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Abstract 

The neuronal ceroid lipofuscinoses (NCLs) are a group of childhood-onset 

neurodegenerative lysosomal storage diseases (LSDs) characterised by the 

accumulation of autofluorescent lipopigment in a variety of cells and tissue, particularly 

neurons. LSDs are inherited rare diseases that arise from mutations in genes encoding 

endo-lysosomal proteins, causing the intra-lysosomal accumulation of material such 

as lipids, proteins and polysaccharides. To develop therapies to mitigate these 

debilitating diseases, robust cell-based drug screens using cellular phenotypes can be 

developed. These phenotypes can also provide therapeutic targets. 

This project explores cellular phenotypes in CLN8 patient cells by first investigating 

common LSD phenotypes such as lysosomal storage, autophagy defects, ER stress, 

Ca2+ signalling and defects in lysosomal enzyme activities. CLN8 disease had a high 

degree of unexplained phenotypic variability between and within patient cell lines 

which was not observed with other LSD patient cells. Of the four CLN8 patient cell 

lines explored, one displayed some robust non-variable phenotypes, resulting in 

deeper phenotypic exploration of this cell line which identified defects in Ca2+ 

homeostasis such as decreased lysosomal Ca2+.  

Due to the high phenotypic variability in CLN8 patient cells, another method for 

compound screening was required. Niemann-Pick C1 (NPC1) disease was used as a 

model for all LSDs for the screening of potential therapeutic compounds given its 

extent of characterisation. Despite this, however, approved small molecules or those 

in clinical testing for NPC disease are often neglected by high-throughput screening 

(HTS) approaches. This project therefore aimed to uncover the reasons behind these 

failings by first validating a fast-growing NPC1 cell model with robust phenotypes to 

facilitate rapid drug screening and 2) exploring a whole range of variables that might 

explain why approved drugs are being missed. The ultimate aim is to deliver an 

improved approach for an HTS platform applicable to all LSDs.  

This project then explored alternative drug screens using control cell material to 

identify drugs of benefit to CLN8 and possibly other LSDs. Previous studies have 

reported defects in galactosylceramidase (GALC) activity in CLN8 disease, mutations 

in which are known to cause Krabbe disease, another LSD. A high-throughput 

enzymatic drug screen to identify compounds that modulate GALC activity was 
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therefore prioritised. This identified ambroxol, ibudilast and mycophenolate mofetil as 

potential GALC chaperones and thus may be of benefit to LDSs such as Krabbe 

disease and CLN8 disease.  

Finally, currently approved small molecule modulators of other LSDs or 

neutraceutical compounds that could be repurposed and used to treat CLN8 were 

tested. Miglustat, which reduces lysosomal storage of glycosphingolipids, was tested 

in CLN8, CLN2 and CLN7 patient cells. The potential effects of miglustat were 

explored using cellular phenotypes such as lysosomal volume, autophagic 

compartment, ganglioside GM1 storage and mis-localisation, mitochondrial Ca2+ and 

ER Ca2+. Potential benefits to CLN7, CLN8 and particularly CLN2 patient cells was 

identified which merits further investigation in these diseases.  

Curcumin is a neutraceutical that increases cytosolic Ca2+. The potential benefit of 

two common curcumin nanoformulations (BCM95s and SLNL) on LSDs such as 

Niemann-Pick A, CLN3, CLN7, CLN8 and CLN10 were explored by investigating their 

effect on lysosomal volume and cholesterol accumulation. BCM95s may be of benefit 

to LSDs by overcoming reduced lysosomal Ca2+ levels in CLN7, CLN8 and possibly 

CLN10. SLNL was conversely found to be cytotoxic due to a combination of the 

nanoparticle fatty acid lipid mix in conjunction with curcumin, detrimentally affecting 

the mitochondria. This highlights the importance of exploring the interaction between 

active components and their excipient formulations as the excipient itself may be 

detrimental to some diseases and reduce the benefits conferred by the active 

compound in isolation. This is, to our knowledge, the first report of a detrimental effect 

of an excipient on LSDs. 

Overall, this study increased the understanding of the cellular pathologies 

underlying CLN8 disease, validated and characterised a fast-growing cellular model 

that may be used for high-throughput drug screening, identified compounds that may 

act as possible GALC chaperones, found that miglustat may be of benefit to certain 

NCLs and determined that curcumin may be beneficial to LSDs with decreased 

lysosomal Ca2+, but that care should be taken with certain drug formulations. Together, 

this provides an advance in the identification of therapies for these debilitating 

diseases, and the screening of these compounds highlighted herein to progress 

toward the improvement of treatment and patient lives.   
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Chapter 1: Introduction 

 

1.1 The lysosome and lysosomal storage diseases (LSDs) 

 

1.1.1 Lysosomes  

The lysosome is often referred to as the recycling centre of the cell as its main 

role is to enzymatically degrade cellular material. Lysosomes, first described by 

Christian de Duve (1955), are acidic organelles with a pH of around 4.5 that are found 

in all mammalian cells, and make up 5% of the total volume of the cell (Luzio et al. 

2007). Lysosomes are generally described as spherical membrane-bound 

compartments no more than 1 µm in diameter; however, the shape, size, number, 

localisation and enzymes present in the lysosome in cells can vary drastically 

depending on the material it has to degrade (Ballabio 2016; Perera and Zoncu 2016).  

Macromolecules are delivered to lysosomes by endocytosis, phagocytosis and 

autophagy (Figure 1.1). Encased by a 7-10 nm single phospholipid bilayer membrane, 

within the lysosome there are a myriad of catabolic enzymes to break down and 

recycle the macromolecules delivered to the lysosome (Ballabio 2016; Saftig et 

al. 2010). The phospholipid bilayer is extremely important to protect the rest of the cell 

from degradation from the catabolic enzymes. Due to the acidity and high content of 

hydrolytic enzymes found in the lysosome, there is a layer of highly glycosylated 

protein such as lysosomal-associated membrane protein 1 and 2 (LAMP1 and LAMP2, 

~40% of the total lysosomal protein content). This layer of highly glycosylated protein 

is called the glycocalyx, and creates a protective barrier that prevents lytic enzymes 

in the lysosomes from breaking down the lysosomal membrane and thus prevents 

cellular self-digestion (Cox and Cachón-González 2012; Platt et al. 2012; Perera and 

Zoncu 2016).  
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Figure 1.1: Endo-lysosomal system. The endo-lysosomal system is involved in the degradation and recycling of 

macromolecules including protein and lipids. Trafficking within this system is affected in lysosomal storage diseases 

such as Niemann Pick Type C (NPC) disease. NPC1 localisation in late endosome and lysosomes is shown in 

orange. Arrows denote the movement through the endo-lysosomal system to lysosomes, where black and light 

blue arrows denote the endocytic and autophagic systems, respectively. Arrow indicates the flow of 

macromolecules to the lysosome. The blue arrow indicates autophagy processes, black arrows denote endocytic 

processes. Figure adapted from (Lloyd-Evans and Haslett 2016). 

