lipids, ROS and mitochondrial Ca2+, in 

which lipids can mediate Ca2+ uptake into the mitochondria, stimulating respiratory chain 

activity, thereby promoting ROS generation. ROS can then go on to cause lipid peroxidation 

and induce further Ca2+ uptake into the mitochondria by modulation of intracellular Ca2+ 

channels (Gorlach et al. 2015). Having shown that miglustat successfully reduces lipid 

accumulation and levels of ROS in CLN5 patient fibroblasts, we wanted to see if it was also 

sufficient to rescue the increased mitochondrial Ca2+ observed CLN5 disease.  

 

Mitochondrial Ca2+ was released via the addition of 5 µM oligomycin/ antimycin A, and 

measured using ratiometric Ca2+ prove, fura-2. Consistent with previous data (Chapter 3, 

figure 3.16), total levels of mitochondrial Ca2+ are significantly increased in CLN5 patient 

fibroblasts compared with the control, indicative of cellular Ca2+ dyshomeostasis and 

mitochondrial dysfunction. Treatment with 50 µM miglustat for 5 days significantly reduces 

levels of mitochondrial Ca2+ in CLN5 patient cells to levels that are no longer significantly 

different to the control (figure 4.12). Collectively, this confirms that miglustat is able to 

effectively rescue key mitochondrial phenotypes of CLN5 disease.  

Control HGF84a HFG84b HFG90

U
T

+ 
M

ig
lu

st
atD

H
E



 154 

 

Figure 4.12 – Levels of mitochondrial Ca2+ in CLN5 patient fibroblasts treated with 

miglustat are no longer significantly different to the control. (A) Total mitochondrial Ca2+ 

release from control and CLN5 patient fibroblasts before and after treatment with 50 µM 

miglustat for 5 days. (B-D) Representative traces of mitochondrial Ca2+ release in control vs 

CLN5 patient fibroblasts (HFG84a, HFG84b and HFG90) following the addition of a 5 µM 

combination of oligomycin/ Antimycin A (indicated by black arrows). Resultant changes in 

fluorescence were measured using fura-2. Data is presented as averages ± SEM and 

analysed using one-way ANOVA with Tukey’s multiple comparison test. N=5, *P= <0.05, 

**P= <0.01, ***P= <0.001. 

 

A major phenotype observed in CLN5 disease, which has also been confirmed by EM 

(Alshehri and Lloyd-Evans unpublished & Appendix 1), is the change to ER structure as 

observed following staining with ER tracker green, presenting as large vacuolar ‘bubble-

like’ gaps in the ER (Chapter 3,  figure 3.10). These changes are indicative of ER stress and 

have been reported as an increase in ER density in other LSDs with Ca2+ homeostasis 
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abnormalities (Korkotian and Segal 2007). Using this as an ER-stress marker, we 

investigated changes to ER structure following treatment with miglustat. Post-treatment, 

CLN5 patient fibroblasts show a reduced incidence of these structures than that of 

untreated CLN5 cells (figure 4.3.12). 

 

 

 

Figure 4.13 – Normalisation of ER structure in CLN5 patient fibroblasts treated with 

miglustat. Control and CLN5 patient fibroblasts stained with ER tracker green to visualise 

changes to ER structure (white) before (UT) and after treatment with 50 µM miglustat for 

5 days (+ miglustat). Red arrows indicate vacuolar ‘bubble-like’ structures present in the ER 

of CLN5 patient cells. N=3, Scale bars= 10 µm. 

 

Due to miglustat treatment being able to correct the changes to ER structure in CLN5 

patient cells, its ability to improve ER Ca2+ handling was examined. Due to difficulties 

obtaining sufficient quantities of the IP3-AM agonist, SERCA Ca2+ leak was investigated 

alone. As SERCA is responsible for maintaining high levels of ER Ca2+ essential for protein 

synthesis and folding, leak caused by inhibition of this pump can have detrimental effects 

on cellular physiology including triggering of autophagy as observed in CLN3 disease 

(Chandrachud et al. 2015). We have previously shown increased sensitivity of SERCA to low 

concentrations of thapsigargin (0.2 µM) in CLN5 cells (chapter 3, figure 3.12), indicating a 

reduced threshold to trigger Ca2+ leak, presumably via the sensitized IP3 receptors (chapter 

3, figure 3.11). As discussed previously, this may be a consequence of lipid accumulation in 

CLN5 disease, as glycosphingolipid storage has been shown to alter ER Ca2+ uptake and 
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release (Sano et al. 2009; Atakpa et al. 2018). As miglustat successfully reduces lipid 

accumulation in CLN5 patient fibroblasts, its effects on SERCA Ca2+ leak were investigated.  

 

Consistent with previous findings, CLN5 patient fibroblasts exhibit significantly increased 

sensitivity of SERCA to Ca2+ leak, as indicated by the increased release of Ca2+ to low 

concentrations of SERCA inhibitor, thapsigargin (0.2 µM). Treatment with 50 µM miglustat 

for 5 days significantly reduces this sensitivity to a level that is no longer significantly 

different to the control (figure 4.14). No adverse effects were seen in control cells treated 

with miglustat.  

 

Figure 4.14 – SERCA Ca2+ is reduced in HFG84b CLN5 patient fibroblasts treated with 

miglustat. Bar chart showing Ca2+ leak from SERCA in control and CLN5 patient fibroblast 

(HFG84b) before and after treatment with 50 µM miglustat for 5 days alongside 

representative traces. SERCA Ca2+ leak was triggered by the addition of a 0.2 µM 

thapsigargin, indicated by the black arrow above traces, and resultant changes in 

fluorescence were measured using fura-2. A concentration of 2 µM ionomycin was added 

at the end of experiments to show cells were still responding. Data is presented as averages 

± SEM and analysed using one-way ANOVA with Tukey’s multiple comparison test. N=6, 

*P= <0.05, **P= <0.01, ****P= <0.0001. 
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4.4.5. An off-label, clinical safety study of miglustat in two CLN5 disease patients 

 

The above data led to an off-label, clinical safety study in two CLN5 patients at Nottingham 

Children’s Hospital in the UK. The patients were 14 years of age upon initiation of miglustat 

and were given an off label daily dose of 2 x 100 mg of miglustat three times a day initially 

for 12 months to determine safety and tolerability with a subsequent extension for a 

further 12 months. Control and CLN5 patient blood smears were air dried, fixed and stained 

with CtxB and DB lectin to visualise the localisation of ganglioside GM1 and globoside, 

respectively. As the white blood cell type was determined by morphology, neutrophils were 

selected for investigation due to their distinct segmented nuclei. Additionally, there is a 

large cytoplasmic area, allowing for better visualisation of lipid colocalization. Due to their 

prominent role as membrane lipids, ganglioside GM1 and globoside should present with a 

diffuse colocalization, especially on the surface of granules, which is evident in control 

neutrophils. Contrastingly, CLN5 patient neutrophils  present with punctate intra-granular 

colocalization, which is indicative of lipid storage within the lysosomal granular 

compartments of these cells rather than the structural role they appear to play on the 

granular limiting membranes of the control cells (figure 4.15). 
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Figure 4.15 – Ganglioside GM1 and globoside do not co-localise in CLN5 patient 

neutrophils. Confocal imaging showing control (A2041) and CLN5 patient (P1) blood smears 

co-stained with CtxB. which binds ganglioside GM1 (red), and DB lectin, a fluorescent lectin 

staining globoside (green). Nuclei were stained with Hoechst 33342 (blue). Cell type was 

identified based on morphology. N=1.   

 

Treatment with miglustat from 9 months onwards appears to eradicate punctate staining 

in CLN5 patient neutrophils, with a more diffuse colocalization of ganglioside GM1 and 

globoside being apparent (figure 4.16). This is confirmed by confocal microscopy imaging 

of the patient cells 24 months after miglustat treatment where both DB lectin and CtxB are 

clearly labelling the limiting membrane of cytoplasmic granules once more, suggesting that 

storage has been lowered in these cells, or that they did not develop any storage. Note that 

only data from patient 1 is shown owing to difficulties drawing blood and generating a 

complete set of blood smears from patient 2. 
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Figure 4.16 – Treatment with miglustat leads to co-localisation of ganglioside GM1 and 

globoside in CLN5 patient neutrophils. Confocal imaging showing control (A2041) and 

CLN5 patient (P1) blood smears co-stained with cholera toxin subunit B, which binds 

ganglioside GM1 (red), and DB lectin, a fluorescent lectin staining globoside (green), after 

3, 9 and 22 months treatment with miglustat. Nuclei were stained with Hoechst 33342 

(blue). Cell type was identified based on morphology. N=1.  

Giemsa staining, a commonly practised histopathological staining procedure for the 

identification of cells in blood films, revealed the presence of echinocytes in both patient 

blood samples (figure 4.17). Echinocytes are spiculated erythrocytes that can be formed 

under a number of different cellular conditions, including ATP depletion, heavy metal 

dyshomeostasis and membrane lipid abnormalities (Liu et al. 1989; Mohandas and Chasis 
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1993; Gov and Safran 2005; Suwalsky et al. 2010). The biconcave structure of erythrocytes 

is highly related to their function, hence their spiculated, spherical transformation would 

impede on their oxygen carrying ability. CLN5 patient fibroblasts have a significantly higher 

incidence of echinocytes per image that that seen in the control.    

 

 

Figure 4.17 – Giemsa staining showing the presence of echinocytes in CLN5 patient blood 

smears. Light microscopy showing control (A2041) and CLN5 patients (P1 and P2) blood 

smears stained with Giemsa, a histopathological stain for blood films. Black arrows indicate 

the presence of echinocytes (misshapen, spiked erythrocytes). Insets display enlarged 

images of erythrocytes in control and CLN5 patient blood smears. The incidence of 

echinocytes in control and CLN5 patient blood smears was determined by counting the 

number of echinocytes in each image taken using an oil immersion x 100 objective (image 

dimensions 1300 x 1030). N=1, ****P= <0.0001. Data was analysed using a one-way ANOVA 

with Dunnett’s multiple comparisons test and presented as ± SEM.  
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4.5   Discussion 
 

Our results demonstrate a distinct reduction in glycosphingolipid storage in CLN5 patient 

fibroblasts following treatment with miglustat, which ultimately leads to a reduction in 

aggregated SCMAS and rescues lysosomal swelling previously identified as a key phenotype 

of CLN5 disease (chapter 3, figure 3.4A). Morphological and structural changes to the ER 

and mitochondrial network are also improved following miglustat treatment, accompanied 

by decrease levels of mitochondrial ROS and significant improvements in previously 

identified ER and mitochondrial Ca2+ defects. This data demonstrates that glycosphingolipid 

storage is a primary event in CLN5 disease pathogenesis. Ultimately, this work has led to 

an off-label, clinical safety study in two CLN5 patients in the UK. As a result of this study we 

have confirmed that glycosphingolipid storage occurs in patient blood cells and can be 

reduced with miglustat treatment.  

 

4.5.1. Miglustat successfully reduces lipid storage in CLN5 patient fibroblasts 
 

As mentioned previously, miglustat is an inhibitor of glycosphingolipid biosynthesis, 

preventing the conversion of ceramide to glucosylceramide. Gangliosides and globosides 

are synthesised downstream of glucosylceramide, and as demonstrated in chapter 3 are 

stored in CLN5 patient fibroblasts (chapter 3, figure 3.9). As such, it is unsurprising that 

treatment with miglustat reduces the storage of ganglioside GM1 and Gb3 in CLN5 patient 

cells (figures 4.2 and 4.3, respectively). Accumulation of undegraded lipids in lysosomes is 

a causal factor for an array of disease phenotypes, such as Ca2+ dyshomeostasis and 

defective lipid trafficking, across multiple LSDs, including GM1 gangliosidosis, Gaucher 

disease and NPC. In all cases, reducing the accumulation of glycosphingolipids using 

miglustat improves disease phenotypes in cell and animal models, as well as in patients.  

 

Clinical studies have demonstrated the beneficial effects of miglustat in reducing spleen 

and liver enlargement in patients with Gaucher disease (Heitner et al. 2002; Aerts et al. 

2003; Stirnemann et al. 2017). In vitro studies have demonstrated that miglustat is able to 

reduce levels of the primary storage material in Gaucher disease, glucosylceramide. A 

murine macrophage cell line, WEH1-3B, was cultured in the presence of CBE, an irreversible 

glucocerebrosidase inhibitor, to mimic disease phenotypes of Gaucher disease. CBE-
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treated WEH1-3B macrophages were cultured with and without 5, 50 and 500 µM miglustat 

and later underwent lipid analysis via thin layer chromatography (TLC). TLC confirmed 

increased levels of glucosylceramide in CBE treated cells, and demonstrated that treatment 

with both 50 µM and 500 µM miglustat prevented CBE-mediated accumulation of 

glucosylceramide, with 50 µM miglustat-treated cells being the most comparable to the 

untreated control (Platt et al. 1994a). Hence, 50 µM was the chosen concentration for 

miglustat in our experiments.   

 

An NPC mouse model treated with miglustat showed a reduction in glycosphingolipid 

accumulation in neurons, which was accompanied by a delay in the onset of neurological 

dysfunction, improved behaviour and an extended life span (Zervas et al. 2001b). 

Additionally, analysis of B-lymphocytes taken from an NPC patient receiving miglustat as a 

SRT not only demonstrated reduced lipid storage, but showed that miglustat was able to 

rescue the lipid trafficking defect commonly seen in this disease. Although NPC is 

commonly referred to as a cholesterol storage disorder, miglustat does not directly affect 

cholesterol metabolism. Hence, the correction of the lipid trafficking defect in patient B-

lymphocytes showed that glycosphingolipid storage is a primary event in the pathogenesis 

of NPC (Lachmann et al. 2004).  

 

Similarly, a study examining the effects of 600 mg/day miglustat in three GM1 

gangliosidosis patients, aged 10, 17 and 28, concluded that miglustat exhibited beneficial 

effects on clinical phenotypes. The neurological state of the two juvenile patients (ages 10 

and 17) prior to miglustat treatment was severely impaired, and both patients had lost their 

ability to walk and talk. Following miglustat treatment, both juvenile patients regained their 

ability to walk unassisted over a few metres and showed improved vocalisation. The adult-

onset patient (28 years) showed the same improvements, with additional brain MRI scans 

showing no progressive neurodegeneration since the first scan recorded 7 years previously. 

Due to severe atrophy in the juvenile patients, MRI scans were not used as a clinical 

measure (Deodato et al. 2017). Although this study did not analyse clinical preparations 

from the involved patients, such as blood samples, it can be assumed that miglustat is 

eliciting these beneficial effects due to its ability to reduce the primary lipid storage in the 

disease, ganglioside GM1.  



 163 

 

Collectively, these studies support the notion that miglustat is a versatile small molecule 

SRT that has been evidenced to reduce primary lipid storage, emphasising its transferability 

across a number of LSDs. However, it is important to recall the study of miglustat in MPS III 

patients, which concluded that ganglioside levels in CSF of miglustat-treated patients were 

not distinctly different to those receiving a placebo (Guffon et al. 2011). The broad age 

range of patients, and hence disease severity, may explain this. Research in the NPC field 

has demonstrated that the most optimal therapeutic effects are obtained by treating 

patients as early as possible, therefore the patients in the MPS III study may have been too 

advanced in their disease progression. We demonstrate that miglustat treatment 

successfully reduces lipid storage in CLN5 patient fibroblasts (figures 4.2 and 4.3) and CLN5 

patient blood smears (figure 4.16), suggesting that miglustat is working as expected 

biochemically. However, treatment in younger CLN5 patients may be needed to see the 

maximal benefits of this therapy for this disease.   

 

Miglustat slows down NPC disease progression, however, it is not a cure. Regardless,  work 

from Imrie et al has shown that treating NPC patients with miglustat reduces their care 

costs and the cost of emergency treatment (Imrie et al. 2009). Therefore, not only does 

miglustat improve quality of life, but it also reduces the cost burden of the disease. ERT is 

vastly expensive, which can lead to it not being approved by health boards, as has been 

seen with Cerliponase alfa in the UK- the ERT for CLN2 disease. There is therefore room for 

treatments, such a miglustat, in these diseases.  

 

As lipid storage is typically a primary event in the pathogenic cascade of many LSDs, 

reducing this with an SRT, such as miglustat, should correct disease phenotypes that occur 

downstream. Hence, the efficiency of miglustat to rescue key phenotypes of CLN5 disease 

uncovered in chapter 3 was investigated.  

 

4.5.2. Miglustat treatment corrects endolysosomal and autophagic defects in CLN5 
patient fibroblasts 

 

The reason for the perinuclear redistribution of early and late endosomes in CLN5 disease 

is unconfirmed, but evidence has suggested that levels of cholesterol can mediate the 
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localisation of late endosomes in the cell. When cellular levels of cholesterol are low, late 

endosomes gather at the periphery of the cell, however when levels of cholesterol are high 

they accumulate at the centre of the cell. The mechanism by which this occurs is described 

in more detail in the main introduction (1.2.2.). CLN5 patient fibroblasts show increased 

storage of cholesterol compared to the control, which may therefore be a contributing, or 

causal, factor for the perinuclear clustering of late endosomes seen in CLN5 disease. Under 

cellular conditions of elevated cholesterol, ORP1L, a late endosome membrane protein, 

binds cholesterol, while Rab7 effector, RILP, recruits dynein-dynactin motor complex to 

enable transport of the late endosome to the cells centre. This process allows late 

endosomes to fuse with lysosomes to initiate ORP1L-mediated cargo degradation 

(Johansson et al. 2007; Rocha et al. 2009). Interestingly, treatment with miglustat restores 

normal distribution of late endosomes throughout the cell regardless of miglustat not 

directly affecting cholesterol metabolism. Histological analysis of brains from miglustat-

treated feline models of NPC revealed qualitatively lower levels of cholesterol and 

sphingolipids compared to untreated NPC cats (Stein et al. 2012), whilst biochemical 

quantification revealed no change in cholesterol levels in miglustat treated NPC mice (te 

Vruchte et al. 2004). However, as the lipid trafficking defect seen in NPC was corrected in 

patient B-lymphocytes following miglustat treatment, it can be stated that 

glycosphingolipid storage is a primary event in NPC pathogenesis (Lachmann et al. 2004). 

It has previously been suggested that the accumulation of sphingolipids in LSDs triggers 

cholesterol redistribution, which disturbs intracellular glycosphingolipid trafficking, and 

therefore reducing cholesterol is also dependent on degradation of sphingolipids (Pagano 

2003). Miglustat inhibits glycosphingolipid biosynthesis, preventing the accumulation of 

glycosphingolipids, such as ganglioside GM1 and Gb3, in CLN5 disease. This may in turn 

cause a reduction in levels of unesterified cholesterol, thereby instigating a diffuse 

redistribution of late endosomes in CLN5 disease (figure  4.6). In this way, CLN5 disease 

may be similar to NPC, in that cholesterol storage may be a secondary event to lysosomal 

glycosphingolipid accumulation.  Additionally, a deficiency in acid lipase, which causes an 

accumulation of free cholesterol in Wolman disease. Acid lipase activity is significantly 

reduced in CLN5 disease (chapter 3, figure 3.19), which may also contribute to the storage 

of free cholesterol seen in this disease (Xu et al. 2012).  
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The perinuclear localisation of late endosomes encourages their fusion with lysosomes, 

facilitating the degradation of contained cargo. Due to the significant decrease in the 

activity of a number of lysosomal enzymes in CLN5 patient fibroblasts, degradation of 

certain substrates, including the storage components of CLN5 cells- ganglioside GM1 and 

Gb3, would not be efficient. CLN5 patient fibroblasts present with an accumulation of 

autophagic vacuoles, indicative of increased autophagy, and possibly disrupted clearance 

autophagic cargo. Treatment with miglustat reduces this accumulation to a level that is 

comparable to the untreated control (figure 4.8). This, as in other LSDs, is likely due to the 

reduction of substrates following miglustat treatment (figures 4.2 and 4.3) reducing the 

burden of degradation on the lysosomal hydrolases in CLN5 patient fibroblasts, allowing 

the remaining enzyme activity to work more effectively. This rationale is similar to that 

described in Gaucher disease patients with residual enzyme activity receiving miglustat as 

a SRT (Stirnemann et al. 2017).  

 

Conversely, the perinuclear distribution of early endosomes in CLN5 patient fibroblasts is 

not rescued following miglustat treatment to the same extent seen in late endosomes. 

Expression of fluorescently tagged Rab5 in BS-C1 cells, a primate kidney epithelial cell line,  

revealed that Rab5, a marker of early endosomes, was primarily distributed in the cell 

periphery. It was also demonstrated that considerable over-expression of Rab5 lead to 

prominent enlargement and redistribution of early endosomes to the perinuclear region of 

the cell (Lakadamyali et al. 2006). However, it is unlikely this is the case for CLN5 disease. 

Mamo et al discerned a role for the CLN5 protein in endosomal sorting, demonstrating a 

slight reduction in levels of Rab5 in CLN5 siRNA knockdown HeLa cells, but a significant 

reduction in levels of Rab7 (Mamo et al. 2012). Hence, the significant reduction in levels of 

Rab7 in CLN5 cells may be responsible for the perinuclear distribution of early endosomes, 

which is not corrected by treatment with miglustat. The motility of early endosomes along 

microtubules or actin filaments is biased towards retrograde trafficking, although 

anterograde and bidirectional trafficking can occur (Nielsen et al. 1999; Driskell et al. 2007). 

As early endosomes move towards the cell centre, they undergo conversion into late 

endosomes which is evidenced by a reduction in Rab5-positive endosomes paralleled to an 

increase in Rab7-positive endosomes. Rab7 is recruited to early endosomes by Rab5, which 

then dissociates, producing the late endosome (Rink et al. 2005). The significant reduction 
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in levels of Rab7 reported in CLN5-deficient cells may therefore lead to an accumulation of 

early endosomes in perinuclear region of the cell. This would disrupt endocytic trafficking 

in CLN5 disease, and accompanied with the defects in the structure of the actin 

cytoskeleton reported, may explain the slower rate of endocytic trafficking in CLN5 patient 

fibroblasts.  

 

Additionally, this would explain why miglustat has little effect on early endosome 

distribution, as the reduction of glycosphingolipid accumulation has no effect on cellular 

levels of Rab7. Therefore, the conversion of early to late endosomes would be slowed, with 

a large number of early endosomes remaining in the perinuclear region of the cell to 

attempt to recruit Rab7 and undergo maturation into late endosomes. The late endosomes 

that are produced are laden with glycosphingolipids in CLN5 patient cells which, following 

fusion with lysosomes, are unsuccessfully degraded. This is possibly due to the significant 

reduction in enzyme activities of a number of lysosomal hydrolases, that therefore cannot 

degrade the glycosphingolipid storage, resulting in an accumulation of autophagic 

vacuoles. Hence, the ability of miglustat to inhibit glycosphingolipid biosynthesis explains 

how it is able to rescue the perinuclear distribution of late endosomes, increased lysosomal 

volume, and the accumulation of autophagic vacuoles in CLN5 patient fibroblasts, but not 

the perinuclear distribution of early endosomes. Another possibility is lysosomal Ca2+ in 

CLN5 disease is altered. Rab7 binds to TPC2, a lysosomal transmembrane channel, 

triggering Ca2+ release, which modulates Rab7 and autophagy (Lu et al. 2013; Lin-Moshier 

et al. 2014). This could be implicated in the mislocalisation of late endosomes in CLN5 

patient fibroblasts.  

 

4.5.3. Miglustat treatment corrects ER stress and mitochondrial dysfunction, and 
improves Ca2+ handling 

 

In chapter 3 we demonstrated clear evidence for the presence of ER stress and 

mitochondrial dysfunction in CLN5 patient fibroblasts, likely caused by irregular Ca2+ 

handling of these organelles. We also discussed the possibility that these disease 

phenotypes occur due to the accumulation of Ca2+-modulating lipids, such as globoside, 

ganglioside GM1 and cholesterol, in close proximity to Ca2+ pumps and/or receptors on the 

ER and mitochondrial membrane.  
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As previously described, the mitochondrial morphology of CLN5 patient cells is disturbed 

compared to that seen in the control. Control cells show a more filamentous distribution 

of mitochondria throughout the cell, with individual mitochondria appearing long and 

tubular; indicating that they are actively respiring. Contrasting to this, the mitochondrial 

network of CLN5 patient fibroblasts is more fragmented, with very few cells showing a 

network that stretched to the periphery of the cell. These changes seen in CLN5 patient 

fibroblasts are typical of pathological conditions, and have been associated with 

mitochondrial Ca2+ overload and increased ROS production (Orrenius et al. 2003; Kroemer 

et al. 2007). Interestingly, the mitochondrial network in CLN5 patient fibroblasts treated 

with miglustat takes on a more filamentous distribution, similar to that seen in control cells 

(figure 4.9). Additionally, miglustat-treated CLN5 cells show a decrease in levels of ROS 

(figure 4.10), including its most potent form, superoxide (figure 4.11). The antioxidant 

properties of miglustat have previously been reported (Vazquez et al. 2012), however in 

NPC1 miglustat clearly outperforms antioxidants indicating that the primary effect of 

inhibiting GSL biosynthesis is the main mechanism of action (Smith et al. 2009). NPC 

patients receiving miglustat as an SRT showed increased levels of antioxidants, which in 

turn prevented lipid peroxidation (Ribas et al. 2012). As reduction in glycosphingolipids 

using miglustat treatment corrects mitochondrial phenotypes, it can be concluded that 

mitochondrial dysfunction is caused by glycosphingolipid accumulation in CLN5 disease.   

 

Furthermore, data supporting increased levels of mitochondrial Ca2+ in CLN5 cells, 

indicative of mitochondrial Ca2+ overload, may also contribute to the elevated levels of ROS 

seen in CLN5 disease. Mitochondrial Ca2+ plays a vital role in the production of ROS. Under 

normal physiological conditions, Ca2+ uptake into the mitochondria generates the 

production of ROS by mediating Krebs cycle enzymes and ETC activity. This process is highly 

controlled, and operates within a defined Ca2+ concentration threshold (Turrens 2003). 

However, when this threshold is exceeded, mitochondrial ROS production increases and 

compromises mitochondrial bioenergetics. This uncontrolled process is detrimental to 

normal cellular function (Brookes et al. 2004; Gorlach et al. 2015). Treatment of CLN5 

patient fibroblasts with miglustat significantly reduces the previously elevated levels of 

mitochondrial Ca2+ observed in CLN5 disease to a level that is no longer significantly 
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different to the control. The reduction in levels of ROS and mitochondrial Ca2+ following 

miglustat treatment would therefore suggest that these cellular defects are downstream 

of glycosphingolipid accumulation, and that lowering this storage using miglustat is able to 

modulate mitochondrial defects. 

 

The structure of the ER in CLN5 patient fibroblasts presents with distinct large vacuole 

structures which have been confirmed by both fluorescence microscopy (figure 4.13) and 

EM. As discussed previously, physical changes to the structure of the ER have been 

observed in a 3 month old b-gal-/- murine model, a model of GM1 gangliosidosis and CBE-

induced cultures of hippocampal neurons, a model of Gaucher disease (Korkotian et al. 

1999; Tessitore et al. 2004). Additionally, loading WT MEFs with ganglioside GM1 elicits ER 

stress responses (Tessitore et al. 2004). CLN5 patient fibroblasts present with ganglioside 

GM1 storage, which is markedly decreases by treatment with miglustat (figure 4.2). 

Treatment with miglustat also results in the clearance of the large vacuole structures in the 

ER of CLN5 patient cells. Hence, the morphological changes in the ER of CLN5 cells could be 

attributed to increased lipid accumulation, as reduction of glycosphingolipid storage 

corrects this disease phenotype. This indicates that ER stress is a secondary event in CLN5 

pathogenic cascade after lipid storage.  

  

Investigation into ER Ca2+ release revealed an increased sensitivity of SERCA that induces 

Ca2+ leak in CLN5 cells, which may be attributed to lipid accumulation lowering the 

threshold for SERCA inhibition, heightening its sensitivity, or alternatively an indication that 

channels on the ER membrane being more primed for Ca2+ leak (Pelled et al. 2003; Ginzburg 

et al. 2004; Li et al. 2004; Ginzburg et al. 2008). Additionally, increased levels of cellular 

ROS may act on ER Ca2+ channels to form feedback loops that are detrimental to cell health. 

ROS is able to trigger Ca2+-induced Ca2+ release from ER Ca2+ channels, leading to 

mitochondrial buffering of cytosolic Ca2+, further increasing mitochondrial Ca2+ 

concentration and, in turn, ROS production. Treatment of CLN5 patient fibroblasts with 

miglustat significantly reduced Ca2+ leak from SERCA to a level that is no longer significantly 

different to the control. This may be due to miglustat reducing the accumulation of 

glycosphingolipids that can act on SERCA, reducing the threshold for inhibition and 

subsequent Ca2+ release from channels on the ER membrane. Over time, the increase in 
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cytosolic Ca2+ via SERCA inhibition may lead to mitochondrial Ca2+ overload, increasing ROS 

production which generates the formation of feedback loops to exacerbate cellular 

damage. 

 

Collectively, these data demonstrate that ER stress, mitochondrial dysfunction and 

irregular Ca2+ handling occur downstream of glycosphingolipid accumulation, as inhibiting 

glycosphingolipid biosynthesis using miglustat corrects these disease phenotypes in CLN5 

patient fibroblasts. This confirms our hypothesis that glycosphingolipid storage is a primary 

event in the pathogenic cascade of CLN5 disease, and is therefore a suitable target for 

therapeutic intervention.    

 

4.5.4. A clinical safety study of miglustat in two CLN5 patients shows improvements to 
lipid storage in white blood cells of patient blood smears 

The above research unveiling the ability of miglustat to correct CLN5 disease phenotypes 

in led to an off-label, clinical safety study of miglustat in two CLN5 patients in the UK. 

Patient samples were obtained following 3 months treatment with miglustat, and then 

every 6 months after. Whole blood, serum and dry blood spots were analysed by Abdullah 

Alshehri for enzyme activities and heavy metal analysis (included in the appendix). Blood 

smears underwent qualitative analysis within this project for lipid localisation and 

echinocyte staining. 

Giemsa staining of CLN5 patient blood smears revealed a significant increase in the 

incidence of echinocytes (figure 4.17). Echinocytes are spiculated erythrocytes formed 

when the outer lipid monolayer of the erythrocyte increases relative to the inner lipid 

monolayer (Mohandas and Chasis 1993). Echinocytes can be an artefact of excess EDTA, 

improper smear preparation, slow drying, or old blood. Nevertheless, in circumstances 

where a significant number of echinocytes are seen, like that observed in CLN5 patient 

blood smears (figure 4.17), it is usual to rule out the possibility of this being an artefact. 

The fact that echinocytes are absent in control blood smears, that underwent the same 

preparation process as CLN5 patient blood smears, further supports the idea that 

echinocytic transformation is likely to be a biomarker CLN5, rather than a preparation 

artefact (figure 4.17).  
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Echinocytic transformation of erythrocytes has been associated with hypoatremic 

dehydration, renal disease, and administration of certain drugs. On a  cellular level, 

however, lipids, Ca2+, ATP and increased pH have all been shown to play a role in 

echinocytic transformation. ATP is essential for the maintenance of regular erythrocyte 

shape and deformability (Cohen and Gascard 1992; Gov and Safran 2005). ATP is utilised as 

a phosphoryl donor in an a variety of phosphorylation reactions involving membrane 

proteins, including the phosphorylation of phosphoinositides. Furthermore, ATP is an 

essential energy source required to pump Ca2+ out of cells. An increase in intracellular Ca2+ 

in erythrocytes activates calpains (neutral proteases) and phospholipase C, which can 

degrade skeletal membrane proteins and cleave phosphoinositides, respectively. The lower 

levels of ATP production as a result of a decrease in mitochondrial respiration in CLN5 

patient fibroblasts, along with data showing irregular cellular Ca2+ handling and cytoskeletal 

defects, may therefore explain the increased number of echinocytes in CLN5 patient blood 

smears (Cohen and Gascard 1992; Gov and Safran 2005).  

Heavy metals have also been shown to play a role in echinocyte formation. Levels of 

manganese (Mn2+) in CLN5 patient blood was markedly higher than the normal range at 3 

months post miglustat (appendix 2). Continued treatment normalised this phenotype. 

Studies have shown that Mn2+ is able to interact with dimyristoylphosphatidylcholine 

(DMPC), a class of lipid primarily localised to the outer monolayer of the erythrocyte 

membrane, triggering a dose-dependent echinocytic transformation (Suwalsky et al. 2010).  

The lipid bilayer of erythrocytes is the major permeability barrier of the membrane, 

therefore structural perturbation by Mn2+ would alter this, affecting membrane-associated 

enzymes, as well as membrane ion channels and receptors (Suwalsky et al. 2010). In this 

way, increased levels of Mn2+ may also explain the presence of echinocytes in patient blood 

smears following 3 month treatment with miglustat, as levels of Mn2+ remained higher than 

the normal range at this time. 

Interestingly, chronic exposure to Mn2+ has been shown to cause manganism, a manganese 

neurotoxicity which presents with symptoms similar to Parkinsonism. Higher levels of a-

synuclein, a hallmark of PD, have been evidenced in CLN5 patient fibroblasts (Adams et al. 

2019b). Others have shown that exposure to high levels of manganese promotes 
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aggregation of a-synuclein in both cell (human dopaminergic neuronal model, LUHMES 

cells) and animal (murine model of Mn2+ exposure) models (Harischandra et al. 2019). 

Therefore, a future consideration could be to investigate if miglustat is able to alter the 

expression of a- synuclein in CLN5 due to its ability to reduce elevated levels of Mn2+ in 

patient blood.  

For the investigation into localisation of ganglioside GM1 and globoside, neutrophil cells 

were imaged. This is due to neutrophils being easily identifiable by their segmented nuclei, 

and there typically being a large, visible cytoplasmic region of the cell, unlike that of 

lymphocytes and basophils where the cytoplasm is largely occupied by the nucleus 

(Prinyakupt and Pluempitiwiriyawej 2015). Another advantage to monitoring 

glycosphingolipid localisation in neutrophils is that they contain a complex ganglioside 

mixture, with gangliosides GM1 and GM3 being the most abundant (Zhang et al. 2019). The 

role of globoside in neutrophils is less well established, but it is present (Tillack et al. 1983), 

however it is reported to be abundant in the membrane of erythrocytes (Tillack et al. 1983). 

Due to their role as membrane constituents, ganglioside GM1 and globoside should present 

with a diffuse colocalization, representing intracellular membranes, as seen in the control. 

However, in CLN5 neutrophils the colocalization is punctate, which possibly indicates the 

failed clearance, and therefore storage, of lipids via azurophil granules (specialised 

lysosomes) (figure 4.15). Erythrocyte shape transformation into echinocytes may 

contribute to this pathology. It has been reported that during echinocytic transformation 

of erythrocytes, the tips of the protruding structures can physically separate from the cells 

cytoskeleton in the form of exovesicles (Liu et al. 1989). These lipid vesicles would be rich 

in globoside, and would be phagocytosed by neutrophils, as well as other granulocytes 

(Nordenfelt et al. 2009).  

Continued treatment with miglustat abolishes the punctate staining of ganglioside GM1 

and globoside (figure 4.16). This, as in other lysosomal storage diseases, is a result of 

miglustat directly inhibiting glycosphingolipid biosynthesis, thereby reducing the levels of 

globoside and ganglioside GM1 in patient blood. Alternatively, miglustat inhibition of 

glycosphingolipid biosynthesis has been evidenced to correct the defective autophagy 

downstream of lipid storage in the CLN5 pathogenic cascade. Autophagy-mediated 
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generation of free fatty acids (FFA) has been demonstrated to be critical for neutrophil 

differentiation. These fatty acids are utilised in the Krebs cycle to produce the ATP 

necessary for neutrophil differentiation. Increased, defective autophagy is a phenotype of 

CLN5 patient fibroblasts, which has further been confirmed by others in the field. 

Additionally, an overall reduction in levels of ATP is observed in CLN5 patient fibroblasts. 

Together, this may impede on neutrophil differentiation, leading to fewer mature 

neutrophils in circulation to phagocytose and degrade pathogenic components, leading to 

lipid accumulation (Riffelmacher et al. 2017). 

4.6    Summary 
 

Miglustat treatment of CLN5 patient fibroblasts improved key disease phenotypes 

previously identified in chapter 3. Structures indicating ER stress were eradicated following 

treatment with miglustat, and the sensitivity of SERCA to Ca2+ leak was decreased. 

Additionally, improvements were seen in the structure of the mitochondrial network of 

CLN5 cells treated with miglustat, as well as a reduction in levels of ROS and mitochondrial 

Ca2+, which was previously indicative of Ca2+ overload. Lysosomal volume and the 

accumulation in autophagic vacuoles were also reduced following treatment with 

miglustat, suggesting clearance of storage material. Unlike late endosomal distribution, the 

distribution of early endosomes in CLN5 patient fibroblasts did not show marked 

improvement following miglustat treatment. This may be due to reports showing 

decreased levels of Rab7 in CLN5-deficient cells, impeding the conversion of early-to-late 

endosomes; on which miglustat would have no effect (Mamo et al. 2012).   

 

Analysis of CLN5 patient blood samples following only 3 months of treatment with 

miglustat, which has been shown as too early an intervention point to reduce GSL levels in 

an NPC patient (Lachmann et al. 2004), unveiled the presence of echinocytes. Samples from 

later blood draws are yet to be analysed. Changes to erythrocyte morphology, resulting in 

echinocyte formation, may occur due to a number of reasons, including reduced levels of 

ATP, increased intracellular Ca2+, pH defects, or heavy metal dyshomeostasis. We have 

reported irregularities in Ca2+ handing and reduced ATP production in CLN5 patient 

fibroblasts (see chapter 3), and increased levels of Mn2+ in patient blood samples (appendix 
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2). We also report changes to the colocalization of ganglioside GM1 and globoside in CLN5 

patient neutrophils, which can be improved with miglustat treatment.  

 

Collectively, our data indicate that glycosphingolipid storage is a primary event in CLN5 

disease pathogenesis, evidenced by the correction of key disease phenotypes following 

treatment with miglustat, an inhibitor of glycosphingolipid biosynthesis. As such, we show 

that glycosphingolipid biosynthesis is a suitable therapeutic target for this disease, and 

propose that miglustat has the potential to be the first small molecule SRT for CLN5 disease.   
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Chapter 5 | High-throughput screening for small molecule 

modulators of TPP1 activity, and their potential for 

therapeutic intervention in CLN5 disease 
 

5.1. Background 
 

It has been revealed by co-immunoprecipitation studies that the CLN5 protein physically 

interacts with both CLN3 and CLN2 (Bessa et al. 2006), herein referred to as tripeptidyl 

peptidase 1 (TPP1). Unlike CLN3, both CLN5 and TPP1 are soluble lysosomal proteins, the 

deficiency of which gives rise to variant late-infantile and late-infantile forms of NCL, 

respectively (Vesa et al. 2002; Fabritius et al. 2014; Mole and Cotman 2015). It has been 

suggested that these proteins play a key role in early embryonic development, highlighting 

the importance of their co-expression in the developing brain (Fabritius et al. 2014). 

Despite knowledge of their interactions, changes to TPP1 expression or activity have not 

been explored in CLN5 disease. 