 

1.1.1.1 Lysosomal biogenesis regulation network 

The mechanisms behind the regulation of lysosomal function are not fully 

understood. Lysosomal biogenesis and autophagy, the process by which 

dysfunctional cellular components are broken down, are thought to be transcriptionally 

regulated by a network of genes called the coordinate lysosomal expression and 

regulation network (CLEAR). These genes are controlled by the transcription factor 

EB (TFEB) (Sardiello et al. 2009; Ballabio 2016). Settembre et al. (2013) demonstrated 

that TFEB overexpression leads to a rescue of lysosomal storage disease (LSD) 

phenotypes by inducing lysosomal biogenesis. Furthermore, TFEB overexpression 

has been shown to induce lysosomal exocytosis (Medina et al. 2011). Other studies 

have shown that other transcription factors similar to TFEB such as TFE3 can also 

promote lysosomal clearance (Martina et al. 2014). Nonetheless, it is widely accepted 

that TFEB is the master regulator of lysosomal biogenesis (Ballabio 2016).  
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1.1.1.2 Lysosomal functions 

The lysosome performs its primary function of degrading and recycling with around 

60 different hydrolytic enzymes and transporter proteins (Ballabio 2016). These 

enzymes have an acidic pH optima which facilitates the degradation of various cellular 

materials such as lipids, proteins, carbohydrates, deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA) (Schöder et al. 2010). Lysosomes are not, however, merely the 

recycling centre of the cell, as they also perform an important role in several other 

cellular processes, such as lipid metabolism, plasma membrane repair and cellular 

signalling (Schulze and Sandhoff 2011; Ballabio 2016).  

The lysosome can fuse with the plasma membrane, via lysosomal exocytosis, to 

repair wounds in a process mediated by increased cytosolic Ca2+ (Rodríguez et al. 

1997). Additionally, studies have found that lysosomes contain ~500 µM Ca2+ making 

them the second largest Ca2+ store in the cell after the endoplasmic reticulum (ER), 

and have an important role in intracellular signalling (Christensen et al. 2002; Lloyd-

Evans et al. 2008). This demonstrates that the lysosome possesses many crucial 

cellular roles beyond just degrading and recycling cellular material. 

 

1.1.1.3 Lysosomes and lipid  

The lipid composition of vesicle membranes is an extremely important regulator of 

endo-lysosomal function, since lipids are bioactive molecules involved not only in 

anchoring and transporting proteins, but also in regulating their function. Current 

understanding of lipid biosynthesis, transport and breakdown is therefore crucial to 

fully understanding the function of lysosomes, the primary sites of lipid catabolism, in 

these processes and how they are impaired in disease. This means that dysfunction 

in the endo-lysosomal system leads to lipid accumulation, and vice-versa (Gault et al. 

2010).  

Sphingolipids are exclusively degraded within the lysosomal system and are 

considered the most potent signalling lipids (Gault et al. 2010). Therefore, 

sphingolipids are one of the most well-studied lipid classes (Kolter and Sandhoff 2005; 

Schulze and Sandhoff 2011). Sphingolipids are a family of lipids made up of a 

ceramide backbone (Figure 1.2) with glycosphingolipids having a carbohydrate group 

attached at the C-1 position of the backbone (Magnusson 1994). The ceramide 
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backbone of these lipids comprises of a long carbon chain sphingoid base, fatty acid, 

and an amine head group. Sphingolipids have one polar group and two non-polar tails. 

The main sphingoid base, which acts as a highly active signalling molecule is 

sphingosine (Fyrst and Saba 2010).  

 

 

Figure 1.2: Sphingolipid biosynthesis pathway. Sphingolipids synthesis begins in the endoplasmic reticulum by 

the enzyme serine palmitoyl transferases which condense L-serine and palmitoyl CoA to give rise to sphinganine 

(Gault et al. 2010). Dihyroceramide synthase and Dihyroceramide desaturase enzymes then give rise to ceramide 

which is a membrane anchor for sphingolipids with a sphingosine backbone (Gault et al. 2010) and a pro-apoptotic 

lipid. This may then be further metabolised to form either sphingomyelin or glycosphingolipids. In order to synthesis 

glycosphingolipids, ceramide must be transported to the Golgi where a glucose moiety is added by 

glucosylceramide synthase (Gault et al. 2010). Glucosylceramide can then be modified into lactosylceramide by 

the addition of galactose. This can then be further modified into other glycophigolipids such as gangliosides 

(important central nervous system lipids) through the addition of a sialic acid group. Sphingomyelin may be 

synthesised at the Golgi or the plasma membrane through the addition of phosphocholine to ceramide by 

sphingomyelin synthase (Gault et al. 2010). 
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Lipids such as the sphingolipids are transported via the endo-lysosomal system to 

the plasma membrane which is important to help maintain membrane structure as they 

partition into signalling micro-domains (formerly known as lipid rafts) and act as 

recognition molecules for immune receptors or as internalisation partners for growth 

factors such as brain-derived neurotrophic factor binding p75 neurotrophin receptor 

(MacPhee and Barker 1997; Simpson et al. 2004; Gault et al. 2010).  

Sphingolipids are broken down in lysosomes following delivery from the plasma 

membrane via the endo-lysosomal system (Figure 1.1) through early endosomes 

which are transported through late endosomes to eventually form lysosomes (Schulze 

and Sandhoff 2011). As previously mentioned, the lysosome degrades materials such 

as lipids so that the components may be recycled back to the cell via lysosomal 

membrane transporters or vesicular transport to other organelles. Sphingosine, the 

end product of sphingolipid degradation within lysosomes, is either transported to the 

ER and converted to ceramide, or converted to sphingosine 1-phosphate, an important 

signalling molecule that is crucial for correct brain and vascular development (Kolter 

and Sandhoff 2005; Schulze and Sandhoff 2011). This illustrates further that 

lysosomal function is critical and highlights the impact that impairments to lysosomal 

function may have on other cellular pathways (Kunkel et al. 2013).  

Previous studies have estimated that in an hour, around half of the plasma 

membrane is endocytosed: most is recycled back to the plasma membrane, with the 

remainder being degraded in the lysosome. This highlights the lysosome’s importance 

in cell membrane homeostasis (Schulze and Sandhoff 2011). Another important lipid 

crucial for endocytic function regulation is cholesterol, whose levels inside the cell are 

largely controlled by its uptake and recycling through the lysosome via the endo-

lysosomal system (Chang et al. 2006).  

Cholesterol is internalised by clathrin-dependant endocytosis of low density 

lipoprotein (LDL) bound to the LDL receptor (Chang et al. 2006). Once endocytosed, 

cholesterol dissociates from the LDL which separates from its receptor, which is 

recycled to the plasma membrane via late endosomes. Cholesterol is liberated from 

LDL within lysosomes via the action of lysosomal acid lipase (Du and Yang 2013). The 

levels of cholesterol in the plasma membrane are key in regulating membrane fluidity, 

further indicating the importance of not only cholesterol localisation in membranes, but 

of the endo-lysosomal system in plasma membrane homeostasis (Kolter and Sandhoff 
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2005; Schulze and Sandhoff 2011). Defects in the metabolism or recycling of 

cholesterol in or out of lysosomes, as has been reported in lysosomal storage 

diseases, can have significant detrimental effects on not only endo-lysosomal function 

but plasma membrane maintenance (Millard et al. 2000; Wassif et al. 2002). 

 

1.1.2 Lysosomal storage diseases (LSDs) 

Lysosomal storage diseases (LSDs) are a group of approximately 70 genetically 

inherited disorders caused by lysosomal dysfunction, leading to accumulation of 

material in lysosomes (Figure 1.3). This accumulation disrupts lysosomal function, 

which affects cellular processes in all cell types. Most LSDs are neurodegenerative 

diseases that comprise the most common cause of neurodegeneration in children. 