 

5.1.1 TPP1 and CLN2 disease 
 

TPP1 is a soluble lysosomal protease encoded for in humans by the TPP1 gene (11q15 

OMIM #2040500). TPP1 encodes a pre-protein of 563 amino acids containing an N-

terminal, 19 residue signal sequence which is co-translationally cleaved in the ER (Lin et al. 

2001; Golabek et al. 2003). The resultant protein, pro-TPP1, is comprised of 544 amino 

acids and has a molecular weight of 67 kDa. The pro-TPP1 is targeted to the lysosome via 

interaction of phosphomannose groups tethered to N-glycans on Asn210 and Asn286 with 

mannose-6-phosphate receptors (M6PRs) (Tsiakas et al. 2004). The acidic environment of 

the lysosome initiates autocatalytic cleavage of pro-TPP1, yielding a 368 amino acid mature 

serine protease with a molecular weight of 46 kDa (Lin et al. 2001).  

 

Mutations in the TPP1 gene lead to the development of CLN2 disease, one of the NCLs. 

Approximately 116  disease-causing mutations in the TPP1 gene have been identified to 

date (Mole and Cotman 2015). The most prevalent mutation is a single nucleotide variant 

in intron 5  (c. 509-1G>C), which causes a frameshift. Approximately 142 families have been 
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recorded to have this mutation, although the effect this frameshift has on protein folding, 

localisation or activity is unknown. It has been reported that 89% of CLN2 patients have 

this frameshift mutation, or the second most common mutation which results in a 

premature stop codon (p. Arg208X) (Sleat et al. 1999). To date, 24 sequence variations, 53 

missense, 16 nonsense, 14 small deletions, 8 small insertion/duplication, 17 splice defects,  

and 1 large deletion in the TPP1 gene have been reported (Mole and Cotman 2015; NCL 

mutation database 2015). 

 
5.1.2 Therapeutic intervention for CLN2 disease 
 
BioMarin recently developed an ERT for the treatment of CLN2 disease. Cerliponase alfa, 

marketed as Brineura, is a recombinant human proenzyme delivered via 

intracerebroventricular (ICV) infusion (Schulz et al. 2018). The ICV delivery method requires 

surgical implantation of a port which allows administration of the enzyme directly into the 

brain. Although invasive, this approach is necessary as TPP1 is unable to cross the blood 

brain barrier (Kohan et al. 2011). Clinical trials concluded that cerliponase alfa helps to slow 

disease progression, with around 98% of participants showing no decline in their ability to 

walk or crawl after two years of treatment, compared to 50% in untreated children. Motor 

and language skills were also retained. In 2017, cerliponase alfa was approved for use in 

CLN2 disease by the FDA and EMA. However, the national institute for health and care 

excellence (NICE) deemed the treatment was not cost-effective, and with no long term 

efficacy data, it could not be recommended for use in the UK despite its promising results 

(NICE 2019).  

 

The emerging role of TPP1 in the degradation of Aβ could make a case for cerliponase alfa 

in the treatment of some forms of AD. Cases of familial AD, however, have a lysosomal pH 

defect which could mean that treatment would, most likely, be ineffective. Solé-Domènech 

et al demonstrated using mass spectrometry that TPP1 is able to degrade Aβ via cleavage 

at multiple sites in the β-sheet domain of Aβ, promoting Aβ proteolysis (Sole-Domenech et 

al. 2018). Exogenous recombinant TPP1 protein is internalised by cells via an M6PR-

dependent pathway (Lin and Lobel 2001). Mouse microglia loaded with Cy3-fAβ (a 

fluorescently tagged Aβ) for one hour were treated with exogenous recombinant TPP1 

protein for 72 hours post-loading. It was revealed that Cy3-fAβ-loaded microglia treated 
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with TPP1 showed a 50% increase in the degradation of Aβ compared to their untreated 

counterparts. These findings were further confirmed in microglia from TPP1-/- mice, 

showing that TPP1-deficient microglia degraded approximately 15% of endocytosed Aβ, 

compared to the approximate 70% degradation seen in WT microglia. Further confirmation 

of these findings was seen in AD mouse models with reduced TPP1 activity (<10%), which 

showed significantly increased plaque load in comparison to AD models with ≧50% TPP1 

activity (Cruz 2019).  

 

Small molecule therapies are another therapeutic strategy used to treat LSDs. In the case 

of Gaucher disease, the combination of SRT (Miglustat) with ERT elicits more beneficial 

effects than either treatment alone; although improvements are seen with either 

individually (Cox et al. 2000; Heitner et al. 2002). Furthermore, small molecules are 

extensively used to treat the symptoms of NCLs, e.g. the epilepsy aspects by ion channel 

modulators etc. Hence, it is important to explore multiple therapeutic avenues to obtain 

the most favourable result for the patient, whether that be a combination therapy, or 

providing an alternative treatment should another not be made available. One way to do 

this is through drug repurposing, the process of redeveloping a compound for use in a 

different disease. The advantage of drug repurposing is that it bypasses some of the most 

expensive drug discovery processes, shortening the discovery/development timeline, and 

increasing overall productivity (Pushpakom et al. 2019).  Additionally, as the drugs in 

question have already been tested in humans, information on the safety, potential toxicity 

and pharmacokinetic profiles is already well documented, which further reduces the 

overall cost of development. The effectiveness of re-purposing in the LSDs has already been 

shown by the approval of miglustat for treating NPC disease (Patterson et al. 2007). 

 
5.1.3 High throughput screening 

High throughput screening (HTS) is an efficient process by which large numbers of 

compounds can be tested for their ability to act as inhibitors, activators, or stabilising 

ligands (chaperones) to a specific biological target, such as a metabolic enzyme. HTS is 

generally quicker than conventional design methods, and is carried out by a relatively easy, 

target-specific assay.  
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HTS has previously identified potential pharmacological agents in a number of LSDs caused 

by mutations in lysosomal hydrolases, including Gaucher disease and Fabry disease (Zheng 

et al. 2007; Marugan et al. 2010; Motabar et al. 2010). However, the majority of former 

screens used either disease cell homogenate or recombinant enzyme, which elicit 

extremely different drug hits (Goldin et al. 2012) and to date no small molecule identified 

by HTS has yet been approved for any LSD. Using a control cell homogenate may provide 

more accurate results, as the enzyme is produced and post-translationally modified in a 

normal manner by the cell. Additionally, the enzyme is mutation-free, and therefore hits 

found through the HTS assay have the potential to be effective against various enzyme 

mutations in disease cells. This method is highly effective with soluble enzymes, such as 

TPP1 and CLN5, but less successful with transmembrane proteins, such as CLN3 and CLN7 

(Kollmann et al. 2013).  

5.2. Overview 
 

Though genetically different, CLN5 and CLN2 disease are clinically/ histopathologically 

similar; suggesting common mechanisms of pathogenesis. As there is currently no 

fluorogenic assay for CLN5 protein, we wanted to investigate whether we could 

successfully develop a HTS for TPP1 using an FDA approved drug library to identify TPP1 

activators/ inhibitors, and determine if the hits identified in the screen could rescue CLN5 

disease phenotypes (discussed previously).  

5.3. Procedures 
 

In section 5.4.1 we investigated changes to the protein levels and enzyme activity of TPP1 

in CLN5 patient fibroblasts using western blotting (2.9.1) and a TPP1 enzyme assay 

(2.5.2.10). The TPP1 assay was optimised for HTS to identify TPP1-modulating compounds 

in section 5.4.2 using protocols described in 2.11.1. Subsequently, in section 5.4.3 a primary 

HTS screen was carried out using the optimised protocol according to that outlined in 

2.11.2, and selected hits were carried forward for secondary screening on destabilised 

enzyme in section 5.4.4. Protocols for secondary screening are described in 2.11.3. In 

sections 5.4.7- 5.4.12 effects of top hits on disease phenotypes of CLN5 patient fibroblasts 

were assessed using live cell biology, described in 2.4.2. Images underwent semi-
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quantitative image analysis (2.7.2) to determine if changes are statistically significant. 

Drugs that significantly improved live cell phenotypes in CLN5 patient fibroblasts were 

tested for their effect on lipid storage, a primary event in the CLN5 pathogenic cascade, in 

CLN5 patient fibroblasts (section 5.4.13)   

5.4. Results 
 
5.4.1. Reduced TPP1 activity in CLN5 human fibroblasts can be attributed to lower 

protein levels of TPP1. 
 

CLN2 and CLN5 proteins have been shown to be spatially and temporally co-expressed in 

the developing brain, and as a physical interaction has been evidenced by co-

immunoprecipitation studies, we wanted to determine if the enzyme activity of TPP1 in our 

CLN5 null patient fibroblasts was affected when compared to the apparently healthy, age-

matched control.  

 

  

 

Figure 5.1 - TPP1 activity is reduced in CLN5 patient fibroblasts. TPP1 enzyme activity 

measured by H-Ala-Ala-Phe-AMC  fluorescent substrate in CLN5 disease patient fibroblast 

homogenates versus age matched control. N= 4, ****P= <0.0001. Data is presented as 

averages ± SEM and analysed using one-way ANOVA with Dunnett’s multiple comparisons 

test.  

 

CLN5 patient fibroblasts show a significant reduction in TPP1 activity, with HFG84a, HFG84b 

and HFG90 exhibiting 47%, 59% and 67% TPP1 activity compared to that of the control, 
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respectively. We wanted to explore whether this reduction was due to a defective enzyme 

or a change in protein levels of TPP1 in CLN5 patient fibroblasts using western blotting for 

the TPP1 protein.  

 

 

 

Figure 5.2 - Reduced TPP1 protein expression in CLN5 patient fibroblasts. Western blot 

analysis of TPP1 protein levels, normalized to GAPDH, in CLN5 disease patient fibroblasts 

compared with the age-matched control. Data is presented as averages ± SEM and analysed 

using one-way ANOVA with post-hoc Dunnett’s multiple comparisons test. N=3, *P= <0.05, 

**P=0.01. 

 

Our data revealed a significant decrease of approximately 20% in TPP1 protein levels across 

all the CLN5 patient fibroblasts. We have previously confirmed diminished levels of CLN5 

protein in our CLN5 patient fibroblasts (Chapter 3, Fig 3.1). This could suggest that CLN5 

plays a role in TPP1 processing, and its absence may lead to a reduction in TPP1 protein, 

corresponding with a reduction in enzyme activity of around 40-50% observed in Fig. 5.2. 

 

CLN5 and CLN2 disease are phenotypically similar. With that in mind, it stands to reason 

that a decrease in TPP1 enzyme activity would further exacerbate CLN5 disease 

phenotypes, e.g. accumulation of SCMAS. To assess whether TPP1 could be a therapeutic 

target to identify small molecule compounds that may correct CLN5 cellular defects, a HTS 

for TPP1 activators and inhibitors was designed and carried out.  
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5.4.2. Optimisation of HTS for TPP1 
 

An excitation-emission spectrum Lambda scan for the H-Ala-Ala-Phe-AMC substrate was 

carried out as part of the optimisation of the TPP1 assay. Cell homogenate of control B-

lymphoblasts was used as they express TPP1 and are faster growing than fibroblasts (Miller 

et al. 2013). The spectrum (figure 5.3) showed two distinct non-overlapping peaks, one of 

excitation at 320-370 nm and emission at 420-470 nm indicating the optimal excitation and 

emission wavelengths for this assay on the Spectramax monochromator fluorescence plate 

reader as being ~340nm and 460nm respectively. Furthermore, no activity was seen when 

the homogenate was heated to 95 °C for 10 minutes to denature the enzyme (not shown), 

indicating that the excitation and emission were of the fluorescent AMC product rather 

than any background fluorescence of the cells. Consequent to the peak fluorescence 

readings obtained, excitation-emission wavelengths 360-460 nm were chosen for use 

throughout this project.  

 

  

 

Figure 5.3 - Excitation-emission spectra produced when TPP1 fluorogenic substrate H-Ala-

Ala-Phe-AMC is cleaved by endogenous TPP1 enzyme, producing free AMC. Excitation 

spectrum (pink) measured from 280-450 nm (UV region). Emission spectrum (blue) 

measured from 380-550 nm (visible region). N= 1.  
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Subsequently, further optimisation of protein concentration and incubation time were 

carried out. Additionally, the concentration of E64; an inhibitor of proteolytic enzymes that 

might degrade TPP1 was also optimised. Increase in TPP1 enzyme activity in B lymphoblast 

control homogenates appeared to be directly proportional to protein concentration, 

however the concentration of E64 seemed to not affect this (Figure 5.4). 

 

   

 

Figure 5.4 - Optimisation of protein and E64 protease inhibitor concentration and 

incubation time for TPP1 assay. TPP1 enzyme activity is represented as relative 

fluorescence units (RFU) for the fluorophore, AMC. TPP1 enzyme activity measured over 

4h and the following concentrations of control B lymphoblast homogenate, 2.5 µg (circles), 

5 µg (triangles) and 10 µg (squares). E64 concentration, 10 µM (blue) and 100 µM (green), 

did not affect this trend. Each data point was measured in triplicate, with error bars being 

representative of standard deviation. N= 1.  

 

Previous studies have used 160 µM E64 to inhibit the degradation of TPP1 by proteolytic 

enzymes (van Diggelen et al. 2001; Guhaniyogi et al. 2009). E64 is expensive, and therefore 

the necessity for a higher concentration was examined. To clarify that higher 
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concentrations of E64 did not affect TPP1 enzyme activity, a further 200 µM concentration 

was tested.  

 

  
Figure 5.5 - Optimisation of E64 inhibitor concentration over time for TPP1 enzyme assay. 

The effect of three E64 concentrations, 10 µM (blue), 100 µM (green) and 200 µM (red) on 

TPP1 activity (RFU) measured over 6 hours. Error bars are representative of standard 

deviation.  

 

Although a higher concentration of E64 did not significantly increase TPP1 enzyme activity 

in these homogenates that had been stored for 2 weeks, it is noteworthy that in the 

presence of E64 samples for high throughput screening could be kept frozen for 1-2 

months. It was therefore decided that 200 µM E64 would be added to the homogenate to 

prevent degradation of TPP1 over time and to ensure consistency with our HTS results. 

 

From our investigative experiments above, an incubation time of 4 hours, 200 µM E64 

inhibitor and 10 µg protein were used to yield the best results from the HTS where both 

increases and decreases in activity can be clearly measured so that no potential hit 

compound is missed. 
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5.4.3. Primary screening 
 

Primary HTS was carried out using the Oxford-stratified NIH/Biomol small molecule library. 

The library is composed of 640 FDA approved compounds stored in two sealed 384-well 

plates at 10 mM in DMSO. For the purposes of HTS, the library was rearranged into eight 

96 well plates at 25 µM in DMSO. Utilising the TPP1 assay protocol optimised above, the 

compounds were screened at a final concentration of 1 µM on B-lymphoblast homogenate. 

It is noteworthy that any autofluorescence of the compounds was measured prior to 

initiation of the assay in order to allow subtraction of background or, if very high, rule out 

the compound completely.  

 

To make the data from each plate comparable, it was normalised to the mean of negative 

controls. Normalised data is displayed as heatmaps, with the colour gradient corresponding 

to normalised activity (figure 5.6) reduction in enzyme activity is viewed as blue and 

increased enzyme activity in red.  
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Figure 5.6 - Heatmaps representative of HTS data. Heatmaps illustrating the raw data 

converted to percentage change in activity from the mean of vehicle-only (DMSO) controls. 

Activators (showing increased enzyme activity) are indicated in red, while inhibitors 

(showing decreased enzyme activity) are indicated in blue. White depicts a 0% (± 5%) 

change in enzyme activity on TPP1. Blank wells containing DSMO alone are denoted with 

an ‘X’. 

 

Hits identified from the screen were defined by a set cut-off value from the normalised 

data (routinely used to ensure data is comparable across screening plates). The cut off 

value chosen was ³20% activation or inhibition. This was later increased to ³22% to reduce 

hits to a more manageable number for secondary screening, reducing the 640 tested drug 

compounds down to 43 (figure 5.7A).  
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A total of 17 compounds identified by the screen were eliminated due to reports of 

cytotoxicity. Gemfibrozil was below the 22% cut-off, however it was included in the 

secondary screen due to previous research alongside fenofibrate, an identified hit, showing 

that both compounds were effective in upregulating TPP1 expression (Ghosh et al. 2012). 

Selected hits were grouped together by function, such as neurotransmitters or hormones 

(figure 5.7B) 

 

 

 

Figure 5.7 - Primary HTS of 640 drugs for TPP1 activation/inhibition: Hit selection and 

classification of therapeutic drugs. (A) Percentage inhibition/ activation of TPP1 enzyme 

activity in response to 1 µM of each respective drug compound normalised to DMSO 

controls. Dotted lines denote the 22% cut-off threshold for the primary screen. Chosen hits 

are indicated along the curve as red or blue dots, indicative of activators or inhibitors, 

respectively. (B) Classification of hit compounds in relation to their role/function. N= 1. 

 

5.4.4. Secondary screening 
 

Twenty-six compounds were selected for secondary screening. During the course of the 

initial screen, it was suspected that the TPP1 enzyme from the B-lymphocyte homogenate 

used for primary screening may have been sensitive to destabilisation across multiple 

freeze-thaw cycles (which we minimised for the actual screen). To confirm this, 

destabilisation of TPP1 was carried out by subjecting an aliquot of homogenate to 9 
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sequential freeze-thaw cycles, and subsequently performing the TPP1 enzyme assay on 

each sample. Results showed a 43% reduction in TPP1 activity over 9 free-thaw cycles 

(figure 5.6).  

 

  

Figure 5.8 – Destabilisation of TPP1 over consecutive freeze-thaw cycles. Decrease in 

enzyme activity of TPP1 in B-lymphocyte homogenate following 9 successive freeze-thaw 

cycles, where freezing occurred at -80°C and thawing at 42°C. Dotted red lines denote the 

highest and lowest data values, demonstrating the substantial decrease in RFU of AMC; 

indicative of reduced TPP1 activity. Data is presented as averages ± SEM and analysed using 

ANOVA with Dunnett’s multiple comparisons test. *P= <0.05, **P= <0.005, ****P= 

<0.0001. N= 1. 

A significant decrease in TPP1 enzyme activity occurred following 2 freeze-thaw cycles (P= 

<0.05), with the significance increasing as freeze-thawing continued (P= <0.0001) up to a 

50% reduction in TPP1 activity over 9 freeze/thaw cycles. This suggested that TPP1 in the 

homogenate was likely to have become destabilised.  

 

It was decided that the secondary screen would be carried out using purposefully 

temperature destabilised TPP1 to mimic mis-folded mutations. The rationale behind this 
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the drug compounds would act on a dysfunctional enzyme. A caveat to this method is that 

you cannot recreate the same mis-fold/ damage uniformly across all TPP1 protein in a 

homogenate, which can create variability. This could have been avoided by using 

homogenate from CLN2 patient fibroblasts, however this was not possible as they were 

extremely slow growing and would not have yielded enough protein to carry out the 

experiment in the restricted time-frame of this part of the project. Another limitation to 

this method is that you cannot say with certainty that only a portion of the protein has 

been affected, rather than the entire polypeptide. The freeze-thaw method would also 

destabilise all other proteins as the whole homogenate is undergoing freeze-thaw cycles, 

however, as the enzyme assay is measuring at TPP1 activity, this is not a major issue.  

 

TPP1 was destabilised using the freeze-thaw method outlined above. The destabilisation 

of TPP1 by the freeze-thaw cycles in the secondary screen resulted in a less drastic 

reduction in enzyme activity of only 11-14% reduction, compared to the 43% decline 

showed previously (Fig. 5.8), this is likely the result of a higher overall protein content in 

the cell pellet of this experiment. 

All hits in the secondary screen inhibited TPP1 activity compared to the untreated control, 

and so the change in activity between primary and secondary screens was compared. With 

the exception of Gemfibrozil, all previous inhibitors displayed a reduced inhibition of TPP1 

when compared to the primary screen, suggesting favourable effects on destabilised TPP1 

activity. Due to the reduced inhibition of inhibitors in the secondary screen compared to 

the primary screen, change in % activity of TPP1 is positive (figure 5.9).  Fenofibrate, 

Doxazosin Mesylate, Estradiol, Fluconazole and Lorglutamide demonstrated especially 

large changes in inhibition. A strong negative change in percentage activity was seen in all 

former activators, with their effects on TPP1 activity becoming inhibitory. The fact that 

compounds had opposite effects in the secondary screen utilising destabilised enzyme 

compared with the primary screen on control enzyme, and that all inhibitors acted as 

stabilisers, indicates that they do act on the target enzyme specifically. 
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Figure 5.9 – Secondary HTS of TPP1 hits on destabilised enzyme. Inhibitors identified by 

the primary screen are shown in red, while activators are shown in green. Change in 

percentage activity of TPP1 between the primary screen utilising control TPP1 and the 

secondary screen utilising the intentionally destabilised TPP1 enzyme. All compounds acted 

as inhibitors in the secondary screen. A reduction in percentage inhibition is seen as a 

positive increase in TPP1 percentage activity, whereas an increase in percentage inhibition 

is seen as a negative change in TPP1 percentage activity. N= 1. 

 

5.4.5. Compound selection 
 

The 26 compounds tested in the secondary HTS were scrutinised for their function and 

desirable properties in order to identify the hits with the most therapeutic potential (Table 

5.1). This process led to the exclusion of 15 potential compounds due to their effects being 

either localised to the gastrointestinal (GI) tract or having poor intestinal absorption; both 

important factors for oral consumption of small molecule compounds. Other compounds 

were excluded due to carcinogenicity or ability to trigger apoptosis, non-human fungal or 

bacterial effects, or lack of human toxicology data. All compounds that had human 

toxicology data available had low mutagenic potential and were revealed to be drug-like; a 

qualitative concept assessing factors such as solubility, potency, molecular weight etc. 
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Lipinski’s rule of five is the traditional method used to check drug-likeness of compounds, 

and was applied to hits from the secondary screen. Since there are currently no known 

activators or chaperones of TPP1, there are no known structures that can be used to rank 

hits (Ghosh et al. 2012).  

Table 5.1 – Scrutiny of TPP1 hit compounds for desirable properties as a potential small 

molecule therapy for CLN2 and CLN5 disease. Ability to cross the blood brain barrier (BBB), 

Intestinal absorption (IA), potential to be mutagenic (Ames score), potential carcinogenicity 

(C.) and drug-likeness by Lipinski's Rule of Five were assessed for each compound identified 

in the secondary screen. ‘Y’ indicates the presence of certain feature, whereas ‘N’ indicates 

its absence. Dashes (-) represent lack of available data. The top five compounds taken 

forward for further testing in cells are highlighted in green and their performance as an 

activator (A) or inhibitor (I) is indicated in brackets. Data was obtained from (Kim et al. 

2016) and the online databases, DrugBank (Wishart et al. 2006) and PubChem. 

Compound BBB IA Ames C. Rule of 5 Role 
Doxazosin Mesylate    (I) Y Y N N Y Neurotransmitter 

Fenofibrate                   (I) Y Y N N Y Lipid 

Gemfibrozil                   (I) Y Y N N Y Lipid 

Ginkgolide A                (A) Y Y N N Y Anti-inflamatory 

Hexestrol                     (A) Y Y N N Y Hormone 

Naltrexone HCL           (A) Y Y N N Y Narcotic antagonist 

Butaclamol Y Y - - - Neurotransmitter 

Estradiol Y Y N N Y Hormone 

Estriol Y Y N N Y Hormone 

Pindodol Y Y N N Y Neurotransmitter 

Progesterone 

 

 

Y Y N N Y Hormone 

Excluded Compounds BBB IA Ames C. Rule of 5 Reason for Exclusion 
Acetylcholine HCl Y N N Y Y Carcinogenic 

Clopamide - N - - - Not absorbed 

Dacarbazine Y Y N N Y Triggers apoptosis 

Fluconazole Y Y N N Y Anti-fungal 

Formestane Y N N N Y Poor absorbtion 

Gemcitabine HCl Y Y N N Y Triggers apoptosis 

Lorglumide Y N - - - Effect in GI tract 

Methiothepin maleate - - - - - Not used in humans 

Methyl salicylate Y Y - - - High toxicity 
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Nedaplatin Y - - - - Triggers apoptosis 

Pirenzepine 2HCl Y Y N N Y Gastric effects 

Procarbazine HCl Y Y N Y Y Carcinogenic 

Raclopride l-tartrate Y Y N N Y No human toxicology 

data Sulfadiazine Y Y N N Y Effects bacteria 

Sulfadimethoxine Y Y N N Y Effects bacteria 

 

The exclusion of 15 unsuitable compounds left 11 potential candidates to for further 

phenotyping in cells. Of these the following were selected as the most promising. 1) 

Fenofibrate has previously been reported to upregulate TPP1 mRNA and protein levels in 

TPP1 neurons via a PPARα-dependent pathway. However, the identification of fenofibrate 

in the secondary screen using destabilised enzyme might suggest it can also act as an 

enzyme modulator or chaperone, stabilising the enzyme (Ghosh et al. 2012). 2) 

Gemfibrozil, although not identified in the primary screen, was included for further 

phenotyping due to its investigation alongside fenofibrate. Similarities in the structure of 

fibrate drugs, such as fenofibrate and gemfibrozil, may help identify hits with similar 

chemical scaffolds, such as cyclic rings and hydroxyl/carbonyl groups. 3) Hexestrol, a 

synthetic oestrogen, was identified alongside other hormone compounds, Estradiol and 

Estriol. This might suggest similarities in the cyclic structure of these compounds underlie 

their ability to effect TPP1 activity. However, it is important to note that hormonal 

compounds are often unsuitable for use in children unless there is an underlying hormonal 

imbalance. 4) Ginkgolide A is particularly complex in structure and has been shown to elicit 

anti-inflammatory effects in neurodegenerative illnesses. In AD, it has been shown in vitro 

that pre-treatment of neurons  with ginkgolide A has a neuroprotective effect, preventing 

Aβ-induced synaptic damage (Bate et al. 2008). 5) Doxazosin Mesylate performed well in 

HTS, and has an especially complex heterocyclic structure. Around 90% of new drugs are 

heterocyclic, and this feature is often exploited by the drug industry. 6) Naltrexone HCl was 

included for further phenotyping as it is the most potent inhibitor of TPP1 from the 

compounds that were not excluded due to adverse effects or lack of data. The structures 

of the drugs carried forward of further phenotyping are summarised in table 5.2.  
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Table 5.2 – Chemical structure of top hits taken forward for phenotyping in cells. Top hits  

named alongside their activator/inhibitor status from the primary HTS. All images of 

chemical structures and background of each drug were obtained from DrugBank (Wishart 

et al. 2006).  

Compound Activator/ 
Inhibitor 
(Primary 

HTS) 

Structure Background 

Doxazosin 

mesylate 

 

 

 

Inhibitor 

 

Alpha-1 agonist used for the 

treatment of benign 

prostatic hypertrophy (non-

cancerous enlargement of 

the prostate). 

 

Fenofibrate Inhibitor  

 

 

An antilipemic agent shown 

to reduce levels of 

cholesterol and triglycerides 

in blood. It is used to treat 

patients with high 

cholesterol or mixed 

dyslipidemia; abnormal 

levels of blood lipids. 

Gemfibrozil  Inhibitor 

 

A lipid-regulating agent 

shown to lower elevated 

serum lipid levels by 

decreasing serum 

triglycerides. Reduction in 

total cholesterol varies. It is 

approved for treatment of 

patients with extremely high 

levels of serum triglycerides, 

who have an increased risk 

of developing pancreatitis. 

Ginkgolide A Activator  

 

A highly active PAF 

antagonist isolated from the 

leaves of the Ginkgo biloba 

tree. It acts as an anti-

inflammatory, although it is 

not currently used to treat 

such disorders. 
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Hexestrol Activator  

 

 

A synthetic oestrogen shown 

to act as an antineoplastic 

agent (tumor supressing 

agent).  

Naltrexone HCl Inhibitor  

 

 

Narcotic antagonist 

proposed for the treatment 

of heroin addiction. It is FDA 

approved as a treatment for 

alcohol dependence. 

 

5.4.6. CLN5 patient fibroblast phenotyping with selected TPP1 compounds 
 

CLN5 patient fibroblasts were grown for 5 days with 1 µM of each of the selected 

compounds, with cell media being changed every two days. Changes in prominent CLN5 

cellular phenotypes, identified in chapter 3, in response to drug treatments were 

investigated. Lysotracker, CytoID and DHE were used to detect changes in lysosomal 

expansion, autophagic vacuole accumulation/ clearance defects, and increased superoxide 

levels from dysfunctional mitochondria in CLN5 patient fibroblasts, respectively. Image 

analysis using ImageJ software to find the average total lysosomal/autophagic/superoxide 

area per cell was used to quantify any changes that occurred following drug treatment and 

determine if they were significant. This method is further outlined in section 2.7.2. Each 

replicate was carried out using cells that were independently plated, and treated, from 

different cell culture flasks on different days. During each experiment, a minimum of 10 

images per well were taken using a Zeiss AX10 inverted microscope. All images per 

experiment, and therefore all cells in the field of view, were analysed using the method 

described above. Images shown throughout are representative of the whole data set.  

 

5.4.6.1. Effects of fenofibrate on key CLN5 cellular phenotypes 
 

Fenofibrate is a type of fibrate drug that lowers serum levels of triglycerides and LDL 

cholesterol. It is used in conjunction with a healthy diet to treat individuals with 
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hyperlipidaemia, and those at risk of developing pancreatitis. Fenofibrate works by 

activation of peroxisome proliferator activated receptor α (PPARα). Through this 

mechanism, lipoprotein lipase is activated, which increases lipolysis and elimination of 

triglyceride-rich particles from serum (Staels et al. 1998). Herein, we investigate the effects 

fenofibrate on three key phenotypes of CLN5 disease cells; lysosomal expansion, defective 

autophagy, and increased levels of mitochondrial superoxide.  

As previously described, CLN5 patient fibroblasts exhibit increased lysotracker 

fluorescence, however, protein levels of LAMP2 are not affected (chapter 3, figures 3.4 A 

and C). When quantified by lysotracker plate assay, lysotracker fluorescence is significantly 

increased in CLN5 patient fibroblasts (chapter 3, figure 3.4B). This is indicative of lysosomal 

swelling, most likely due to the accumulation of storage material in lysosomes (e.g. SCMAS, 

lipids), rather than an increased number of lysosomes themselves. Image analysis using 

ImageJ software to find the average total lysosomal area/cell reveals a significant increase 

in lysosomal area in CLN5 patient fibroblasts when compared to the control, in accordance 

with previous data indicating lysosomal expansion.  

Treatment of CLN5 patient fibroblasts for 5 days with 1 µM fenofibrate significantly reduces 

the total lysosomal area by 58.17%, 64.32% and 59.92% for HFG84a, HFG84b and HFG90, 

respectively. This resultant decrease in total lysosomal area is no longer significantly 

different to the control (figure 5.10). This indicates that fenofibrate is effective in reducing 

the lysosomal expansion described in CLN5 disease and confirms that the reduced TPP1 

activity in CLN5 cells contributes to CLN5 disease lysosomal storage. 
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Figure 5.10 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM fenofibrate 

significantly reduces lysosomal expansion in CLN5 disease. Lysotracker staining (white) 

comparing untreated and fenofibrate treated (1 µM for 5 days) control and CLN5 human 

fibroblasts. Image analysis was quantified using ImageJ, with data presented as averages ± 

SEM and analysed using one-way ANOVA corrected to Fisher’s exact test. Scale bars= 10 

µm. N=3-4, ns= not significant, *P= <0.05, **P= <0.005. 

CLN5 patient fibroblasts show a significant accumulation of autophagic vacuoles compared 

to the apparently healthy, age-matched control; indicating increased production and/or 

defective clearance of autophagic vacuoles. Treatment for 5 days with 1 µM Fenofibrate 

successfully reduces CytoID fluorescence of accumulating autophagosomes in CLN5 patient 

fibroblasts to a level that is no longer significantly different to the control. No adverse 

effects of fenofibrate on autophagy were seen in control treated for 5 days with 1 µM 

fenofibrate.  

ImageJ analysis of control and CLN5 patient fibroblast images stained using CytoID has 

revealed a significant increase in the total area of autophagic vacuoles in CLN5 cells. 

Treatment for 5 days with 1 µM fenofibrate significantly reduced the total area of 

autophagic vacuoles in HFG84a, HFG84b and HFG90 by 41.84%, 55.06% and 42.58%, 
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respectively. The total autophagic vacuole area of CLN5 patient fibroblasts treated with 

fenofibrate is no longer significantly different to that of the control (figure 5.11). This 

suggests that fenofibrate is able to reduce the increased levels of autophagy in CLN5 

disease. 

 

Figure 5.11 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM fenofibrate 

significantly reduces the accumulation of autophagic vacuoles in CLN5 disease. Staining 

with CytoID (white) comparing untreated and fenofibrate treated (1 µM for 5 days) control 

and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA corrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3, ns= not significant, *P= <0.05, **P= <0.005.  

As indicated in chapter 3 (figure 3.15), there is increased fluorescence of DHE in CLN5 

patient fibroblasts when compared with the control, indicating higher levels of 

mitochondrial superoxide. Image analysis to determine the total superoxide area 

demonstrated increased levels of superoxide in CLN5 patient cells when compared to the 

control, in accordance with images displaying increased DHE fluorescence in CLN5 patient 

fibroblasts (figure 5.12). Treatment with 1 µM fenofibrate for 5 days decreased the total 

superoxide grey area of HFG84a, HFG84b and HFG90 by 53.36%, 45.59% and 49.54%, 
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respectively. The total superoxide grey area of CLN5 patient fibroblasts treated with 

fenofibrate was no longer significantly different to the control, indicating that fenofibrate 

is able to successfully reduce levels of superoxide in CLN5 disease (figure 5.12).  

 

Figure 5.12 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM fenofibrate 

significantly reduces the increased levels of superoxide in CLN5 disease. Dihydroethidium 

(DHE) staining (white) comparing untreated and fenofibrate treated (1 µM for 5 days) 

control and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA corrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3, ns= not significant, *P= <0.05, **P= <0.005, ***P= 

<0.001.   

Treatment with fenofibrate significantly reduced lysosomal expansion, autophagic vacuole 

accumulation and levels of superoxide in CLN5 patient fibroblasts to levels that were no 

longer significantly different to the control. Fenofibrate has previously been investigated 

as a potential therapeutic small molecule for CLN2 disease (Ghosh et al. 2012). Hence, the 

identification of fenofibrate as a TPP1 modulator in this HTS, and its ability to reduce 

storage, not only validates this screen, but also confirms a role for TPP1 in CLN5 

pathogenesis. Ghosh et al investigated the effects of another fibrate drug, gemfibrozil, 
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alongside fenofibrate for its effects on  CLN2 disease phenotypes (Ghosh et al. 2012). 

Although gemfibrozil did not make the ± 22% cut off implemented in the screen, it was 

included due to these reports.  

5.4.6.2. Effects of gemfibrozil on key CLN5 cellular phenotypes 

Similar to fenofibrate, gemfibrozil is a lipid-lowering, fibric acid derivative used in the 

treatment of hyperlipidaemia. The mechanism by which gemfibrozil works is similar to that 

of fenofibrate, in that gemfibrozil activates PPARα, increasing lipoprotein lipase, thereby 

stimulating lipolysis and increasing the clearance of triglycerides (PubChem). Herein, we 

explore the effects of gemfibrozil on CLN5 cellular phenotypes.  

Total lysosomal area is significantly increased in CLN5 patient fibroblasts when compared 

with the control. Treatment of HFG84a, HFG84b and HFG90 with 1 µM gemfibrozil for 5 

days significantly reduces the total lysosomal area by 61.78%, 58.40% and 55.37%, 

respectively. The total lysosomal area of CLN5 patient fibroblasts treated with gemfibrozil 

is not significantly different to the control, revealing that gemfibrozil is effective in reducing 

lysosomal expansion in CLN5 disease (figure 5.13).  
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Figure 5.13 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM gemfibrozil 

significantly reduces lysosomal expansion in CLN5 disease. Lysotracker staining (white) 

comparing untreated and gemfibrozil treated (1 µM for 5 days) control and CLN5 human 

fibroblasts. Image analysis was quantified using ImageJ, with data presented as averages ± 

SEM and analysed using one-way ANOVA corrected to Fisher’s exact test. Scale bars= 10 

µm. N=4-5, ns= not significant, *P= <0.05, **P= <0.005, ***P= 0.001.  

Total autophagic vacuole area is significantly increased in CLN5 patient fibroblasts when 

compared to the control, indicative of increased autophagy. Treatment of HFG84a, HFG84b 

and HFG90 with 1 µM gemfibrozil for 5 days significantly reduces total autophagic vacuole 

area by 65.09%, 58.86% and 64.99%, respectively. Gemfibrozil treated CLN5 patient cells 

are no longer significantly different to the control, indicating the potential of gemfibrozil to 

correct the autophagic defect reported in CLN5 disease (figure 5.14). Thus also confirming 

that we were correct to choose this additional molecule out of the below threshold 

compounds.  
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Figure 5.14 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM gemfibrozil 

significantly reduces the accumulation of autophagic vacuoles in CLN5 disease. Staining 

with CytoID (white) comparing untreated and gemfibrozil treated (1 µM for 5 days) control 

and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA corrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3, ns= not significant, ****P= <0.0001.  

Total superoxide area is significantly increased in CLN5 patient fibroblasts when compared 

to the control, indicating increased levels of superoxide. Treatment of HFG84a, HFG84b 

and HFG90 with 1 µM gemfibrozil for 5 days significantly reduces total superoxide area by 

60%, 64.31% and 69.14%, respectively. Total superoxide area of gemfibrozil treated CLN5 

cells is no longer significantly different to the untreated control, highlighting the ability of 

gemfibrozil to reduce elevated superoxide levels in CLN5 disease patient cells.  
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Figure 5.15 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM gemfibrozil 

significantly reduces the increased levels of superoxide in CLN5 disease. Dihydroethidium 

(DHE) staining (white) comparing untreated and gemfibrozil treated (1 µM for 5 days) 

control and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA corrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3, ns= not significant, **P= <0.005, ***P= <0.001.  

Together, data demonstrates that gemfibrozil improved CLN5 disease phenotypes, 

significantly reducing lysosomal expansion, accumulation of autophagic vacuoles and levels 

of mitochondrial superoxide.  

5.4.6.3. Effects of ginkgolide A on key CLN5 cellular phenotypes 

Ginkgolide A is derived from the leaves of the Ginkgo biloba tree, and was identified as a 

strong TPP1 activator in the primary screen. The beneficial effects of ginkgolide A have 

been documented in inflammatory disorders, however it is currently not indicated for the 

treatment of any specific illness (Li et al. 2017; Liu et al. 2019). The effects of ginkgolide A 

on key CLN5 disease phenotypes is explored below.  
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There is a significant increase in total lysosomal area in CLN5 patient fibroblasts compared 

to the control. Treatment of CLN5 patient fibroblasts with 1 µM ginkgolide A significantly 

reduces the increased total lysosomal area in HFG84a, HFG84b and HFG90 by 62.40%, 

62.64% and 70%, respectively. This reduction results in ginkgolide A treated CLN5 patient 

fibroblasts no longer being significantly different to the control, indicating that ginkgolide 

A is effective in reducing the lysosomal expansion of CLN5 disease.  