Together, LSDs have an estimated prevalence of approximately 1 in 7,000 live births 

(Meikle et al. 1999; Meikle and Hopwood 2003). This number, however, may in fact 

be an underestimation, as there are likely to be undiagnosed cases (Wassif et al. 

2016). An example of this is the LSDs Nieman Pick Type C1 (NPC1) which has an 

estimated prevalence of around 1 in 104,000; however, bioinformatics tools estimated 

the incidence of NPC1 disease may be around 1 in 92,000 (Wassif et al. 2016).  

Recently, evaluations of NPC1 variants and late onset forms of the disease, implies 

the incidence of the disease may be around 1 in 39,000 (Wassif et al. 2016). This 

suggests that the incidence of LSDs as a whole may in fact be higher than is currently 

believed. The majority of LSD patients are born with no apparent health problems. 

Nonetheless, with time, these diseases affect patients’ blood vessels, kidneys, heart 

and nervous systems simultaneously (Platt et al. 2012). The clinical symptoms 

typically begin during childhood but there are, however, adult-onset forms of some 

LSDs. Clinically, most LSDs are characterised by progressive neurodegeneration.  
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Figure 1.3: Comparison of healthy (WT) lysosome vs an LSD lysosome. LSDs are caused by the inability of 

the lysosome to clear material, leading to the expansion and accumulation of lysosomes within the cell which 

causes cellular dysfunction. 

 

Mutations in genes involved in lysosomal function are responsible for LSDs; for 

example, Gaucher disease is caused by mutations in GBA1, which encodes for the 

glucocerebrosidase enzyme that degrades the glycosphingolipid glucosylceramide, 

leading to accumulation of glucosylceramide in lysosomes (Broadhead and 

Butterworth 1977). LSDs can also arise from mutations in non-enzymatic lysosomal 

proteins, such as the LSD NPC1 disease which arises from loss-of-function mutations 

in the NPC1 gene encoding the lysosomal transmembrane protein NPC1 leading to 

the storage of multiple lipids (Lloyd-Evans and Platt 2010). In this disease, loss of the 

NPC1 protein leads to retardation of transport between the early and late endosomes, 

and an almost complete cessation of fusion between late endosomes and lysosomes 

and the recycling of lipids from lysosomes.  

As LSDs are caused by different mutations in different lysosomal associated 

proteins, storage material can be different between different LSDs. For example, in 

the NPC1 disease the primary storage material is sphingosine (Lloyd-Evans et al. 

2008). In many of the neuronal ceroid lipofuscinosis (NCLs), discussed below (Section 

1.2), subunit C of the mitochondrial F0/F1 ATP synthase (SCMAS; Table 1.1) has been 

reported to be the main storage material in lysosomes (Elleder et al. 1997; Anderson 

et al. 2013; Mukherjee et al. 2019). In some NCLs, however, the main storage material 

has been reported to be the sphingolipid activator proteins, saposins A & D. The 

saposins are lysosomal glycosphingolipid binding proteins that deliver hydrophobic 
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lipids to their corresponding enzymes (Schulze and Sandhoff 2011; Schulze and 

Sandhoff 2014). 

The accumulation of lipids in lysosomes in LSDs leads to an increase in lysosome 

volume and number (Lloyd-Evans and Haslett 2016; Lloyd-Evans and Waller-Evans 

2019). Given the lysosome’s aforementioned involvement in many cellular processes, 

lysosomal dysfunction is detrimental to other cellular processes such as Ca2+ 

signalling and autophagy. Although LSDs are caused by mutations in a range of 

proteins that lead to different materials accumulating in lysosomes, they have many 

overlapping cellular and clinical features such as the Neuronal ceroid lipofuscinosis 

disease outlined below in Section 1.2 (Platt et al. 2012).  

Lysosomal dysfunction has been linked to numerous other neurodegenerative 

diseases such as Alzheimer, Parkinson, and Huntington diseases (Badell-Grau 2016; 

Malik et al. 2019; Nixon 2020). Lee et al. (2010a) found that mutations in PSEN1, 

which encodes the Alzheimer disease-associated protein Presenilin 1, leads to 

lysosomal dysfunction and contributed to disease pathogenesis observed in familial 

Alzheimer patients (Lee et al. 2015). Other studies have found that people 

heterozygous for the mutation in GBA1 that causes Gaucher disease have a 6-11 fold 

increased rate of developing Parkinson disease (Rosenbloom et al. 2011). Moreover, 

the foremost risk factor for Parkinson disease is mutation in the GBA1 gene (Sidransky 

et al. 2009). Likewise, many cellular pathways that have been reported to be altered 

in other neurodegenerative diseases, like Alzheimer disease, Parkinson disease and 

Huntington disease, have also been reported to have a role in LSDs. 

 

1.1.3 The role of the autophagy in LSDs  

Autophagy is a cellular process that removes dysfunctional or unnecessary cellular 

material such as protein, cellular debris, damaged organelles and lipids via the 

lysosome. There are multiple genes that encode the machinery required for autophagy 

to begin. There are two ubiquitination-like systems for the development of 

autophagosomes. One is a complex containing the proteins Atg5-Atg12-Atg6 and the 

other is phosphatidylethanolamine-conjugated microtubule-associated protein 1 light 

chain 3 (LC3-II) (Mizushima et al. 1998; Klionsky 2014).  



 

   9 

The process begins with a phagophore, which is a lipid bilayer thought to be 

donated by the endoplasmic reticulum (ER), endosome and/or Golgi; however, it’s 

precise origin is unclear (Wei et al. 2018). The phagophore collects cargo and material 

for degradation, expanded into a double membrane vesicle called the 

autophagosome. The autophagosome is then delivered to the lysosome and fuses 

with it to form the autolysosome, enabling the lysosome’s hydrolytic enzymes to break 

down or recycle the material. Autophagosomes can also mature by fusing with late 

endosomes to create amphisomes, which eventually fuse with the lysosome to 

degrade and recycle the cargo (Glick et al. 2010). 

TFEB, the transcription factor that regulates lysosomal biogenesis as mentioned 

previously, also regulates the expression of genes related to autophagy (Settembre et 

al. 2011; Settembre and Medina 2015). Medina et al. (2015) reported that lysosomal 

Ca2+ signalling through the transient receptor potential cation channel mucolipin 1 

(TRMPL1) lysosomal Ca2+ channel incites TFEB to localise to the nucleus. Both of 

these further highlight the link between lysosomal function and autophagy.  

Therefore, proper lysosomal function is crucial for autophagy and, as such, 

lysosomal dysfunction can lead to defects in autophagy which have been linked to 

neurodegenerative diseases (Lee et al. 2010a; Thelen et al. 2012; Nixon 2013; Vidal-

Donet et al. 2013; Boland et al. 2018; Shipley 2019). Defects in autophagic pathways 

include accumulation of autophagic vacuoles, increased autophagosome-associated 

LC3-II protein, and reduced co-localisation of LC3-II with LAMP1 (Glick et al. 2010). 

Autophagy is known to be upregulated under stress conditions such as lipid 

accumulation in order to remove toxic material and promote cell survival (Glick et al. 