 

Figure 5.16 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM ginkgolide A 

significantly reduces lysosomal expansion in CLN5 disease. Lysotracker staining (white) 

comparing untreated and ginkgolide A treated (1 µM for 5 days) control and CLN5 human 

fibroblasts. Image analysis was quantified using ImageJ, with data presented as averages ± 

SEM and analysed using one-way ANOVA corrected to Fisher’s exact test. Scale bars= 10 

µm. N=3-4, ns= not significant, *P= <0.05, **P= <0.005.  

As expected, there is a significant increase in total area of autophagic vacuoles in CLN5 

patient fibroblasts compared with that of the healthy control, indicating increased and/or 

defective autophagy. Treatment of HFG84a, HFG84b and HFG90 with 1 µM ginkgolide A for 

5 days significantly reduces this increase by 55.44%, 59.58% and 68.66%, respectively. CLN5 

patient fibroblasts treated with ginkgolide A are no longer significantly different to the 
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control, indicating ginkgolide A is effective in reducing the increased autophagy reported 

in CLN5 disease.  

 

Figure 5.17 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM ginkgolide A 

significantly reduces the accumulation of autophagic vacuoles in CLN5 disease. Staining 

with CytoID (white) comparing untreated and ginkgolide A treated (1 µM for 5 days) control 

and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA uncorrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3, ns= not significant, **P= <0.005, ***P= <0.001, ****P= 

<0.0001.  

Total area of superoxide is significantly increased in CLN5 patient fibroblasts when 

compared to the control, indicating the increased levels of superoxide in CLN5 disease. 

HFG84a, HFG84b and HFG90 treated with 1 µM ginkgolide A for 5 days significantly reduces 

the total superoxide area by 71.10%, 54.76% and 70.86%, respectively. Ginkgolide A 

treated CLN5 patient fibroblasts are not significantly different to the control, showing the 

potential of ginkgolide A to reduce the increased superoxide levels reported in CLN5 

disease. 
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Figure 5.18 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM ginkgolide A 

significantly reduces the increased levels of superoxide in CLN5 disease. Dihydroethidium 

(DHE) staining (white) comparing untreated and ginkgolide A treated (1 µM for 5 days) 

control and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA uncorrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3, ns= not significant, **P= <0.005, ****P= <0.0001.  

Collectively, this data demonstrates that treatment of CLN5 patient fibroblasts with  

ginkgolide A successfully reduces lysosomal expansion, autophagic vacuole accumulation 

and levels of mitochondrial superoxide. This indicates the potential of ginkgolide A to 

improve cell health in CLN5 disease. 

5.4.6.4. Effects of Hexestrol on key CLN5 cellular phenotypes 

Hexestrol is a synthetic, non-steroidal oestrogen that is used in combination with 

antineoplastic agents to target tumours. It was identified in the primary screen as a TPP1 

activator. The effects of hexestrol on key disease phenotypes of CLN5 disease are explored 

below.  

The total lysosomal area of CLN5 patient fibroblasts is significantly higher than that of the 

control, indicative of lysosomal expansion in CLN5 disease. Treatment of CLN5 patient 
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fibroblasts with 1 µM hexestrol for 5 days significantly reduced total lysosomal area to a 

level no longer significantly different to the control, with a percentage decrease of 58.27%, 

65.86% and 51.69% in HFG84a, HFG84b and HFG90, respectively (figure 5.19).  

 

Figure 5.19 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM hexestrol 

significantly reduces lysosomal expansion in CLN5 disease. Lysotracker staining (white) 

comparing untreated and hexestrol treated (1 µM for 5 days) control and CLN5 human 

fibroblasts. Image analysis was quantified using ImageJ, with data presented as averages ± 

SEM and analysed using one-way ANOVA corrected to Fisher’s exact test. Scale bars= 10 

µm. N=3-5, ns= not significant, *P= <0.05, **P= <0.005.  

Total autophagic vacuole area of CLN5 patient fibroblasts is significantly increased when 

compared with the healthy control, in accordance with increased autophagy in CLN5 

disease. Treatment with 1 µM hexestrol for 5 days is effective in significantly reducing the 

increase in total autophagic vacuoles of HFG84a, HFG84b and HFG90 by 53.47%, 63.61% 

and 55.32%, respectively. Treated CLN5 patient fibroblasts are no longer significantly 

different to the control, suggesting that hexestrol is successful in correcting the increased 

autophagy seen in CLN5 disease (figure 5.20).  
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Figure 5.20 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM hexestrol 

significantly reduces the accumulation of autophagic vacuoles in CLN5 disease. Staining 

with CytoID (white) comparing untreated and hexestrol treated (1 µM for 5 days) control 

and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA corrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3, ns= not significant, *P= <0.05, **P= <0.005.  

There are increased levels of superoxide in CLN5 patient fibroblasts when compared to the 

control, indicated by the significant increase in total superoxide area. Treatment of CLN5 

patient fibroblasts for 5 days with 1 µM hexestrol significantly reduces the total superoxide 

area of HFG84a, HFG84b and HFG90 by 61%, 73.25% and 76.68%, respectively. CLN5 cells 

treated with hexestrol are no longer significantly different to the control, indicating that 

hexestrol is effective in rescuing the increased superoxide levels in CLN5 disease (figure 

5.21).  
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Figure 5.21 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM hexestrol 

significantly reduces the increased levels of superoxide in CLN5 disease. Dihydroethidium 

(DHE) staining (white) comparing untreated and hexestrol treated (1 µM for 5 days) control 

and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA corrected to Fisher’s 

exact test. Scale bars= 10 µm.  N=3, ns= not significant, **P= <0.005, ***P= <0.001.   

Together, this data demonstrates that hexestrol is effective at rescuing key disease 

phenotypes in CLN5 patient fibroblasts.  

5.4.6.5. Effects of doxazosin mesylate on key CLN5 cellular phenotypes 

Doxazosin mesylate was identified as a TPP1 inhibitor in the primary screen. It is commonly 

used to treat high blood pressure and benign prostatic hypertrophy (a non-cancerous 

enlargement of the prostate). Norepinephrine released by nerves is prevented from 

binding to the post-synaptic adrenergic α-1 receptor on vascular smooth muscle due to 

selective inhibition by doxazosin mesylate (Martin et al. 1997). This causes vasodilation, 

reducing blood pressure (Young and Brogden 1988). Herein, the effect of doxazosin 

mesylate on key CLN5 disease cellular phenotypes is investigated.  
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Treatment of CLN5 patient fibroblasts with 1 µM doxazosin mesylate for 5 days is 

ineffective at reducing the significantly increased total lysosomal area in CLN5 disease. 

CLN5 patient fibroblasts show no significant change in total lysosomal area post-treatment 

with doxazosin mesylate, indicating that this compound is not sufficient to reduce the 

lysosomal expansion in CLN5 disease (figure 5.22). Additionally, treatment with doxazosin 

mesylate appears to induce perinuclear clustering of lysosomes in both control and CLN5 

patient fibroblasts, although this is more prominent in disease cells.   

 

Figure 5.22 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM doxazosin 

mesylate is not sufficient to alter lysosomal expansion in CLN5 disease. Lysotracker 

staining (white) comparing untreated and doxazosin mesylate treated (1 µM for 5 days) 

control and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with data 

presented as averages ± SEM and analysed using one-way ANOVA uncorrected to Fisher’s 

exact test. Scale bars= 10 µm. N=3-5, ns= not significant, *P= <0.05, **P= <0.005.  

A 5 day treatment with 1 µM Doxazosin mesylate also failed to significantly effect total 

autophagic vacuole area, which is significantly increased in CLN5 patient fibroblasts when 

compared with the healthy control. This suggests that doxazosin mesylate is an ineffective 

in correcting the autophagic defects seen in CLN5 disease (figure 5.23).  

C
on

tro
l

H
FG

84
a

H
FG

84
b

H
FG

90

UT
1 µM Doxazosin 

Mesylate

Contro
l 

Contro
l +

 1 
µM doxa

zo
sin

. M
. 

HFG84
a

HFG84
a +

 1 
µM doxa

zo
sin

. M
.

HFG84
b

HFG84
b + 

1 µ
M doxz

osin
. M

. 

HFG90

HFG90
 + 

1 µ
M doxa

zo
sin

. M
. 

0

200

400

600

To
ta

l l
ys

os
om

al
 a

re
a 

(%
 c

on
tr

ol
)

ns

**
*

*

ns

ns

ns



 208 

 

 

Figure 5.23 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM doxazosin 

mesylate is not sufficient to reduce the accumulation of autophagic vacuoles in CLN5 

disease. Staining with CytoID (white) comparing untreated and doxazosin mesylate treated 

(1 µM for 5 days) control and CLN5 human fibroblasts. Image analysis was quantified using 

ImageJ, with data presented as averages ± SEM and analysed using one-way ANOVA 

uncorrected to Fisher’s exact test. Scale bars= 10 µm. N=3-4, ns= not significant, **P= 

<0.005.  

Total superoxide area is significantly increased in CLN5 cells when compared with the 

healthy control. A 5 day treatment with 1 µM doxazosin mesylate failed to reduce the total 

superoxide area of CLN5 patient fibroblasts, indicating it is unable to correct this cellular 

defect in CLN5 disease. Treatment of control fibroblasts with 1 µM doxazosin mesylate for 

5 days revealed a significant increase in total superoxide area, indicative of increased levels 

of ROS (figure 5.24). 
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Figure 5.24 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM doxazosin 

mesylate is not sufficient to reduce the increased levels of superoxide in CLN5 disease. 

Dihydroethidium (DHE) staining (white) comparing untreated and doxazosin mesylate 

treated (1 µM for 5 days) control and CLN5 human fibroblasts. Image analysis was 

quantified using ImageJ, with data presented as averages ± SEM and analysed using one-

way ANOVA uncorrected to Fisher’s exact test. Scale bars= 10 µm. N=3, ns= not significant, 

*P= 0.05, **P= <0.005, ***P= <0.001.  

This data shows that doxazosin mesylate is unable to significantly improve three key 

disease phenotypes of CLN5 disease, and is therefore an unsuitable candidate to take 

forward for further phenotyping. 

5.4.6.6. Effects of naltrexone HCl on key CLN5 cellular phenotypes 
 

Naltrexone HCl is an opiate antagonist used to prevent the relapse of patients formerly 

dependent on opioids and/or alcohol. It was identified as a TPP1 activator in the primary 

screen. The effects of naltrexone HCl on key disease phenotypes of CLN5 patient fibroblasts 

are investigated below.  
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Similar to doxazosin mesylate, treatment with naltrexone HCl is also ineffective in reducing 

the significant increase in total lysosomal area seen in CLN5 disease. This indicates that 

naltrexone HCl is not sufficient in rescuing the increased lysosomal expansion in CLN5 

disease; a major cellular phenotype identified (figure 5.25). However, no perinuclear 

clustering of lysosomes was seen following treatment with naltrexone HCl, which might 

that doxazosin mesylate triggers lysosomal redistribution via an unknown mechanism. 

 

Figure 5.25 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM naltrexone HCl 

is not sufficient to alter lysosomal expansion in CLN5 disease. Lysotracker staining (white) 

comparing untreated and naltrexone HCl treated (1 µM for 5 days) control and CLN5 human 

fibroblasts. Image analysis was quantified using ImageJ, with data presented as averages ± 

SEM and analysed using one-way ANOVA uncorrected to Fisher’s exact test. Scale bars= 10 

µm. N=3-5, ns= not significant, *P= <0.05, **P= <0.005.  

Treatment of CLN5 patient fibroblasts for 5 days with 1 µM naltrexone HCl failed to correct 

the autophagic defect identified in CLN5 disease, with CLN5 cells showing no significant 

change post-treatment with this compound (figure 5.26).  
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Figure 5.26 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM naltrexone HCl  

is not sufficient to reduce the accumulation of autophagic vacuoles in CLN5 disease. 

Staining with CytoID (white) comparing untreated and naltrexone HCl treated (1 µM for 5 

days) control and CLN5 human fibroblasts. Image analysis was quantified using ImageJ, with 

data presented as averages ± SEM and analysed using one-way ANOVA uncorrected to 

Fisher’s exact test. Scale bars= 10 µm. N=3, ns= not significant, **P= <0.005.  

Treatment with 1 µM naltrexone HCl for 5 days did show a trend towards a decrease in 

total superoxide area seen in CLN5 patient fibroblasts, however this not significant, 

suggesting that naltrexone HCl is unsuccessful in reducing the increased levels of 

superoxide observed in CLN5 disease (figure 5.27).  
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Figure 5.27 – Treatment of CLN5 patient fibroblasts for 5 days with 1 µM naltrexone HCl  

is not sufficient to significantly  reduce the increased levels of superoxide in CLN5 disease. 

Dihydroethidium (DHE) staining (white) comparing untreated and naltrexone HCl treated 

(1 µM for 5 days) control and CLN5 human fibroblasts. Image analysis was quantified using 

ImageJ, with data presented as averages ± SEM and analysed using one-way ANOVA 

uncorrected to Fisher’s exact test. Scale bars= 10 µm. N=3-6, ns= not significant, *P= 0.05.  

Due to their inability to affect the three major CLN5 disease cellular phenotypes, lysosomal 

expansion, defective autophagy and increased superoxide levels, doxazosin mesylate and 

naltrexone HCl were eliminated from further phenotyping. Fenofibrate, gemfibrozil, 

ginkgolide A and hexestrol all elicited beneficial effects in CLN5 patient fibroblasts, 

correcting cellular defects to a level that was no longer significantly different to the control. 

As lysosomal expansion is linked to lipid accumulation, which is prominent in CLN5 disease, 

the potential of these compounds to reduce lipid storage in CLN5 patient fibroblasts was 

explored.  

 

5.4.6.7. Effects of top drug candidates on lipid storage in CLN5 disease 
 

Staining with CtxB was used to visualise ganglioside GM1 in control and CLN5 patient 

fibroblasts. As previously demonstrated, CLN5 cells show increased, perinuclear storage of 
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ganglioside GM1 when compared with the control (chapter 3, figure 3.9). This increased 

lipid accumulation can be reduced following a 5 day treatment with 1 µM fenofibrate, 

gemfibrozil, ginkgolide A or hexestrol. A slight increase in ganglioside GM1 can be seen in 

control cells treated with all compounds, most notably fenofibrate and hexestrol. However, 

this is not a cause for concern as the increase is not considerable (e.g. as observed in a 

lysosomal disease such as CLN5) and control cells are not the intended target of these 

compounds (figure 5.28). Localisation of ganglioside GM1 is not changed in CLN5 cells 

treated with any of the drugs, which suggests that all drugs are causing a reduction of 

storage material, Indicated by the reduction in CtxB staining fluorescence, rather than 

correcting a trafficking defect (chapter 3, figure 3.8). The greatest reduction in staining 

fluorescence, indicating a reduction in ganglioside GM1 storage, is seen following 

treatment with ginkgolide A, followed by hexestrol, fenofibrate and gemfibrozil, 

respectively.  
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Figure 5.28 – Reduced ganglioside GM1 storage in CLN5 patient fibroblasts treated with 

1 µM fenofibrate, gemfibrozil, ginkgolide A or hexestrol for 5 days. Cholera toxin subunit 

B (CtxB) staining (an indicator of ganglioside GM1 levels, shown here in white) in untreated 

and drug treated control and CLN5 human fibroblasts. All drug treatments were carried out 

at a concentration of 1 µM for 5 days. N=3, scale bars= 10 µm.  

 

Increased cholesterol storage with a lysosomal-like perinuclear distribution is also 

observed in CLN5 patient fibroblasts when compared with the control, indicated by 

increased staining with the fluorescent cholesterol binding antibiotic filipin. Treatment 

with 1 µM fenofibrate, gemfibrozil, ginkgolide A or hexestrol reduces this storage 

considerably, with treated CLN5 patient fibroblasts being more comparable to the control 

rather than untreated counterparts. Additionally, no adverse effects were seen in control 
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cells (figure 5.29). Additionally, treatment with fenofibrate appears to have restored 

cholesterol localisation to the correct endocytic recycling compartment. The same is not 

seen in CLN5 cells treated with gemfibrozil, ginkgolide A or hexestrol, suggesting these 

drugs reduce storage levels, but do not improve cholesterol localisation.  

 

 

Figure 5.29 – Reduced cholesterol storage in CLN5 patient fibroblasts treated with 1 µM 

fenofibrate, gemfibrozil, ginkgolide A and hexestrol for 5 days. Filipin staining (an 

indicator of cholesterol levels, shown here in white) in untreated and drug treated control 

and CLN5 human fibroblasts. All drug treatments were carried out at a concentration of 1 

µM for 5 days. N=3, scale bars= 10 µm.  
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Another defect that we have identified relating to CLN5 cellular lipid metabolism is the 

accumulation of globoside (Gb3) in CLN5 patient fibroblasts (chapter 3, figure 3.9). 

Treatment of CLN5 cells with 1 µM fenofibrate, gemfibrozil, ginkgolide A or hexestrol 

reduces Gb3 storage, resulting in treated CLN5 cells being more comparable to the control 

rather than their untreated equivalents. A slight increase in Gb3 levels is in seen in control 

fibroblasts treated with fenofibrate, however it is not the control cells that these 

compounds are intended to target (figure 5.30). Localisation of Gb3 in CLN5 cells treated 

with fenofibrate and gemfibrozil is more diffuse, similar to that seen in the untreated 

control. CLN5 patient fibroblasts treated with ginkgolide A and hexestrol do not show 

improved localisation of Gb3, however levels are reduced, indicating a reduction in Gb3 

storage.  
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Figure 5.30 – Reduced Gb3 storage in CLN5 patient fibroblasts treated with 1 µM 

fenofibrate, gemfibrozil, ginkgolide A and hexestrol for 5 days. Staining with anti-Gb3 (an 

antibody for globoside, shown here in white) in untreated and drug treated control and 

CLN5 human fibroblasts. All drug treatments were carried out at a concentration of 1 µM 

for 5 days. N=3, scale bars= 10 µm.   

 

Collectively, the development of a HTS assay for TPP1 activators/ inhibitors has led to the 

identification of 4 small molecule compounds that elicit beneficial effects in correcting  

CLN5 disease phenotypes. These compounds are strong candidates to be taken forward for 

further phenotyping to evaluate their therapeutic potential in CLN5 disease. Future work 

is planned to perform the TPP1 enzyme assay on homogenate from CLN5 patient 

fibroblasts treated with 1 µM fenofibrate, gemfibrozil, ginkgolide A and hexestrol for 5 
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days. Unfortunately this work could not be included in this chapter due to time constraints, 

but is an important experiment to determine if the beneficial effects of each of these drugs 

in CLN5 disease cells occurs via modulation of TPP1 activity.  

5.5. Discussion 
 

There are currently no approved therapies for the treatment of CLN5 disease. As the CLN5 

protein is soluble, protein replacement therapy (PRT), as indicated in our preliminary data 

(chapter 3, fig 3.5), could be promising. Unfortunately, cerliponase alfa, the recombinant 

TPP1 ERT for CLN2 disease, was denied approval for use in the UK by NICE due to its high 

expense (NICE 2019). As a result, newly diagnosed children in the UK will not, at present, 

receive any disease-modifying treatment for CLN2 disease, and children involved in the trial 

could be denied future access to the therapy at any time. Hence, although PRT for CLN5 

disease logically seems promising, alternative therapeutic options need to be explored 

alongside its development. Drug repurposing via identification of promising small 

molecules through HTS of FDA approved drug compound libraries is one alternative option. 

It is both relatively quick and cost-effective, and as these drugs have been tested in humans 

there is a lot of data available regarding the potency, toxicology and pharmacodynamics of 

the compounds. Due to the function of the CLN5 protein being elusive, and hence no 

specific substrate, if any, being identified, there is no fluorogenic assay available to utilise 

in the identification of CLN5-modulating compounds. Nevertheless, we have identified a 

significant reduction in TPP1 activity (figure 5.1), as well as an overall significant reduction 

in TPP1 protein levels (figure 5.2), in CLN5 patient fibroblasts. Herein, we explore the 

possibility of TPP1 as a target for therapeutic intervention in CLN5 disease, using HTS to 

identify compounds that modulate TPP1 activity, and assess whether the top hit 

compounds identified by the screen are able to correct key cellular defects of CLN5 disease.  

 

5.5.1. Reduced TPP1 activity and protein levels in CLN5 patient fibroblasts 
 

Our data demonstrate a significant reduction in TPP1 enzyme activity in CLN5 patient 

fibroblasts of approximately 40-50% (figure 5.1), corresponding with the significant 

reduction in TPP1 protein levels of around 20% (figure 5.2).  Whether this is due to a 

processing defect of the TPP1 protein in CLN5 disease, which leads to an unstable 
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polypeptide that is more easily degraded is unconfirmed, but remains a possibility. It’s also 

possible the enzyme may be mis-localised in CLN5, that alongside the reduced levels and 

reduced activity could cause an even greater defect of TPP1 in CLN5. The defective ER Ca2+ 

handling in CLN5 disease increases the leakage of Ca2+ from the ER lumen in response to 

agonists, depleting luminal ER Ca2+ and effecting the synthesis, translation and folding of 

proteins. potentially elevated levels of BiP in CLN5 patient fibroblasts suggests the potential 

activation of UPR; indicative of an accumulation of unfolded or misfolded proteins, which 

are unstable and easily degraded. TPP1 activity in CLN5 cells is higher than that seen in 

diseases caused by a mutation in a gene encoding a specific enzyme, which leave only 

residual enzyme activity (e.g. CLN2). This may further suggest that the significant reduction 

in TPP1 activity observed in CLN5 patient fibroblasts occurs as a result of defective 

processing. If increasing TPP1 activity in CLN5 cells is able to rescue disease phenotypes, 

this could make a case for the indication of cerliponase alfa in CLN5 disease. Although it 

could be debated that the endocytic trafficking defect we report in CLN5 patient fibroblasts 

(chapter 3, figure 3.8) could reduce efficacy of cerliponase alfa in this disease, we have 

demonstrated the ability of CLN5 patient fibroblasts to successfully endocytose exogenous 

HR CLN5 protein (chapter 3, figure 3.5). While it could be argued that adding CLN5 would 

ultimately correct this trafficking defect as this is the protein deficient in this disease, CLN5 

would need to reach the lysosome to do this as this is where it functions in control cells. 

The fact that this protein does eventually reach the lysosome, as is indicated by the 

reduction lysosomal expansion, suggests that the trafficking defect is not a blockade of 

endocytosis, but perhaps a slower rate.       

 

5.5.2. Optimisation of TPP1 assay for HTS 
 

The primary HTS of this study was carried out using control B-lymphocyte homogenate, 

rather than that from CLN2 patient fibroblasts or recombinant protein. Previous studies 

have stated that the use of recombinant enzyme for HTS yielded different hits to that which 

used control cell homogenate. It was suggested that recombinant protein was not suitable 

for HTS, as native cofactors of the enzyme are not present in the preparation, and therefore 

using a cellular homogenate would be a more accurate representation of enzyme activity 

under normal physiological conditions (Goldin et al. 2012). This method also allows for the 
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identification of TPP1-modulating compounds that act on the native protein, rather than 

those that are mutation-specific. As CLN2 disease encompasses a variety of mutations, it is 

important to identify compounds that are able to broadly modulate TPP1 activity, and 

therefore use of homogenate from CLN2 cells would be unsuitable (Mole and Cotman 

2015). Additionally, utilising control cell homogenate rather than whole cells allows for the 

identification of small molecule compounds that directly alter TPP1 activity in a chemical 

assay, eliminating the need to consider transcription or off-target effects. Control B-

lymphocytes, an Epstein-Barr virus (EBV) transformed cell line,  were used to produce the 

homogenate for the HTS as they divide more rapidly than human fibroblasts, producing 

more enzyme in a shorter time frame; thereby increasing the productivity of the HTS (Hui-

Yuen et al. 2011). Studies have confirmed the assay substrate, H-Ala-Ala-Phe-AMC, is 

preferentially cleaved by TPP1 in human fibroblasts, confirming that the assay results 

reflect TPP1 activity (Steinfeld et al. 2006a).  

Due to cell homogenates being kept frozen for 1-2 months, 200 µM E64 inhibitor was used 

to prevent protein degradation by proteases, regardless of not significantly affecting the 

intensity of the fluorescent signal (Steinfeld et al. 2006a). A protein concentration of 10 µg 

was chosen to maximise the fluorescent signal during the TPP1 assay, allowing the 

percentage change of weak activators/ inhibitors to be detected.  

For reasons of cost and limited quantity of the drug library, HTS was performed once, with 

data being representative of a change in TPP1 activity from a single well per compound. 

This is a widely accepted method due to the expense of drug plates (Sidarovich et al. 2015). 

Normalisation by Z-score produced a skewed distribution of results, and was therefore 

deemed inappropriate (Brideau et al. 2003). Due to this, data was normalised per plate to 

negative controls. A Z-factor (also known as Z-prime, or commonly denoted as ‘Z’), is a 

measure of statistical effect size, and has been used to improve reliability of HTS. However, 

this method requires utilisation of known activators/ inhibitors for the native protein, 

which are not known/available for purified TPP1 (Zhang et al. 1999). Consequently, a 

defined cut-off value was implemented, and used on normalised data to select hits 

(Sidarovich et al. 2015).  
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Automated HTS can utilise and screen drug libraries of up to 10,000 compounds per day 

(Szymanski et al. 2012). Regardless, the relatively small drug library of 640 FDA-approved 

compounds used throughout this non-automated study has led to the identification of 11 

hits with the potential to modulate TPP1 activity (table 5.1); suggesting this HTS was 

effective. This was further reinforced by the identification of the fibrate drug, fenofibrate, 

as a TPP1 modulator, supportive of previous studies that have shown fenofibrate acts as a 

TPP1 activator.  The same study showed Gemfibrozil, another fibrate drug, was also able 

to increase TPP1 activity. It was suggested this occurred via the upregulation of TPP1 

expression, which may explain why it was not identified as a hit in this HTS (Ghosh et al. 

2012).  

Previous studies have demonstrated variation in the destabilisation of lysosomal enzymes 

in response to freeze-thaw cycles. It has been demonstrated that cathepsin D, a lysosomal 

protease, showed a significant reduction in enzyme activity after 5 freeze-thaw cycles, 

compared to cathepsin E, the enzyme activity of which was not impacted by freeze-thawing 

(Persichetti et al. 2014). Investigation into the impact of freeze-thaw cycles on TPP1 activity 

revealed a significant reduction following just two rounds of freeze-thawing, indicating the 

destabilisation of the protein. As this suggested that TPP1 in the homogenate used in the 

primary screen had become destabilised by the secondary screen, the secondary HTS was 

carried out using cell homogenate that had be purposefully destabilised using freeze-thaw 

cycles. The reduced inhibition of inhibitors in the secondary screen compared to the 

primary screen could be indicative of chaperone activity (Zheng et al. 2007), suggesting a 

primary interaction between the small molecule and the enzyme, providing a confirmation 

of the status of the ‘hit’. Pharmacological chaperone therapy (PCT) is an emerging 

treatment for LSDs. The rationale behind this treatment is that some small molecule 

competitive inhibitors are able to bind mutant proteins, inducing or stabilising their proper 

conformation. Many LSDs are caused by mutations in lysosomal enzymes, resulting in 

protein misfolding which leads to consequent retention, and subsequent degradation, in 

the ER (Wang et al. 2011). However, if properly trafficked to the lysosome, these proteins 

may still be enzymatically active (Goldin et al. 2012). Hence, binding of small molecule 

inhibitors to these proteins may promote proper trafficking of the enzyme to the lysosome, 

increasing residual enzyme activity (Fan 2003; Parenti 2009). As it has been suggested that 
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increasing residual enzyme activity by 10-15% of controls is sufficient to prevent disease, 

the identification of small molecules that exhibit chaperone activity may be suitable 

therapies to treat LSDs with mutations that cause protein misfolding (Sleat et al. 2008). 

Potentially, the best chaperones for lysosomal enzymes might exhibit pH-dependent 

binding, binding the enzyme at pH7, but dissociating in the acidic pH of the lysosome, 

allowing the enzyme to work effectively. A consideration for future experiments would be 

to test the binding affinity of hits to further investigate their chaperone activity.  

Original plates were centrifuged prior to randomisation into eight 96 well plates to ensure 

all of the compound was at the bottom of each well. The sealed lid of the 384-well plates 

were pierced, rather than removed, using a pipetted tip prior to transfer of the compound 

into the new 96 well plate to ensure no mixing of different compounds occurred. To ensure 

no evaporation occurred, which would ultimately change compound concentrations, plate 

sealers were placed over the top of the 96-well plates. 

Of the 11 compounds identified through this HTS, 6 were tested for their ability to improve 

key phenotypes of CLN5 patient fibroblasts. The validity of their use as small molecule 

therapies to treat CLN5 disease is discussed throughout.  

5.5.3. An emerging role for fibrate drugs in the treatment of neurodegenerative 
disease 

 

There is an accumulating body of evidence which suggests the repurposing of fibrate drugs, 

such as fenofibrate and gemfibrozil, may be beneficial for the treatment of 

neurodegenerative diseases, including ALS, PD and AD (Barbiero et al. 2014; Esmaeili et al. 

2016; Govindarajulu et al. 2018; Lee et al. 2019). They elicit their advantageous effects via 

the activation of peroxisome proliferator-activated receptors (PPARs); ligand-activated 

transcription factors that are highly expressed in the brain, particularly in neurons (Warden 

et al. 2016). There are three PPAR isoforms, α, β/δ, and γ, which have separate 

physiological functions determined by their target genes and tissue distribution. Both 

fenofibrate and gemfibrozil are synthetic ligands that primarily activate PPARα, which 

regulates inflammatory pathways by the transrepression of pro-inflammatory signalling, 

such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (Bordet et al. 

2006). Additionally, PPARα activation blocks the synthesis and release of cytokines and 
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inhibits the induction of inflammatory mediators, including cyclooxygenase-2. PPARα also 

regulates oxidative pathways via the induction of the expression/ activation of anti-oxidant 

enzymes, such as superoxide dismutase (SOD) or glutathione peroxidase. Collectively, this 

makes PPARα a promising pharmacological target for the for the development of therapies 

to treat neurodegenerative diseases, which typically encompass neuroinflammation and 

increased oxidative stress (Bordet et al. 2006). 

 

Fenofibrate is a lipid-lowering agent currently approved for the treatment of lipid 

disorders, such as dyslipidaemia and hypercholesterolemia. It is marketed in 86 countries, 

making it one of the most commonly prescribed fibrates in the world (Brown 1988; 

Tziomalos and Athyros 2006). However, the neuroprotective effects of fenofibrate in PD 

and ALS have been strongly attributed to the anti-inflammatory and antioxidant properties 

elicited via PPARα activation, rather than a reduction in lipid levels.  

  

Treatment of CLN5 cells with 1 µM fenofibrate for 5 days proved beneficial, correcting key 

phenotypes previously identified in CLN5 disease without adversely affecting the control. 

Lysosomal expansion in the NCLs has been strongly attributed to undegraded lipid 

accumulation in lysosomes, which form complexes with proteins to form relatively 

protease resistant aggregates (Cox and Cachon-Gonzalez 2012; Palmer et al. 2013). Hence, 

it could be the lipid-lowering effects of fenofibrate causing a reduction in the previously 

significantly increased levels of ganglioside GM1, cholesterol and Gb3 (figures 5.28, 5.29 

and 5.30, respectively) that consequently reduces the lysosomal expansion seen in CLN5 

patient fibroblasts (figure 5.10). Alternatively, there could be a defect in the processing of 

the TPP1 protein in CLN5 disease, making it more unstable and easily broken down. This 

would explain the lower levels of TPP1 protein in CLN5 disease patient fibroblasts (figure 

5.2), and consequently lower enzyme activity (figure 5.1). Secondary screening of hit 

compounds using control B-lymphocyte homogenate that had undergone freeze-thaw 

cycles to deliberately destabilise the TPP1 enzyme, making it more similar to disease states, 

revealed fenofibrate acts as a TPP1 stabiliser/activator under these conditions (figure 5.9 

A), suggesting it may be an allosteric modulator. Therefore, it could be the case that 

fenofibrate binds TPP1 in CLN5 patient fibroblasts, stabilising the enzyme, assisting its 

delivery to lysosomes and increasing its activity. This increase in TPP1 activity, combined 
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with the lipid lowering effects of fenofibrate, could contribute to the reduction in lysosomal 

expansion in CLN5 disease. Additionally, the reduction in undegraded lipids, via either 

mechanism, would reduce the cells autophagy requirements. Treatment with fenofibrate 

causes a significant reduction in autophagy in CLN5 patient fibroblasts, with treated 

samples being more comparable to the untreated control than their untreated 

counterparts (figure 5.11).  

 

CLN5 patient fibroblasts treated with fenofibrate also showed a significant reduction in 

total superoxide levels, which were more comparable to the untreated control than their 

untreated equivalents (figure 5.12). This reduction may be due to activation of PPARα, 

which causes the upregulation of anti-inflammatory and antioxidant genes. Heart research 

has outlined a role for fenofibrate in preventing mitochondrial impairment via the 

activation of PPARα, which has been linked to the prevention of myocardial infarction. It 

was shown that increased levels of ROS and mitochondrial Ca2+ in phenylephrine-treated 

cardiomyocytes (to induce hypertrophic effects) were improved by fenofibrate treatment 

(Kar and Bandyopadhyay 2018). Fenofibrate treatment in CLN5 patient fibroblasts may 

therefore lead to an upregulation in genes that are protective to the mitochondria due to 

their antioxidant properties, supressing the production of superoxide and thereby 

preventing the formation of feedback loops which intensify cellular damage and lipid 

peroxidation.  

 

Gemfibrozil was not identified in the primary HTS, however was included in the study due 

to published research into the beneficial effects of both fenofibrate and gemfibrozil in CLN2 

disease (Ghosh et al. 2012). Studies have shown that a combination of gemfibrozil and all-

trans-retinoic acid, an activator of retinoid X receptor α, enhances lysosomal biogenesis in 

cultures of primary mouse brain, as well as CLN2 patient fibroblasts. Data of this study 

indicated that the activation of PPARα by gemfibrozil alone (and in conjunction with ATRA) 

is able to induce TFEB, the regulator of lysosomal biogenesis (Ghosh et al. 2015). 

Interestingly, TFEB has been proposed as a therapeutic target for loss-of-function diseases. 

In LSDs, missense mutations are prevalent, leading to a enzymatically-active, destabilised 

protein which is easily broken down. It has been demonstrated that activation of TFEB leads 

to heightened protein folding, trafficking, and in the case of glucocerebrosidase and β-
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hexosaminidase (the enzymes deficient in Gaucher disease and Tay-Sachs, respectively), 

enhanced lysosomal activity. It was evidenced that this occurs via an increase in the 

expression of lysosomal enzymes, such as glucocerebrosidase, and fundamental genes 

involved in protein folding and lysosomal trafficking. In this way, TFEB not only increases 

the quantity of mutated enzyme, but also the consequent processing through the 

lysosomal system (Song et al. 2013).  

 

Beneficial effects of gemfibrozil have been seen in TPP1 knock-out mouse models, herein 

referred to as Cln2-/-. It was demonstrated that 7.5 mg/kg body weight gemfibrozil was able 

to increase survival rate of Cln2-/- mice by 49 days when compared to vehicle only controls. 

Additionally, Cln2-/- mice treated with gemfibrozil displayed enhanced motor functions 

compared to untreated controls. Histopathologically, there was also a reduction in storage 

materials in the motor cortex of the brain. As the Cln2-/- mice lacked the TPP1 gene, it is 

evident that gemfibrozil is working via a TPP1-independent mechanism rather than an 

increase in TPP1 expression (Ghosh et al. 2012). Previous reports demonstrate that 

gemfibrozil increases mRNA and protein levels of TFEB via a PPARα-mediated pathway by 

an excess of 10-fold and 6-fold, respectively (Ghosh et al. 2015). This is the most likely 

explains the ability of gemfibrozil to slow the progression of neurodegeneration and 

cognitive decline in Cln2-/- mice. 

 

Gemfibrozil-treated CLN5 patient fibroblasts show a decrease in total lysosomal area 

compared to the untreated control (figure 5.13), indicative of a reduction in lysosomal 

expansion. This may occur due to the lipid lowering properties of gemfibrozil, which causes 

a reduction in the levels of undegraded lipids in CLN5 patient fibroblasts, including 

ganglioside GM1, cholesterol and Gb3, to a level that is comparable to the untreated 

control (figures 5.28, 5.29 and 5.30, respectively). Alternatively, PPARα-mediated induction 

of TFEB may lead to increased lysosomal biogenesis, inducing the expression of lysosomal 

enzymes and key genes essential for protein folding and lysosomal trafficking. As the 

activity of many lysosomal enzymes are significantly reduced in CLN5 patient fibroblasts, 

the reason for which is unknown,  enhancing the pool of enzymes available and improving 

trafficking to the lysosome may facilitate degradation of storage material. A combination 

of both lipid-lowering and TFEB activation is also possible. Regardless, improved 
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degradation of storage material by either mechanism would reduce the cells accumulation 

of autophagic vacuoles, which is evidenced in CLN5 patient fibroblasts treated with 

gemfibrozil (figure 5.14).   

 

Similar to outcomes seen with fenofibrate treatment, gemfibrozil-treated CLN5 patient 

fibroblasts show a significant reduction in levels of superoxide, comparable to levels of the 

untreated control (figure 5.15). This is could be due to the activation of PPARα inducing the 

expression of anti-inflammatory and antioxidant genes, described previously.  

 

Collectively, these data indicate the beneficial effects of fenofibrate and gemfibrozil in 

CLN5 patient fibroblasts, and with further investigation could be developed as small 

molecule therapies for the treatment of CLN5 disease. 

 

5.5.4. The validity of ginkgolide A as a small molecule therapy for CLN5 disease 
 

Ginkgolides are derived from the leaves of the Ginkgo biloba tree. Found in East Asia, the 

Ginkgo biloba tree is the only living member of the Gymnosperms family, which once had 

a minimum of 6 genera from which 200-year-old fossils had been discovered. Ginkgolides 

are biologically active diterpenes, a class of unsaturated hydrocarbons composed of two 

terpene units built on the molecular base of C20H32. They have been used for over 5000 

years in Chinese medicine to treat asthma and to ‘benefit the brain’. There are multiple 

ginkgolide isoforms in existence, with ginkgolides A, B, C and J being the most structurally 

similar. Herein, we discuss the benefits of ginkgolide A in the treatment of neurological 

disorders, and the validity of this compound as a small molecule therapy for CLN5 disease.  

 

Ginkgolide A has been shown to elicit beneficial effects in the early stages of AD. As 

previously stated, fenofibrate has been shown to increase the production of Aβ1-42, which 

was identified as a strong TPP1 inhibitor in the primary HTS (Kukar et al. 2005). 