2010; Nixon 2013). Martinez-Vicente et al. (2010) reported that elevation in reactive 

oxygen species and cell stress due to auto-lysosomal defects lead to brain cell death 

in Huntington disease. It is not surprising that neurodegeneration is particularly 

sensitive to lysosomal and autophagy defects as post-mitotic neurons are unable to 

proliferate after differentiation, making the nervous system especially sensitive to 

lysosomal and autophagy defects as they rely on autophagy to clear cellular waste 

(Son et al. 2012). The role of autophagy in neurodegeneration and LSDs not only 

highlights the importance of autophagy but also the importance of proper lysosomal 

function. 
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1.1.4 The role of the ER and ER stress in LSDs 

The ER is the major hub for protein folding, quality control and N-glycosylation, and 

is the biggest source of Ca2+ store for intracellular Ca2+ signalling. The protein and 

lipid content of the ER is highly controlled in order to maintain its essential quality-

control functions (Platt et al. 2012). As lipid content is tightly regulated in the ER, 

proper lysosomal function is important for correct ER function. The lysosome and ER 

interact with one another via membrane contact sites, which are domains formed when 

the organelles are in close proximity.  

An example of a membrane contact site mechanism that is well characterised is the 

interaction between the ER and the endo-lysosomal vesicles in response to 

cholesterol (Johansson et al. 2007; Rocha et al. 2009). Endosomes with high levels of 

cholesterol tend to gather close to the periphery of the cell; whereas, endosomes with 

low levels of cholesterol congregate close to the centre of the cell. In low levels of 

cholesterol the oxysterol-binding-related protein 1L (ORP1L) binds ER-bound Vamp-

associated proteins creating a membrane contact site between the endosome and the 

ER (Johansson et al. 2007; Rocha et al. 2009).  

Membrane contact sites between the ER and the endo-lysosome system have also 

been reported to play a role in Ca2+ modulation. These contact sites between the ER 

and lysosomes were found to be rich in inositol 1,4,5-trisphosphate (IP3) receptors 

(outlined below in Section 1.1.5.1) which selectively deliver Ca2+ from the ER to the 

lysosome (Atakpa et al. 2018). This interaction between the ER and the lysosome is 

dependent on lysosomal pH; increasing lysosomal pH using bafilomycin A1 inhibited 

Ca2+ uptake by the lysosome and disturbed the membrane contact site interaction 

between the ER and lysosomes (Atakpa et al. 2018). 

Some LSDs such as GM1 gangliosidosis and Ceroid lipofuscinosis, neuronal 8 

(CLN8) disease have reported ER stress, including an increase in the unfolded protein 

response (Tessitore et al. 2004; Sano et al. 2009; Galizzi et al. 2011). Tessitore et al. 

(2004) found that GM1 accumulation in neurons leads to ER Ca2+ depletion and 

initiation of the unfolded protein response which leads to apoptosis. Additionally, GM1 

accumulation has been reported to disrupt contact sites between ER and other 

organelles such as mitochondria, leading to defects in mitochondrial function (Sano et 

al. 2009; Annunziata et al. 2018). The major impact of lipid storage and lysosomal 
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dysfunction disorders on the ER function is on ER Ca2+ regulation, discussed below 

(Pelled et al. 2003; Brini and Carafoli 2009; Lloyd-Evans and Waller-Evans 2019). 

 

1.1.5 Cellular Ca2+ regulation and LSDs 

Free ionic calcium (Ca2+) is the most important intracellular messenger in biological 

organisms (Carafoli and Krebs 2016). Ca2+ is essential for the regulation of a myriad 

of cellular events such as fertilisation, metabolism, division, growth, motility and others 

(Berridge et al. 2000; Braakman and Hebert 2013). Levels of Ca2+ in the cytosol are 

tightly regulated at around 100 nM through various proteins such as Ca2+ pumps like 

the plasma membrane Ca2+ ATPase and Na+/Ca2+ exchangers localised in different 

organelle membranes including the ER, the lysosome and the mitochondria, which 

remove excess cytosolic Ca2+ (Williams 2006; Clapham 2007; Lloyd-Evans and Platt 

2011; Lloyd-Evans and Waller-Evans 2019).  

Alterations in Ca2+ homeostasis lead to cellular dysfunction and contribute to 

pathogenesis in many LSDs (Lloyd-Evans et al. 2008; Lloyd-Evans and Waller-Evans 

2019). This highlights the importance of regulating and maintaining Ca2+ content. 

Intracellular organelles help maintain cytosolic Ca2+ levels by functioning to buffer and 

induce changes in cytosolic Ca2+ levels.  

 

1.1.5.1 ER Ca2+ 

The ER is the largest Ca2+ store with a concentration of around 1 mM, which it 

maintains via the action of several transmembrane proteins such as IP3 receptors, 

Ca2+ leak channels, the ryanodine receptor (RyR) and a major Ca2+ up-take pump 

called the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) (Bultynck et al. 2014; 

Takeshima et al. 2015). The high concentration of Ca2+ in the ER is extremely 

important for ER function, such as protein folding and processing, as well as being a 

Ca2+ reservoir for signalling events (Braakman and Hebert 2013). The second 

messengers IP3 and cyclic ADP-ribose, which arise from extracellular signals, are the 

main mediators of Ca2+ release from the ER. The release of Ca2+ from the ER can be 

augmented by processes such as Ca2+ -induced Ca2+ release (Galione and Churchill 

2002). 
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There are three isoforms of the IP3 receptors which comprise a family of ER Ca2+ 

channels that are ubiquitously expressed. IP3 receptors may be homo or 

heterotetramers comprised of four 300 kDa subunits. They contain a ligand binding 

pocket located near the N-terminus, a 6 transmembrane domain near the C-terminus 

and a regulator domain in the cytosol. The transmembrane region forms the Ca2+ 

channel region (Fan et al. 2015). IP3 receptors are important in signalling pathways 

that help maintain cellular Ca2+ homeostasis. As briefly mentioned above, extracellular 

signals lead to IP3 being generated by phospholipase C cleaving phosphatidylinositol 

4,5-bisphosphate. Soluble IP3 binds to IP3 receptors, which induces Ca2+ release from 

the ER (Atakpa et al. 2018).  

RyR are ubiquitously expressed ER Ca2+ channels that are in the same family as 

IP3 receptors. RyR are large homotetramers comprising of four 565 kDa monomers. 

As with IP3 receptor, there are three isoforms of RyR that are expressed in different 

human tissues. When cytosolic Ca2+ is low, RyR tend to be closed (Fill and Copello 

2002). When cytosolic Ca2+ is at micromolar concentration, Ca2+ binds to specific 

binding sites on RyR that cause the channel to open with maximal RyR activity at 

around 10 µM cytosolic Ca2+ (Fill and Copello 2002). 

SERCA, which as mentioned is the major ER Ca2+ uptake channel, is a 110 kDa 

ER transmembrane P-type ATPase pump protein that transports two Ca2+ ions from 

the cytosol into the lumen of the ER using the energy from the hydrolysis of one 

molecule of ATP (Guerrero-Hernandez et al. 2010). The active transport of Ca2+ into 

the ER helps create and maintain a concentration gradient between the ER and the 

cytosol, which allows Ca2+ to be used as a second messenger for several cellular 

pathways as mentioned above. There are 3 SERCA protein isoforms (SERCA1, 2 and 

3) with more than 10 alternative splice variants. The expression of these different 

SERCA proteins is cell type dependant. For example, SERCA1 is expressed in fast-

twitch muscle, whereas SERCA2 is expressed in cardiac and slow-twitch muscle 

(MacLennan et al. 1985; Brandl et al. 1986). 

Alterations in the level of ER Ca2+ have been reported in LSDs such as Sandhoff 

disease and neurodegenerative diseases including Parkinson disease (Pelled et al. 

2003; Lim et al. 2008; Brini and Carafoli 2009; Lloyd-Evans and Waller-Evans 2019; 

Shipley 2019). Defects in ER Ca2+ in LSDs have been reported to lead to an elevated 

Ca2+ concentration in the cytosol which is buffered by mitochondria (Sano et al. 2009). 
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The dysfunction in ER Ca2+ and prolonged elevation in mitochondrial Ca2+ has been 

found to lead to neuronal dysfunction and cell death (Duchen 2000; Tessitore et al. 

2004).  

Studies have linked defects in the specific ER Ca2+ channels IP3 receptor, SERCA 

and RyR to neurodegenerative disease such as Parkinson disease, Alzheimer disease 

and LSDs (Stutzmann et al. 2004; Ginzburg and Futerman 2005; Green et al. 2008; 

Brini and Carafoli 2009). Ginzburg and Futerman (2005) reported that there was a loss 

of IP3 receptors in the mouse model of the LSD Niemann-Pick Type C1 disease.  

Defective ER Ca2+ in the LSD Gaucher disease was linked to the interaction 

between glucosylceramide storage in the disease and RyR. The storage of 

glucosylceramide enhances the amount of Ca2+ released via the RyR in reponse to 

other signals (Korkotian et al. 1999; Lloyd-Evans et al. 2003). In the Hexb-/- mouse 

model, which is a b-hexosaminidase knockout model of the LSD Sandhoff disease, 

Ca2+ uptake via SERCA was slower. The defect was associated with storage of 

ganglioside GM2 inhibiting the activity of SERCA (Pelled et al. 2003). This defect was 

corrected following treatment with miglustat, which is a glucosylceramide synthase 

inhibitor that decreases glycolipid synthesis (Pelled et al. 2003). Both the RyR and 

SERCA defects, in Gaucher and Sandhoff diseases respectively, emphasise the 

detrimental effect that the lipid accumulation seen in LSDs has on ER Ca2+ 

homeostasis.  

 

1.1.5.2 Lysosomal Ca2+ 

The lysosome is the second largest intracellular Ca2+ store after the ER with ∼500 

µM Ca2+, and has emerged as an important intracellular Ca2+ store (Christensen et al. 

2002; Patel and Cai 2014). As the lysosome makes up around 3% of the total cell 

volume in mammalian cells, their overall contribution of Ca2+ to total cellular Ca2+ 

signalling is relatively low when compared to the ER, even with the high concentration 

of Ca2+ inside the lysosome (Lloyd-Evans and Haslett 2016; Lloyd-Evans and Waller-

Evans 2019). Nonetheless, studies have shown that lysosomal Ca2+ can initiate 

cellular Ca2+ signalling changes (Medina et al. 2015; Atakpa et al. 2018; Rosato et al. 

2019). 
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The high concentration of Ca2+ within the lysosome is likely to be maintained by 

mechanisms that transport Ca2+ into the lysosome from the cytosol or from the ER as 

recently suggested (Garrity et al. 2016). The channels that transport Ca2+ into the 

lysosome in mammals remain unclear; however, a myriad of mechanisms have been 

suggested (Lloyd-Evans and Waller-Evans 2019).  

Studies in lower order organisms have suggested potential Ca2+/H+ exchangers and 

active ATPase Ca2+ transporters may be involved in Ca2+ uptake in vacuoles (Pittman 

2011; Melchionda et al. 2016). Studies have so far identified Ca2+/H+ exchangers in 

almost all species except placental mammals (Melchionda et al. 2016). This suggests 

that there are mechanisms for active Ca2+ transport into lysosomes in mammalian cells 

that remain unclear. Additionally, a recent study suggested mechanisms for lysosomal 

Ca2+ filing involving ER contact points mentioned above in Section 1.1.4 (Garrity et al. 

2016; Atakpa et al. 2018). 

The Ca2+ concentration inside the lysosome is tightly regulated by transmembrane 

proteins such as the transient receptor potential cation channel mucolipins (TRMPLs) 

and the two-pore channels (TPCs). Lysosomal Ca2+ signalling has been associated 

with cellular processes such as autophagy, endo-lysosomal trafficking, membrane 

repair and exocytosis (Patel and Cai 2014).  

The TRMPLs are a family comprised of three endosomal Ca2+ channels, TRPML1, 

TRPML2 and TRPML3. TRPML1, the best characterised of the TRPML channels, is a 

6 transmembrane domain channel critical for lysosomal function, and is associated 

with autophagy and ER stress regulation by lysosomal Ca2+ release, plasma 

membrane repair by lysosomal exocytosis, and reactive oxygen species sensing (Di 

Paola et al. 2018). Studies have reported that the signalling lipids phosphatidylinositols 

activate and inhibit the TRPML1 channel. The endo-lysosomal specific phosphatidyl-

(3,5)-bisphosphate (PI(3,5)P2) activates TRPML1; whereas, PI(4,5)P2, PI(3,4)P2 and 

PI(3,4,5)P3 inhibit TRMPL1 (Dong et al. 2010). 

The importance of proper TRMPL1 function is highlighted by the fact that mutation 

in MCOLN1, the gene that encodes for TRPML1, causes the LSD Mucolipidosis type 

IV (Dong et al. 2008). Dysfunction of TRMPL1 in MLIV patients has been shown to 

lead to a decrease in the recruitment of PI3P-binding proteins to the phagophore, part 

of the initial steps in autophagy outlined above, indicating a role for autophagy in MLIV 
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pathogenesis and for TRPML1 in the regulation of autophagy biogenesis (Rosato et 

al. 2019). TRPML1 has also been reported to be able to pump other ions from the 

lysosomal lumen to the cytosol such as H+, K+, Fe2+, Zn2+, Na+ and Mn2+ (Dong et al. 

2009; Waller-Evans and Lloyd-Evans 2015; Minckley et al. 2019). These experiments 

have only been shown in reconstituted bilayers and lysosomes swollen using vacuolin, 

and thus have not been replicated in physiological conditions.  

Another family of channels that regulate Ca2+ levels inside the endo-lysosomal 

system is the TPCs which are non-selective cation channels found on the membrane 

of endo-lysosomal vesicles (Galione 2011; Wang et al. 2012b). The best characterised 

of the TPCs is TPC2, which is a Ca2+ efflux channel that is activated by nicotinic acid 

adenine dinucleotide phosphate (NAADP). The activation of TPC2 by NAADP was 

demonstrated using HEK cells overexpressing TPC2, which increased NAADP 

binding and led to lysosomal Ca2+ release, with the specificity of this effect being 

confirmed in TPC2 knockdown cells (Calcraft et al. 2009; Ruas et al. 2010; Galione 

2011). TPC2 has also been reported to act as a sensor of luminal pH and Ca2+. Low 

luminal pH was shown to lead to Ca2+ release following NAADP binding, whereas 

neutral pH leads to inactivation of the TPC2 channel (Pitt et al. 2010). 