Upregulation of TPP1 has been shown to play a role in the destabilisation of Aβ fibrils (Sole-

Domenech et al. 2018).  Hence, the identification of ginkgolide A as a strong TPP1 activator 

in the primary HTS is in accordance with its neuroprotective effects against Aβ1-42-mediated 

synaptic loss (Bate et al. 2008). Furthermore, ginkgolide A has been shown to attenuate 

Aβ-induced irregular depolarisation in primary cultures of mouse cortical neurons via the 
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inhibition of NMDA and AMPA receptors, which is in keeping with other studies that have 

proposed that ginkgolide A protects damaged neurons by re-equilibrating inhibitory and 

excitatory amino acids (Kuo et al. 2019).  

 

Ginkgolide A has also been demonstrated to protect against oxidative damage. SHSY5Y cells 

that had undergone oxygen/glucose deprivation for 4 hours were treated with ginkgolides 

A, B, and K for one hour under reoxygenation. Western blot analysis of cells treated with 

ginkgolides showed a marked increase in protein levels of nuclear factor-E2-related factor 

2 (Nrf2) and protein kinase B (Akt), however ginkgolide B showed the most significant 

increase in these proteins as opposed to ginkgolide A. It has previously been shown that 

Nrf2 signalling plays a vital role in the prevention of ischemic stroke. The phosphoinositide 

3-kinase (PI3K)/Akt is essential for the phosphorylation of Nrf2 at serine 40, which 

ultimately goes on to trigger the transcription of multiple antioxidant genes which promote 

the upregulation of molecules that protect cells against oxidative stress, such as superoxide 

dismutase (SOD), hemeoxygenase-1 (HO-1) and quinone oxidoreductase 1 (Nqo1). 

Upregulation of SOD catalyses the dismutation of superoxide into oxygen and water, 

reducing levels of superoxide (Liu et al. 2019). Hence, ginkgolide A-mediated activation of 

this pathway could explain the significant reduction in levels of superoxide seen in CLN5 

patient fibroblasts treated with 1 µM of the compound for 5 days (figure 5.18). This 

reduction in superoxide free radicals would prevent the exacerbation of cellular damage 

caused by lipid peroxidation.  

 

There is evidence to suggest that ginkgolide A may effect cellular lipid accumulation in lipid 

droplets. HepG2 cells were treated with 1 mM non-esterified fatty acid (NEFA; a model of 

non-alcohol associated fatty liver disease) for 24 hours, before being replaced with DMEM 

containing varying concentrations of ginkgolide A (10, 50, and 100 µM) for a further 24 

hours. It was demonstrated that ginkgolide A was able to reduce lipid accumulation in lipid 

droplets in these cells, proposing that it has a protective effect on cellular lipid 

accumulation. These results were further confirmed in vivo using high fat diet fed mice 

(Jeong et al. 2017). Reports of ginkgolide A on lysosomal lipid metabolism, however, has 

not been investigated. Regardless, our data show that treatment of CLN5 patient 

fibroblasts with ginkgolide A is sufficient to significantly reduce lysosomal lipid 
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accumulation in CLN5 disease, reducing ganglioside GM1, cholesterol and Gb3 to levels that 

are comparable to the untreated control (figures 5.28, 5.29 and 5.30, respectively). 

Combined with data showing a reduction in superoxide levels in CLN5 patient fibroblasts, 

this may suggest ginkgolide A is protective against lipotoxicity. The reduction in lipids of 

ginkgolide A-treated CLN5 patient fibroblasts could underlie the significant reduction in 

lysosomal expansion seen in CLN5 post-treatment. A reduction in lipids, which commonly 

accumulate in lysosomes of CLN5 patient cells, would reduce the overall lysosomal area 

(figure 5.16). This is in accordance with the improved autophagy in ginkgolide A-treated 

CLN5 cells, indicated by the reduction in the accumulation of autophagic vacuoles post-

treatment (figure 5.17).  

 

Whether these advantageous modifications in CLN5 patient cells treated with ginkgolide A 

is due to an increase in TPP1 activity or some other mechanism is unclear. However, if these 

changes are independent of TPP1-activity, the potential for ginkgolides B and K as small 

molecule treatments of CLN5 disease should be considered. Of all the ginkgolides, 

ginkgolide B is the most potent antioxidant and the most widely researched of the isoforms 

(Liu et al. 2019).  

 

5.5.5. Hexestrol may be unsuitable for the treatment of CLN5 disease 
 

Hexestrol is a synthetic oestrogen that is utilised in conjunction with antineoplastic agents 

to target oestrogen receptor-rich tumours. Its use has been widely examined in the 

treatment of some cancers, and in post-menopausal women. However, little is known 

about the adverse effects of hexestrol in children, and the debate as to whether oestrogen 

exerts neuroprotective or neurotoxic effects is ongoing.  

 

A study in castrated, male rats found that high doses of hexestrol (3 mg for 14 days) led to 

an accumulation of esterified cholesterol in the liver, while there were reduced levels in 

the serum (Nishikawa et al. 1984). Filipin stains unesterified (free) cholesterol, and would 

not detect increases in esterified cholesterol. Hence it cannot be ruled out that an increase 

in levels of esterified cholesterol occur in CLN5 patient fibroblasts following hexestrol 

treatment (figure 5.29). Another LSD that encompasses the accumulation of unesterified 

cholesterol is NPC. It has been shown that there is a 28% decrease in levels of estradiol, a 
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naturally produced oestrogen, in the medium of astrocytes from NPC mice when compared 

with WT, and that this reduction contributes to neurodegeneration in NPC. Treatment of 

neonatal NPC-/- mice with 17β-estradiol caused a significant suppression of the onset of 

neurological symptoms and increased the life span of treated mice, although the effects on 

cellular lipids were not explored (Chen et al. 2007). Regardless, there have been no reports 

of changes to levels of neurosteroids/ hormones in CLN5 disease, and without confirmation 

of this, treatment with a synthetic oestrogen, such as hexestrol, may elicit unfavourable 

results.   

 

The effect of synthetic oestrogens on glycosphingolipid biosynthesis is not well established. 

Pregnant mice deficient in saposin A, a Krabbe disease model, showed an anticipated 

sustained increase in levels of oestrogen throughout pregnancy, which was unexpectedly 

accompanied by an accumulation in glycosphingolipids, galactosylceramide and 

galactosylsphingosine. Interestingly, this increase in oestrogen was shown to be protective 

against pro-inflammatory mediators and demyelination, regardless of increased 

glycosphingolipid storage (Matsuda et al. 2001a; Matsuda et al. 2001b). Conversely, we 

observe a reduction in ganglioside GM1 and Gb3 in CLN5 cells treated with hexestrol 

(figures 5.28 and 5.30, respectively). Human fibroblasts express oestrogen receptors α and 

β, so it is plausible that hexestrol is acting on its target receptor (Haczynski et al. 2002). 

However, hexestrol was identified as a strong TPP1 activator in the primary HTS, and a TPP1 

inhibitor in the secondary HTS on destabilised enzyme. A reduction in protein levels of TPP1 

in CLN5 patient fibroblasts may suggest premature degradation of the enzyme (figure 5.2). 

It may be the case that hexestrol is binding to TPP1 in CLN5 cells, stabilising the enzyme 

and facilitating its delivery to the lysosome, where it may increase degradation of lipids. As 

a result of this, the increase in glycosphingolipid storage seen with other oestrogen 

receptor modulators may not have been observed. Nevertheless, the reduction in lipids in 

CLN5 patient fibroblasts as a result of hexestrol treatment most likely underlies the 

significant reduction in lysosomal expansion (figure 5.19) and reduced accumulation of 

autophagic vacuoles (figure 5.20).   

 

The potent antioxidant properties of hexestrol in vitro have long been established. It was 

demonstrated that hexestrol inhibits Fe2+-dependent lipid peroxidation in 
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microsome/liposome systems (Wiseman and Halliwell 1993). These antioxidant properties 

may explain the significant reduction in superoxide levels seen in CLN5 cells treated with 

hexestrol (figure 5.21).     

 

Collectively, treatment with hexestrol elicits beneficial effects in CLN5 patient fibroblasts. 

However, fibroblasts may not be the most suitable model to test hormone-based 

therapeutics for the treatment of neurodegenerative disease. There is a strong relationship 

between hormones and neurosteroids, which are absent in fibroblasts. Additionally, 

hormones, such as oestrogen, have been shown to be proconvulsant and elicit 

epileptogenic properties in animal models and humans, although the molecular 

mechanisms behind this are poorly understood (Scharfman and MacLusky 2006). The 

potential of hexestrol to affect the epileptic phenotype of CLN5 disease would therefore 

need to be assessed. Mixed primary cultures of neurons and astrocytes from CLN5 disease 

models may therefore be more suitable. Study in animal models is also important because 

responses elicited by hormones are extremely tissue-specific, and adverse effects in certain 

tissue may pose additional health risks. This is evidenced by the tissue-specific 

accumulation of lipids in the liver of animal models treated with synthetic oestrogens, while 

a reductions in lipid levels are seen elsewhere. Moreover, synthetic oestrogens have been 

shown to be carcinogenic, and increase the likelihood of heart attacks and strokes (Li et al. 

1983; Jan et al. 1998; Lidegaard et al. 2012).  

 

Overall, there have been no reports of changes to oestrogen levels in CLN5 disease, and 

the mechanism behind how hexestrol is benefiting patient fibroblasts is, ultimately,  

unclear. Taking into consideration the importance of hormones in normal development, 

given that this is a childhood onset disease, and the epileptic clinical phenotype of the NCLs, 

hexestrol may not be suitable for the treatment of CLN5 disease.  

5.6. Summary 
 

We show a significant reduction of between 40-50% in TPP1 enzyme activity, 

corresponding with a significant reduction of TPP1 protein levels (approximately 20%). 

Development and optimisation of a HTS for modulators of TPP1 using a 640-compound 
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FDA-approved drug library activity successfully identified hits that elicited beneficial effects 

in CLN5 patient fibroblasts, correcting key disease phenotypes. Of these, fenofibrate, 

gemfibrozil and ginkgolide A were determined to be the most suitable to take forward for 

further testing as small molecule therapeutics for the treatment of CLN5 disease. 

Fenofibrate and gemfibrozil belong to the same class of drugs, the fibrates. Both have been 

reported to act via activation of PPARα and have been shown to elicit beneficial effects in 

more common neurodegenerative diseases such as AD. Similarly, ginkgolide A has also 

been linked to benefits in AD. All drugs significantly decreased lysosomal expansion, and 

reduced the accumulation of autophagic vacuoles and levels of ROS in CLN5 patient 

fibroblasts to levels that were comparable to that seen in the control. Although all three 

compounds reduced lipid storage in CLN5 cells, fenofibrate shows potential in correction 

the distribution of ganglioside GM1 and cholesterol. Although hexestrol elicited 

advantageous effects in CLN5 cells, the lack of data around its use in children and the 

uncertainty of changes to hormone levels in CLN5 disease could be cause for concern. 

Contrastingly, gemfibrozil and fenofibrate have both been prescribed to children with 

dyslipidaemia, and the benefits of ginkgolides have been investigated in children with 

ADHD (Buyukcelik et al. 2002; Kalra et al. 2009; He et al. 2018). Collectively, these data 

indicate that HTS was successful and has identified 4 hit molecules, some of which could 

be taken further for in vivo testing. 
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Chapter 6 | General discussion and concluding remarks 
 

The aim of this thesis was to investigate the underlying mechanisms that lead to cellular 

dysfunction, and ultimately cell death, in CLN5 disease. It was hoped that the identification 

of disease phenotypes could unveil new pathways for therapeutic intervention. Results in 

chapter 3 uncovered key disease phenotypes in CLN5 patient fibroblasts, including 

glycosphingolipid storage, lysosomal expansion, increased autophagy, and defective ER 

and mitochondrial Ca2+ handling. In chapter 4 we show that targeting glycosphingolipid 

accumulation in CLN5 disease with a ceramide-specific, glucosyltransferase inhibitor, 

miglustat, not only reduces lysosomal lipid storage, but also rescues previously uncovered 

disease phenotypes. This is evidenced by a reduction in lysosomal volume, a reduction in 

the sensitivity of SERCA to Ca2+ leak, and prevention of mitochondrial Ca2+ overload. This 

data demonstrates that glycosphingolipid storage is a primary event in the pathogenic 

cascade of CLN5 disease, suggesting that miglustat has the potential to be the first small 

molecule SRT for CLN5 disease. Indeed, these data led directly to an off-label clinical safety 

study of miglustat in two CLN5 patients at the Nottingham children’s hospital and a 

confirmation that glycosphingolipid storage is present in patient blood cells and can be 

reduced using miglustat. 

 

In chapter 5 we explored the possibility of using HTS of FDA-approved drug library to 

identify compounds that could possibly be repurposed for the treatment of CLN5 disease. 

We demonstrate in chapter 3 lower levels of activity of several lysosomal enzymes in CLN5 

cells and in chapter 5 lower levels of TPP1 protein, accompanied by resultant decrease in 

enzyme activity, in CLN5 patient fibroblasts. We go on to utilise the TPP1 enzyme assay for 

HTS of a 640-compound, FDA-approved, drug library for TPP1 modulators and identified 

hits that corrected disease phenotypes in CLN5 patient cells, some of which had previously 

been identified as potential therapies for CLN2 disease, thus validating our HTS approach. 

 

Together, these results provide further insight into the underlying mechanisms that lead to 

cell death in CLN5 disease, and suggest glycosphingolipid storage is a suitable target for 

therapeutic intervention. We provide cell and patient data showing improvement in 
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disease phenotypes following treatment with miglustat, suggesting that miglustat could be 

a suitable small molecule SRT for CLN5 disease. We also discuss the beneficial effects of 

three small molecules (fenofibrate, gemfibrozil and ginkgolide A) identified by HTS on CLN5 

disease phenotypes in patient cells, and with further exploration, suggest their potential as 

therapeutics for the treatment of CLN5 disease. 

6.1. Glycosphingolipid storage is a primary event in CLN5 disease 
pathogenesis, underlying multiple disease phenotypes 

 
The link between glycosphingolipid storage and lysosomal expansion in LSDs has been well 

established. Lysosomal accumulation of undegraded sphingolipids is a common hallmark 

of many LSDs, including Gaucher disease, GM1 gangliosidosis, Fabry disease and NPC 

(Zervas et al. 2001b; Aerts et al. 2003; Ginzburg et al. 2004; te Vruchte et al. 2004).  In 

chapter 3, we demonstrate that lysosomal expansion is a cellular phenotype of CLN5 

disease (figure 3.4), evidenced by the significant increase in fluorescence of lysotracker 

staining. We also demonstrate increased storage of glycosphingolipids, ganglioside GM1 

and Gb3, and cholesterol in CLN5 patient fibroblasts (figure 3.9).  

 

In some cases, the lysosomal accumulation of lipids has been attributed to a reduction in 

lysosomal enzyme activity. Many LSDs are caused by mutations in genes which encode 

lysosomal proteases, which consequently results in the accumulation of specific substrates. 

For example, Gaucher disease is caused by a mutation in the gene encoding 

glucocerebrosidase, GBA1, leading to the accumulation of glucosylceramide in lysosomes 

(Cox and Cachon-Gonzalez 2012; Stirnemann et al. 2017).  In chapter 3 we demonstrate a 

significant reduction in a number of lysosomal enzymes, including those responsible for the 

degradation of ganglioside GM1 and Gb3, b-galactosidase and α-galactosidase, 

respectively (figure 3.18). This not only validates the enzyme assays credibility, but also 

provides reason for the accumulation of storage material in CLN5 disease. It should be 

noted however that the reduction in lysosomal enzyme activities and levels are in 

themselves perhaps not enough to induce storage (for example GBA1 activity must be 

reduced to 10% of normal to incur storage, (Conzelmann and Sandhoff 1983)). One 

potential further cause that requires investigation in the future is the localisation of the 

enzymes as it is possible that they are not correctly transported to the lysosome (as occurs 
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with ASMase and GBA1 in NPC (Maxfield and Tabas 2005)). Given that lysosomal hydrolases 

play an essential role in autophagy, it is therefore also unsurprising that there is an 

accumulation of autophagic vacuoles in CLN5 patient cells.  

  

Investigation into ER Ca2+ signalling in CLN5 patient cells uncovered key differences in the 

sensitivity of ER Ca2+ pump, SERCA, to Ca2+ leak (figure 3.12), as well as increased Ca2+ 

release from IP3Rs (figure 3.11). However, no significant differences were seen in total ER 

Ca2+ release induced by complete SERCA inhibition between control and CLN5 patient 

fibroblasts (figure 3.13). This suggests that the ER of CLN5 patient cells is more sensitive to 

Ca2+ leak, as has been observed in CLN3 disease cells (Chandrachud et al. 2015). Further 

investigation into cellular Ca2+ handling in CLN5 patient fibroblasts revealed a significant 

increase in levels of mitochondrial Ca2+ of approximately 2-fold compared to the control 

(figure 3.16). It is well established that there is cross-talk between the ER and mitochondria 

which occurs via functional subdomains, called MAMs. Ganglioside GM1, a 

glycosphingolipid stored in CLN5 patient fibroblasts, has been shown to play a key role in 

mediating Ca2+ flux from the ER to the mitochondria via MAMs (Sano et al. 2009; 

Mallilankaraman et al. 2012). Studies in an animal model of GM1 gangliosidosis, the b-gal-

/- mouse, showed that elevated levels of ganglioside GM1 triggered clustering of 

phosphorylated IP3Rs with Grp75 and VDAC, facilitating the formation of a mega-pore 

which potentiates sustained Ca2+ diffusion from the ER lumen into the mitochondrial matrix 

(Sano et al. 2009). In this way, storage of ganglioside GM1 in CLN5 patient cells may cause 

mitochondrial Ca2+ overload in CLN5 disease, exacerbating mitochondrial dysfunction 

alongside consequential cellular damage.  

 

Gangliosides and cholesterol have also been shown to exhibit inhibitory effects on SERCA 

activity (Pelled et al. 2003; Li et al. 2004; d'Azzo et al. 2006; Ginzburg et al. 2008). It has 

been suggested that gangliosides are able to alter the compactness of the hydrophobic and 

hydrophilic domains of SERCA, leading to its inhibition and thereby preventing Ca2+ uptake 

into the ER; although this mechanism remains to be fully elucidated. The percentage 

inhibition of SERCA by ganglioside GM1 has not been reported. However, it is known that 

ganglioside GM2 elicits the most potent inhibitory effect on SERCA, partially inhibiting it by 

approximately 50%. The partial inhibition by the next most potent inhibitor, ganglioside 
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GM1, is therefore below 50% (Pelled et al. 2003). Similarly, cholesterol storage in the ER 

has been evidenced to inhibit SERCA activity by up to 50% (Li et al. 2004). Our data from 

chapter 3 shows increased sensitivity of SERCA to low concentrations (0.2 µM) of 

thapsigargin, indicative of heightened sensitivity to Ca2+ leak (figure 3.12). In chapter 4 we 

demonstrate how this can be corrected following treatment with miglustat (figure 4.13), 

suggesting that the accumulation of glycosphingolipids in CLN5 disease may lower the 

threshold for total SERCA inhibition, increasing its sensitivity to agonists, and therefore Ca2+ 

leak. What impact globoside has on cellular Ca2+ signalling is not as well studied, however, 

one report has shown that lyso-globoside (lyso-Gb3), which is a product derived from 

lysosomal acid ceramidase hydrolysis of the ceramide moiety of globoside, is capable of 

enhancing voltage gated Ca2+ currents in cells (Choi et al. 2015). The lysosomal ion channel 

TPC2 is a voltage gated Ca2+ channel and it is therefore tempting to speculate that lyso-Gb3 

could act to modulate this channel which in turn could trigger further ER Ca2+ release. 

Unfortunately, this could not be tested owing to a lack of commercially available NAADP-

AM (a membrane permeant version of the endogenous agonist of TPC2). Lyso-Gb3 

potentiation of voltage gated Ca2+ channels has been shown to contribute directly to 

peripheral pain in a-galactosidase deficient Fabry disease (Choi et al. 2015), a phenotype 

that has been reported in several CLN3 disease cases (Wisniewski et al. 1988; Aberg et al. 