Defects in lysosomal Ca2+ levels and signalling have been shown to contribute to 

the pathogenesis of diseases such as the LSD NPC1 (Lloyd-Evans et al. 2008; Lloyd-

Evans and Waller-Evans 2019). Lloyd-Evans et al. (2008) found a reduction in 

lysosomal Ca2+, as well as defects in NAAPD mediated Ca2+ signalling, in NPC1 null 

mice, NPC1 null Chinese hamster ovary (CHO) cells, and NPC1 patient cells. 

Disturbed lysosomal Ca2+ homeostasis has also been reported in other LSDs such as 

CLN3 (Lloyd-Evans and Platt 2010; Chandrachud et al. 2015; Lloyd-Evans and Haslett 

2016; Lloyd-Evans and Waller-Evans 2019). 

 

1.1.5.3 Mitochondria Ca2+ 

The concentration of Ca2+ within mitochondria has been reported to be similar to 

that of the cytosol (Bagur and Hajnóczky 2017; Lloyd-Evans and Waller-Evans 2019). 

During cell stress, however, the concentration of mitochondrial Ca2+ can change (Celsi 

et al.) as it acts as a Ca2+ buffer in order to prevent high levels of cytosolic Ca2+, which 

are toxic to cells (Lloyd-Evans and Waller-Evans 2019). As with the lysosome and the 
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ER, there are specific transmembrane proteins that regulate mitochondrial Ca2+ such 

as the mitochondrial Ca2+ uniporter, the Na+/Ca2+ exchanger and the H+/Ca2+ 

exchanger (Gunter and Pfeiffer 1990).  

In order for Ca2+ to enter the mitochondria, it has to cross two lipid bilayers. On the 

outer bilayer there is an abundance of channels that are permeable to ions called the 

mitochondrial porin or voltage-dependent anion channels (Celsi et al. 2009). The inner 

bilayer seems to be more impermeable to ions and Ca2+ enters the mitochondrial 

matrix via the mitochondrial Ca2+ uniporter (Kirichok et al. 2004). The mitochondrial 

Ca2+ uniporter maintains the electrochemical gradient within the mitochondria (Celsi 

et al. 2009).  

During cell stress or increases in cytosolic Ca2+, as has been reported in some 

LSDs (Pelled et al. 2003), mitochondria act as a Ca2+ buffer (Duchen 2000; Celsi et 

al. 2009; Sano et al. 2009). Mitochondrial Ca2+ alterations have been found to lead to 

mitochondrial dysfunction, and have been reported in LSDs such as the CLN8 disease 

(outlined below), where mitochondrial Ca2+ has been suggested to play a role in 

disease pathogenesis in the CLN8mnd mouse (Carafoli 1974; Kolikova et al. 2011).  

 

1.1.6 Circadian rhythms and changes in gene expression in LSDs 

The defects in Ca2+ homeostasis in LSDs could potentially impact many cellular 

processes, such as circadian rhythms, that rely on Ca2+ stores for signalling pathways 

that regulate them (Shim et al. 2007; Richardson et al. 2016). Circadian rhythm is the 

cellular process that has developed through natural selection that allows organisms to 

regulate diurnal variations in gene expression over a near-24-hour period (Mazzoccoli 

2011; Huang et al. 2020).  

Mammalian circadian rhythms are regulated by a central master oscillator in the 

suprachiasmatic nucleus (SCN) of the brain (Schibler and Sassone-Corse 2002). The 

SCN is synchronised in response to environmental light/dark cycles (Hasting et al. 

2003). The photic inputs are received by the SCN from the retina directly via the 

retinohypothalimic tract, and these timing signals are conveyed to the rest of the 

organism through direct and indirect signalling pathways (Schibler and Sassone-

Corse 2002; Hasting et al. 2003).  
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Defects in circadian rhythm regulation are not well studied in the LSDs; however, 

there have been reports of alterations in circadian rhythm gene expression in LSDs 

such as Hunter syndrome (Mazzoccoli et al. 2013). In some LSDs, including glycogen 

storage disease, Mucopolysaccharidosis type I, aspatyglucosaminuria, and CLN3, 

disruption in sleep patterns have been reported, suggesting a possible role for 

circadian rhythm deregulation (Gadoth and Oksenberg 2014).  

 Some studies have reported sleep and circadian rhythm disruption in 

neurodegenerative disease such as Alzheimer disease, Huntington disease and the 

LSD Sandhoff disease (Wulff et al. 2010; Goodman et al. 2011; Musiek et al. 2015; 

Richardson et al. 2016). Richardson et al. (2016) found that Sandhoff disease model 

Hex-/- mice exhibited changes in the expression of the circadian rhythm associated 

gene Per1; whereas, no disruption to circadian rhythms were observed in the NPC1 

mouse model Npcnih even though substantial cholesterol storage was observed in the 

SCN. This report suggested that the accumulation of specific metabolites in LSDs 

contributes to circadian deregulation (Richardson et al. 2016). 

Protein kinase C (PKC), an important signalling protein involved in many pathways, 

including circadian rhythm regulation (Shim et al. 2007; Bosnall and Lall 2013), has 

been found to be disrupted in many LSDs (Hannun and Bell 1989; Onyenwoke and 

Brenman 2015). The PKC defects in LSDs reported are not only due to the defects in 

Ca2+ stores outlined above, but due to disturbances in sphingolipid metabolism and 

storage of lysosphingolipids, which inhibit PKC (Hannun and Bell 1989).  

Furthermore, there have been reports of alterations in gene expression profiles in 

LSDs such as mucopolysaccharidosis and Fabry disease (Vallim et al. 2019; 

Brokowska et al. 2020). Ultimately, the link between circadian rhythm and lysosomal 

storage, and the effects of lysosomal storage on circadian rhythms and vice versa 

have not been explored and are poorly understood.  
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1.2 Neuronal ceroid lipofuscinosis 

 

1.2.1 Neuronal ceroid lipofuscinosis 

The neuronal ceroid lipofuscinosis (NCLs) are a group of 13 autosomal recessive 

neurodegenerative LSDs (Table 1.1). Overall, the NCLs have an incidence of around 

1 in 12,000 live births, making them the most common group of LSDs in the UK 

(Mukherjee et al. 2019). The NCLs are commonly referred to as Batten diseases after 

Sir Fredrick Batten due to his early reports characterising the disease (Batten 

1903,1914). The term “NCL” was later coined when the group of diseases was 

differentiated from Tay-Sachs disease, another LSD, by Zeman and Dyken (1969). 

 

Table 1.1: Overview of the NCLs. This overview of the 14 NCLs identified to date displays the disease-

causing gene, gene loci, protein localisation, protein function and main storage material in each of the 

NCLs (Mukherjee et al. 2019).  

NCL Gene (protein) Gene Loci 
Protein 

localisation 

Main storage 

material 

CLN1 
CLN1/ PPT1 (palmitoyl-protein 

thioesterase 1) 
1p34.2 Lysosome 

Saposins A & 

D 

CLN2 CLN2/ TPP1 (tripeptidyl peptidase 1) 11p15.4 Lysosome SCMAS 

CLN3 CLN3 (CLN3/Batenin) 16p12.1 Lysosome SCMAS 

CLN4 
CLN4/ DNAJC5 (Cysteine-string 

protein alpha) 

15q23 

20q13.33 

Neuronal 

synaptic 

vesicles 

SCMAS 

CLN5 CLN5 (CLN5) 13q22.3 Lysosome SCMAS 

CLN6 CLN6 (CLN5) 15q23 ER SCMAS 

CLN7 CLN7 (MSFD8) 4q28.2 Lysosome SCMAS 

CLN8 CLN8 (CLN8) 8p23.3 ER SCMAS 

CLN10 CLN10/ CTSD (Cathepsin D) 11p15.5 Lysosome 
Saposins A & 

D 

CLN11 
CLN11/ GRN (Progranulin and 

granulins) 
17q21.31 ER/ Golgi Still unknown 

CLN12 CLN12 (ATP13A2) 1p36.13 Lysosome SCMAS 

CLN13 CLN13/CTSF (Cathepsin F) 11q13.2 Lysosome Still unknown 

CLN14 

CLN14/KCTD7 (Potassium channel 

tetramerization domain-containing 

protein 7) 

7q11.21 Cytosolic SCMAS 
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The NCLs are characterised by progressive motor and cognitive decline, visual 

deterioration, epileptic seizures, neuronal loss, intracellular accumulation of 

autofluorescent material and premature death (Shacka 2012). It has been found that 

the hydrophobic membrane SCMAS of the mitochondria is the main storage 

component across most the NCLs, including CLN3, CLN5, CLN7 and CLN8 (Palmer 

et al. 2013). The accumulation of SCMAS is not only seen in neurons, but also 

throughout numerous cell types including cells in the central nervous system, liver, 

pancreas and kidney. While clinical symptoms across the NCLs are mostly similar, the 

age of onset and disease progression rate varies depending on the genetic defect. 

Currently, mutations in 13 different genes (table 1.1) have been found to cause Batten 

disease (Palmer et al. 2013).  
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Table 1.2: Function of NCL proteins. A summary of the NCL CLN genes products and function (Camp 

and Hofman 1993; Kousi et al. 2012; Anderson et al. 2013; Beel et al. 2017; di Ronza et al. 2018; 

Mukherjee et al. 2019; Bajaj et al. 2020).  

NCL Gene Protein Function 

CLN1 CLN1/ PPT1 
Glycoprotein that removes thioester-linked fatty acyl group from 

modified cysteine for protein degradation. 

CLN2 CLN2/ TPP1 
Pro-enzyme that, when activated, acts as a serine protease involved 

in the cleavage of N-terminal tripeptides from substrates. 

CLN3 CLN3 

Transmembrane protein of unknown function thought to be involved 

in ion transport to help maintain acidic lysosomal pH, endocytosis, 

transporting proteins, apoptosis, cell division and osmoregulation. 

CLN4 CLN4/ DNAJC5 

Is part of a complex of proteins, found on the membrane of synaptic 

vesicles that plays a role in nerve impulse transmission as it recycles 

the proteins involved by re-folding misfolded proteins for use in 

further transmissions. 

CLN5 CLN5 

Although the function of CLN5 is still unknown it is produced as an 

inactive preprotein that, when activated, is transported to the 

lysosome. 

CLN6 CLN6 

Transmembrane protein of unknown function found in the 

endoplasmic reticulum but is involved in processing and transporting 

proteins and lipids between endoplasmic reticulum and lysosomes. 

Recently shown to form a CLN6-CLN8 complex that recruits 

lysosomal enzymes at the ER and transfers them to the Golgi playing 

a key role in lysosome biogenesis. 

CLN7 CLN7/MSFD8 
Lysosomal transmembrane protein of unknown function that belongs 

to the major facilitator superfamily. 

CLN8 CLN8 

Endoplasmic reticulum transmembrane protein recently reported to 

be part of a CLN6-CLN8 complexes that plays a key role in 

lysosomal biogenesis by transporting lysosomal enzymes from the 

ER to the Golgi. 

CLN10 CLN10/ CTSD 

Lysosomal enzyme called cathepsin D which is part of the cathepsin 

protein family that act as protease enzymes which hydrolyses 

proteins. 

CLN11 CLN11/ GRN 

Protein called granulin which is found through the body but is most 

active in cells that divide rapidly such as skin where it helps regulates 

growth, division and cell survival. It also has a role in early embryonic 

development, wound healing and immune response regulation. 

Granulin has been suggested to act as chaperone for Cathepsin D. 

CLN12 
CLN12/ 

ATP13A2 

ATPases member of the P5 subfamily which transports inorganic 

cations. Certain mutation has been associated with childhood onset 

Parkinson’s disease (Kufor-Rakeb syndrome). 

CLN13 CTSF 

Lysosomal enzyme called cathepsin F is expressed ubiquitously 

throughout the body and is another member of the cathepsin family 

and is therefore involved protein degradation. 

CLN14 KCTD7 
K+ channel tetramerization domain-containing protein of unknown 

function. 
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1.2.2 NCL disease mechanisms 

Currently, the NCLs remains a group of diseases that are not fully understood; the 

mechanisms behind their pathogenesis and similarities remain unclear. One cellular 

pathology that has been explored as a link between the NCLs is the accumulation of 

SCMAS. Nonetheless, not all the NCLs appear to have SCMAS as the main storage 

component, as some accumulate saposins A and D instead.  

Storage of SCMAS in lysosomes leads to aggregates of SCMAS and lipids forming 

protein-lipid complexes known as lipofuscin, which are relatively insoluble and 

protease-resistant (Elleder et al. 1995). Studies have found that Tripeptidyl Peptidase 

1 (TPP1), the enzyme deficient in CLN2, is essential for SCMAS degradation; 

however, TPP1 activity is not affected across all of the NCLs, including those that store 

SCMAS (Ezaki et al. 1999; Junaid and Pullarket 1999). Additionally, it has also been 

suggested that cathepsin D, the enzyme deficient in CLN10, is linked to the 

degradation of SCMAS, indicating that the catabolism of SCMAS may be multi-step 

process (Ezaki et al. 1999). Thus, it may be the case that NCLs are linked via defects 

in the pathway of SCMAS degradation leading to the common phenotypic 

characteristics (Cao et al. 2011).  

There have been other studies that have attributed NCL pathogenesis to defects in 

autophagy and not specifically to SCMAS. As outlined above, autophagy is the cellular 

process by which organelles and macromolecules are degraded in the endo-

lysosomal system. This link has arisen from studies reporting autophagy defects in the 

NCLs such as in the CLN6 mouse model, where there is an increase in LC3-II with 

neuronal p62 positive aggregates, suggesting a defect in autophagosome-lysosome 

fusion (Thelen et al. 2012). These p62 positive toxic aggregates, and the defect in 

autophagy, have been suggested to lead to the neuronal degeneration seen in CLN6 

(Thelen et al. 2012). 

Similarly, studies have reported autophagy defects in CLN3 cells, and have used 

these to identify compounds that are able to correct the autophagy-lysosomal 

phenotypes to identify new potential therapeutic candidates (Chandrachud et al. 2015; 

Petcherski et al. 2019). The levels of LC3-II were also reported to be increased in 

CLN3∆ex7/8 mice; whereas, LC3-II colocalisation with endo-lysosomal markers was 

reduced. Cao et al. (2006) found that autophagic vacuoles isolated from CLN3∆ex7/8 
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mice were less mature than control autophagic vacuoles when comparing 

ultrastructural morphology. This suggests that there may be a defect in autophagic 

vacuole maturation in CLN3 disease.  

Further studies have shown that the accumulation of SCMAS occurs within acidic 

organelles and not in the mitochondria, supporting the hypothesis that there is a defect 

in the degradation process via the autophagosome-lysosomal pathway (Cao et al. 