2009; Pebrel-Richard et al. 2014)but has not yet been reported in CLN5 although 

neuropathy was a feature of one variant Batten disease patient (Goebel et al. 1995) but no 

genetic mutation analysis was available at the time to confirm the type of NCL. Future 

studies in animal models may be beneficial to confirm the presence or absence of 

neuropathy in CLN5 and whether or not it can be attributed to lyso-Gb3 accumulation. 

 

Mitochondrial dysfunction is prominent in CLN5 disease. Analysis of mitochondrial 

bioenergetics revealed a significant reduction in basal and maximal respiration, as well as 

ATP production in CLN5 cells (figure 3.18 C, D and F, respectively). Increased levels of ROS 

were also evident (figure 3.15). SERCA function is reliant on ATP hydrolysis, hence lower 

cellular levels of ATP may have a negative impact on SERCA function. Additionally, 

superoxide and H2O2 have been shown to obstruct ATP binding to SERCA, thereby inhibiting 

its function as an ER Ca2+ pump (Rowe et al. 1983; Boraso and Williams 1994; Kourie 1998). 

Together, this may also make SERCA of CLN5 patient fibroblasts more prone to Ca2+ leak.  
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It is evident from data in chapter 3 that ER stress is a pronounced feature of CLN5 disease 

with significant structural abnormalities observed by ER tracker. This structural change may 

indeed lead to increased levels of the UPR regulator BiP, although these results are 

currently clearly preliminary and require further repeats. Should BiP turn out to be 

consistently elevated then this would indicate induction of UPR in CLN5 cells (Bertolotti et 

al. 2000; Li et al. 2008). A number of factors can lead to activation of UPR, including ER Ca2+ 

dyshomeostasis, defective protein synthesis and lipid/ protein accumulation (Bertolotti et 

al. 2000; Li et al. 2008), most of which are present in CLN5 patient cells. Sustained ER stress 

can trigger the activation of CHOP, a regulator of ER-stress mediated apoptosis (Nishitoh 

2012). In chapter 3 we show preliminary data indicating elevated levels of BiP and CHOP in 

CLN5 patient fibroblasts (figure 3.10 B and C), which may indicate UPR and apoptotic 

initiation. However, as this experiment was only carried out once, it cannot be taken as 

matter of fact. Regardless, the morphological changes to ER structure seen in CLN5 patient 

cells (figure 3.10 A), alongside the irregularities in ER Ca2+ handling, is clearly indicative of 

ER stress.    

 

In chapter 4, we show that targeting accumulation of glycosphingolipids in CLN5 cells using 

the ceramide-specific, glucosylceramide inhibitor, miglustat, corrects key downstream 

cellular pathogenic events. Miglustat treatment successfully reduced lipid storage in CLN5 

patient fibroblasts (figures 4.5 and 4.6), subsequently reducing both lysosomal expansion 

(figure 4.3) and autophagic vacuole accumulation (figure 4.4). Additionally, the sensitivity 

of SERCA to Ca2+ leak was reduced (figure 4.13), and ER structure was improved (figure 

4.12). Previously elevated levels of mitochondrial Ca2+ were also reduced following 

inhibition of glycosphingolipid biosynthesis (figure4.11), and levels of ROS, including 

superoxide, were lower (figures 4.9 and 4.10). Collectively, this suggests that 

glycosphingolipid accumulation is a primary event in the pathogenic cascade of CLN5 

disease, and therefore a suitable target for therapeutic intervention. It should, however, 

be noted that the precise cause of the glycosphingolipid storage in the CLN5 patient cells 

remains unknown, whilst it is possible that it is caused by reduced enzyme levels and 

activity, the reduction is in itself, as mentioned above, not enough to account for storage 

(Conzelmann and Sandhoff 1983). Another possibility is that CLN5 is itself either an enzyme 
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or a chaperone or subunit that acts to deliver lipids to other enzymes for degradation. This 

has been proposed in the dictyostelium model of CLN5 disease where a glycohydrolase 

activity was reported (Huber and Mathavarajah 2018). Clearly more work is needed to 

delineate the exact cause behind the GSL storage observed in CLN5. 

6.2. Miglustat has potential to be the first small molecule 
substrate reduction therapy for CLN5 disease 

 
Miglustat was approved as an SRT for Gaucher disease and NPC (not in the USA) in 2000 

and 2006, respectively. However, the benefits of miglustat have also been reported in 

patients with GM1 gangliosidosis, Tangiers disease, murine models of Fabry disease and 

MPS IIIA mice (Cox et al. 2000; Stein et al. 2012; Lyseng-Williamson 2014; Kaidonis et al. 

2016; Deodato et al. 2017; Stirnemann et al. 2017). Some LSDs caused by mutations in 

genes encoding lysosomal hydrolases have residual enzyme activity, and so benefit further 

from SRT via both the inhibited production and reduced rate of lysosomal clearance. In the 

case of Gaucher disease, the reduction of lysosomal glucosylceramide accumulation by 

miglustat provides an environment where the residual glucocerebrosidase activity can 

cope with the degradation of the remaining storage material (Cox et al. 2000). We have 

demonstrated a significant reduction in the activity of a number of lysosomal enzymes in 

CLN5 (figure 3.20). Hence, the reduction of storage material seen in CLN5 patient 

fibroblasts following miglustat treatment, evidenced by a decrease in glycosphingolipids 

and SCMAS, may reduce the storage material to a degree in which the remaining enzyme 

activity can manage. Why SCMAS storage is reduced following treatment with miglustat is 

uncertain. It has been shown that glycosphingolipids form complexes with SCMAS to make 

relatively protease-resistant aggregates (Palmer et al. 2013). Hence, it could be the case 

that a reduction in glycosphingolipids may improve the degradation of SCMAS by lysosomal 

proteases. The impact of miglustat on lysosomal enzyme activities, including TPP1, has not 

been investigated. It may be the case that the enzyme activities are somehow increased 

following miglustat treatment, which may be an area for future investigation. 

 

Targeting glycosphingolipid storage in CLN5 patient fibroblasts using miglustat corrects key 

phenotypes of CLN5 disease uncovered in chapter 3. Post-treatment with miglustat, 

improvements were seen in the morphology and structure of both the mitochondrial 



 238 

network (figure 4.8) and ER (figure 4.12) of CLN5 patient cells, and levels of ROS were 

reduced (figures 4.9 and 4.10). Corresponding Ca2+ defects were also rescued. Increased 

levels of mitochondrial Ca2+ were restored to levels similar to those seen in the control 

following treatment to miglustat (figure 4.11), and the increased sensitivity of SERCA 

leading to ER Ca2+ leak was also reduced (figure 4.13). Data from an off-label, clinical safety 

study shows irregularities amounting to lipid storage (ganglioside GM1 and globoside) in 

neutrophils of CLN5 patient blood (figure 4.14), which are corrected by continued 

treatment with miglustat (figure 4.15). The presence of echinocytes alongside the 

substantial increase in levels of Mn2+ from whole blood (figure 4.16 and appendix 2, 

respectively), could also be interesting clinical markers. It has been shown that increased 

levels of Mn2+ are able to induce echinocytic transformation of erythrocytes, and so the 

reduction of Mn2+ observed following miglustat may impact erythrocyte shape (Liu et al. 

1989; Suwalsky et al. 2010).  

 

It could be argued that targeting glycosphingolipid storage in CLN5 disease is not the most 

effective treatment long term. In chapter 3, we demonstrate the ability of CLN5 patient 

fibroblasts to endocytose and utilise human recombinant CLN5 protein, leading to a 

reduction in lysosomal expansion (figure 3.5); indicative of diminished glycosphingolipid 

accumulation. This data may indicate that, with further research, PRT for CLN5 disease 

could be a promising possibility. The clinical benefits of ERT for CLN2 disease, cerliponase 

alfa, have been reported, concluding that treatment with the recombinant TPP1 protein 

slowed disease progression (Schulz et al. 2018). Although it is true that intervention with 

PRT targets events earlier in the disease cascade, there are caveats to be considered. Aside 

from the obvious invasive procedure needed for PRT in NCLs, an additional limitation is the 

expense, which can delay, or obstruct, the approval of PRT by health boards. Another 

caveat to be considered, especially in cases of rapidly progressive, neurodegeneration, is 

the timeframe of PRT clinical trials, which are typically years long. Furthermore, there is the 

potential for an immune response against the PRT, as has been documented for Gaucher 

diseases, which reduces PRT efficacy (Broomfield et al. 2016). Finally, certain tissues, 

including bone and cartilage are notoriously difficult to treat with PRT owing to the dense 

or hydrophobic nature of these tissues. This is not to say that PRT should not be developed, 

but that alternative therapeutic strategies should be established alongside to increase 
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benefits to patients. Moreover, combination therapy has proven advantageous in Gaucher 

disease. Combination of ERT with SRT, miglustat, sees more beneficial effects than either 

treatment alone (Cox et al. 2000; Heitner et al. 2002). Hence, exploring the use of miglustat 

as an SRT in CLN5 disease may not only benefit CLN5 patients now, but also improve patient 

outcome via combination therapy should PRT be developed in the future.  

 

This data not only strengthens our theory that glycosphingolipid storage is a primary event 

in the disease cascade of CLN5, but also demonstrates that miglustat could be a potential 

therapy for CLN5 disease. 

6.3. HTS for TPP1 modulators identified small molecules that 
correct key cellular defects in CLN5 disease 

 
Drug repurposing is advantageous in the sense that it dramatically cuts the overall cost of 

drug development, while also speeding up the overall process and increasing productivity. 

Combined with HTS, which allows a large number of compounds to be tested quickly and 

efficiently, this process is much more rapid than other methods of drug development  

(Pushpakom et al. 2019). The function of the CLN5 protein remains elusive, and it is 

unknown whether this protein has enzymatic function. As such, no specific substrates for 

CLN5 have been uncovered, and so there are no fluorogenic assays available to utilise in 

HTS for the identification of CLN5-modulating compounds. The CLN5 protein has, however, 

been closely linked to TPP1 and CLN3. Studies have shown that CLN5, TPP1 and CLN3 

physically interact, and are temporally and spatially co-expressed in the developing brain 

in murine models (Vesa et al. 2002; Fabritius et al. 2014). TPP1 is a soluble lysosomal 

enzyme with a fluorogenic substrate readily available to be utilised in enzyme assays. The 

solubility of TPP1 makes it easier to target therapeutically than CLN3, a lysosomal 

transmembrane protein. Our data demonstrate lower levels of TPP1 protein in CLN5 

patient fibroblasts (figure 5.2), which is accompanied by an expected reduction in TPP1 

enzyme activity (figure 5.1). The TPP1 assay was therefore utilised in HTS to identify TPP1-

modulating compounds to assess whether boosting TPP1 activity in CLN5 cells rescued key 

disease phenotypes.  
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The HTS identified 6 TPP1-modulating compounds that were taken forward for whole cell 

testing, however due to poor performance in correcting disease phenotypes during live 

imaging, naltrexone HCl and doxazosin mesylate were excluded from further phenotyping. 

It is noteworthy that gemfibrozil was not identified in the primary screen, but was included 

due to studies alongside fenofibrate demonstrating its beneficial effects in CLN2 disease 

(Ghosh et al. 2012). Questions about the validity of HTS for TPP1 modulators could be 

addressed by previous research into the effects of the top hits in AD. TPP1 has recently 

been shown to play a role in the cleavage of Ab in in vitro models of AD (Sole-Domenech et 

al. 2018). Our HTS identified fenofibrate as a strong inhibitor of TPP1. Interestingly, studies 

investigating the effects of fenofibrate in AD found that this fibrate drug increased the 

production of Ab1-42 (Kukar et al. 2005). Conversely, studies exploring the effect of 

ginkgolide A, identified as a strong TPP1 activator in out HTS, in AD revealed that this drug 

was neuroprotective against Ab1-42-mediated synaptic loss (Bate et al. 2008). Hence, our 

identified activators/ inhibitors correspond with the published literature.   

 

All of the drugs taken forward to assess their effects on lipid storage (gemfibrozil, 

fenofibrate, ginkgolide A and hexestrol) in CLN5 patient fibroblasts successfully reduced 

lipid accumulation in these cells. However, investigation into the background of these drugs 

raised concerns about the rationale of hexestrol as a small molecule treatment for a 

childhood disorder, such as CLN5 disease.  Although beneficial effects of hexestrol have 

been reported, such as its role in preventing lipid peroxidation, its effects in whole 

organisms raise concerns. One study in castrated, male rats showed that hexestrol induced 

accumulation of esterified cholesterol in the liver (Nishikawa et al. 1984). Another found 

that an increase in oestrogen, similar to that observed during pregnancy, in a murine model 

of Krabbe disease led to further glycosphingolipid storage (Matsuda et al. 2001a; Matsuda 

et al. 2001b). Neuroprotective effects of synthetic oestrogens were seen in Npc1-/- mice, 

however lower levels of naturally occurring oestrogen were previously reported. Lipid 

accumulation in this study was not explored. As there is no record of oestrogen deficiencies 

in CLN5 disease, and there have been no reports of hexestrol administration in children, it 

was concluded that without further investigation in more appropriate models hexestrol 

may not be suitable as a small molecule therapy for CLN5 disease. 
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Fenofibrate, gemfibrozil and ginkgolide A have all undergone clinical trials for childhood 

disorders (Buyukcelik et al. 2002; Kalra et al. 2009; He et al. 2018). Additionally, the 

beneficial effects of these drugs in more common neurodegenerative diseases, such as AD, 

is evident. The beneficial effects of fibrate drugs have been strongly attributed to the 

activation of PPARα, which triggers the upregulation of anti-inflammatory and antioxidant 

genes (Bordet et al. 2006; Ghosh et al. 2012; Barbiero et al. 2014; Ghosh et al. 2015; 

Govindarajulu et al. 2018). Similarly, the antioxidant properties of ginkgolide A have been 

linked to its ability to activate the PI3K/Akt pathway (Liu et al. 2019). The vast amount of 

pharmacological and clinical data available for these drugs, combined with their ability to 

correct CLN5 disease phenotypes, may indicate that these drugs have potential to be 

developed into small molecule therapies for CLN5, and possibly CLN2, disease.  

 

6.4. Future directions 
 
Throughout this thesis, a number of new and interesting areas for further research have 

been uncovered. One of these is the interaction between glycosphingolipids and IP3Rs and 

SERCA. It is already known that glycosphingolipids impact and modulate IP3Rs and SERCA, 

however the exact mechanisms behind this in CLN5 disease require further exploration (Li 

et al. 2004; Sano et al. 2009). ER stress is a prominent feature of CLN5 disease, as is 

evidenced throughout this thesis. Understanding how ER stress arises and is exacerbated 

in CLN5 disease is key to understanding disease mechanism, which is essential for the 

development of future therapies.  

 

In chapter 4 we show how endolysosomal defects of CLN5 disease, including lysosomal 

expansion (figure 4.3), increased autophagy (figure 4.4) and perinuclear distribution of late 

endosomes (figure 4.2) can be corrected by inhibiting glycosphingolipid biosynthesis using 

miglustat; suggesting this lipid accumulation underlies these defects. The perinuclear 

distribution of early endosomes, however, seems to be unaffected by miglustat treatment 

(figure 4.1). We propose this may be due to significantly lower levels of Rab7 previously 

reported in CLN5-deficient cells, slowing the conversion of early endosomes to late 

endosomes and causing an accumulation of early endosomes in the cell centre/perinuclear 

region (Mamo et al. 2012). Treatment of CLN5 patient fibroblasts with forskolin, a drug 
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derived from the Indian Coleus plant, may provide insight into whether this is the case. 

Forskolin has been shown to increase the expression of Rab5 and Rab7 in cells (Croizet-

Berger et al. 2002). If redistribution of early endosomes occurs in CLN5 patient fibroblasts 

treated with forskolin, but late endosomal distribution remains perinuclear, it could 

indicate that low levels of Rab7 are indeed the cause of the perinuclear distribution of early 

endosomes. The unchanged distribution of later endosomes would indicate that lipid 

storage underlies the perinuclear distribution of late endosomes; as miglustat treatment 

corrects this. Forskolin is not a suitable co-treatment with miglustat in patients due to its 

role as a weight-loss aid, however, identifying other, more suitable Rab7 inducers may 

improve patient outcome in the future if this is the case.  

 

Another area for investigation may be the possible relationship between ATP5E and the 

translocation of SCMAS. ATP5E is the component of the F0/F1 ATP synthase complex that 

physically connects the F0 and F1 subunit (Toei and Noji 2013). Biochemical analysis of CLN5 

patient cells is needed to further explore the possibility that ATP5E is responsible for 

SCMAS translocation. We have reported lower levels of ATP5E in CLN5 patient fibroblasts 

by ICC (figure 3.19). However, whether levels of this protein are truly lower would require 

western blot analysis. Additionally, it may not be lower levels that lead to SCMAS 

aggregation, but a physical dissociation from SCMAS itself. This would prevent the pumping 

of H+ into the mitochondrial matrix, in turn decreasing respiration and ATP production.  

 

With regards to the chapter 5, it would be interesting to determine whether the beneficial 

effects seen in CLN5 patient fibroblasts as a result of treatment with the top 4 hits, 

(fenofibrate, gemfibrozil, ginkgolide A and hexestrol) were a consequence of TPP1 

modulation, or another outcome. This would be determined by performing the TPP1 assay 

on pellets from cells treated with the drugs, which unfortunately could not be completed 

during this project due to time constraints.  

 

6.5. Concluding remarks  
 

Phenotyping CLN5 patient fibroblasts has facilitated the identification of numerous cellular 

biomarkers of CLN5 disease, providing insight into the pathogenic cascade of this disease. 



 243 

These include glycosphingolipid accumulation, lysosomal expansion, decreased lysosomal 

enzyme activities, increased autophagy, ER-stress, mitochondrial dysfunction and cellular 

Ca2+ dyshomeostasis. Protein levels of TPP1, and its resultant enzyme activity, were shown 

to be significantly reduced in CLN5 patient cells. HTS of a 640-compound FDA-approved 

drug library for TPP1 modulators has identified three potential small molecule therapies 

which may have beneficial effects in CLN5 disease; fenofibrate, gemfibrozil and ginkgolide 

A. Inhibiting glycosphingolipid biosynthesis using miglustat corrected various key disease 

phenotypes in CLN5 cells. Data from an off-label, clinical safety study of miglustat in two 

CLN5 patients shows improvements in lipid distribution (blood smears), enzyme activity 

(dry blood spots, data by Abdullah Alshehri) and heavy metal homeostasis (whole blood, 

data by Abdullah Alshehri) in patient blood samples. The data in this thesis not only 

indicates that glycosphingolipid storage is a primary event in the CLN5 pathogenic cascade, 

but that miglustat could potentially be the first, small molecule SRT for CLN5 disease. 
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Appendices 
 

 

Appendix 1 – electron microscopy showing changes to ER morphology and lysosomal 

storage in CLN5 patient fibroblasts. Cells were washed, harvested, fixed in standard EM 

fixative and processed for TEM at St. Andrews University (UK) by Abdullah Alshehri. 1: 

cholesterol lipid droplet, 2: glycosphingolipid storage, 3: curvilinear structure 

(protein/SCMAS), 4: distended endoplasmic reticulum, 5: swollen mitochondria, 6: 

globoside storage.   
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Appendix 2 – Heavy metal analysis of CLN5 patient blood reveals increased levels of Mn2+. 

Changes to levels of Mn2+ (nmol/L) were measured in whole blood of CLN5 patients across 

the time-course of miglustat treatment (3, 9, 15, and 22 months post-treatment). These 

experiments were carried out at University Hospital Wales.  

 

 

 

 

 

 