2011). Therefore, NCL proteins may be essential in the cellular mechanisms that link 

the autophagosome-lysosomal pathway and mitochondrial turnover of SCMAS.  

Previous studies have also explored the role of ER stress in NCL pathogenesis, as 

the ER is involved in many crucial cellular processes including protein synthesis and 

modification, Ca2+ homeostasis and lipid metabolism. Defects in ER homeostasis have 

been shown to lead to misfolded proteins being accumulated, and activation of the 

unfolded protein response. Several NCLs, including CLN1, CLN3, CLN6 and CLN8 

have been reported to be linked to ER stress and the UPR (Galizzi et al. 2011; Marotta 

et al. 2017).  

Certain mutations in the TPP1 gene that lead to CLN1 disease (Table 1.1 & 1.2) 

result in misfolded TPP1 protein not being transported to the lysosome and thus 

accumulating in the ER (Das et al. 2001). Furthermore, studies have reported ER 

stress-mediated caspase activation leading to elevated levels of apoptosis in CLN1 

patient brain biopsies (Riikonen et al. 2000; Kim et al. 2006b). Similarly, ER 

morphological abnormalities along with the activation of the UPR has been reported 

in CLN1 mouse models (Zhang et al. 2006).  

Research into CLN3 disease has also uncovered ER stress with CLN3 

overexpression mutations leading to a decrease in the expression of the ER 

chaperone protein Binding immunoglobulin protein (BiP) and increased expression of 

C/EBP homologous protein, which is a protein known to be induced by ER stress. 

Further research also reported this in siRNA knockdown CLN3 models (Wu et al. 

2014). These alteration in the BiP and the CCAAT-enhancer-binding protein (CHOP) 

expression suggest that deficiency in CLN3 function leads to defects in the cell’s ability 

to manage ER stress. Likewise, CLN6 has been reported to be linked with ER stress 

due to the dyshomeostasis of metals such as Zn2+, Mn2+ and Cu2+ that has been 

observed in CLN6 sheep models. This metal dyshomeostasis is believed to lead to 
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defects in the protein folding process in the ER, causing ER stress (Kenninen et al. 

2013; Grubman et al. 2014).  

CLN8 disease, outlined below, has also been linked to ER stress. The levels of ER 

stress marker BIP, CHOP and caspase 12 have been reported to be elevated in the 

central nervous system of the CLN8mnd mouse. In fact, ER stress has been suggested 

to play a role in CLN8 disease pathogenesis (Ranta et al. 1999; Galizzi et al. 2011). 

Nonetheless, the exact mechanism by which mutation in NCL proteins lead to ER 

stress remain unclear and requires further investigation. It may be due to mutations 

that cause misfolded protein accumulation in the ER, alterations in ER protein 

expression, alterations in levels of metals in cells, or simply due to the disruption these 

mutations cause to the endo-lysosomal system leading to ER stress. 

Some studies have reported Ca2+ defects in some NCLs such as CLN3 and CLN8 

disease (Kolikova et al. 2011; Chandrachud et al. 2015; Bosch and Kielian 2019). 

Recent studies reported increased lysosomal Ca2+ levels in Cln3 mutant mouse 

cerebellar cells (Chandrachud et al. 2015). As mentioned above in Section 1.1.6, 

Kolikova et al. (2011) proposed that CLN8 pathogenesis is linked to a reduction in the 

mitochondria’s ability to buffer Ca2+.  

The common pathological mechanisms that link the NCLs are still unclear and 

poorly understood; however, most studies focus on specific aspects of the disease 

rather than investigating causative up-stream events. Nonetheless, most research 

agrees that the NCL genes perform a role in the development of the central nervous 

system and are likely components in the same metabolic pathways (Weimer et al. 

2002). To fully understand these diseases, and ultimately identify therapeutic 

intervention points of benefit to all the NCLs and potentially all LSDs, it is crucial to 

identify the common pathological pathways affected in the NCLs. 

 

1.2.3 CLN8 disease 

CLN8 disease, also known as progressive epilepsy with mental retardation (EPMR) 

or Northern Epilepsy, is an autosomal recessive disorder caused by mutations in the 

CLN8 gene on chromosome 8 which encodes a 33 kDa transmembrane ER protein 

(Table 1.1 & Table 1.2). The CLN8 protein has recently been shown to act as a 

chaperone, required, in a complex with CLN6, for the transport of approximately two 
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thirds of lysosomal enzymes from the ER to the Golgi before being delivered to 

lysosomes (di Ronza et al. 2018; Bajaj et al. 2020). The disease is classified into two 

distinct clinical phenotypes: EPMR and a more severe form that is clinically and 

pathological, described in Table 1.3, similar to the late-infantile NCL variants such as 

CLN5, CLN2 and CLN7 (Striano et al. 2007; Jalanko and Braulke 2009; Passantino et 

al. 2013). 

 

Table 1.3: CLN8 disease clinical phenotypes. Outline of differences between two variants of CLN8 

disease (Striano et al. 2007).  

CLN8 variant Phenotypes differences 

EPMR 

• Onset ~5-10 years 

• Behavioural abnormalities are sometimes seen 

• Progressive mental retardation 

• Cognitive decline (increased during puberty) 

• Epileptic seizures (increased during puberty and decreased after) 

Late-infantile variant 

• Onset ~2-7 years 

• Visual impairment 

• Medication-resistant epileptic seizures 

• Behavioural abnormalities are common 

• Rapid progression 

• Severe neurological deterioration ~8-10 years 

 

CLN8 disease is characterised by epileptic seizures with an onset at five to ten 

years of age, which subsequently advance to progressive mental retardation and 

cognitive decline (Lonka et al. 2000). Seizure frequency and cognitive deterioration is 

accelerated during puberty. Patients may also exhibit behavioural disturbances such 

as restlessness and irritability (Striano et al. 2007). The number of seizures decreases 

spontaneously after puberty and become sporadic by the third decade. Nonetheless, 

cognitive decline continues alongside motor function loss (Mole et al. 2011). The late-

infantile variant CLN8 disease is characterised by onset at around two to seven years 

of age with myoclonic seizures, irregular gait and eventually clonic seizures. In these 

more severe cases, cognitive decline is accelerated, and visual impairment and 

behavioural abnormalities are frequently observed (Mole et al. 2011; Beesley et al. 

2017). By the age of eight to ten years, patients show severe deterioration of 

neurological and cognitive skills, spasticity, dystonic posturing, tremors and epilepsy 

resistant to medication (Striano et al. 2007; Mole et al. 2011). 
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To date, around 30 different mutations, outlined further in Section 1.2.4, such as 

missense mutations and genomic deletions, have been linked to CLN8 disease, most 

of which lead to the late-infantile variant of CLN8 disease (Beesley et al. 2017). As 

CLN8 disease has not been extensively studied, little is known about the full effect of 

the different types of mutation; however, the predicted outcome of the different types 

of mutations, and the outcome of specific mutations that have been reported, are 

outlined in Chapter 3 section 3.1.1. 

 There is a naturally occurring mouse model, the CLN8mnd mouse, which exhibits 

phenotypes similar to the late-infantile variant, that has been used to study the disease 

(Ranta et al. 1999; Jalanko and Braulke 2009; Passantino et al. 2013). Studies using 

the CLN8mnd mouse have identified altered lipid metabolism, mitochondrial 

dysfunction, oxidative stress, ER stress (as outlined above in Section 1.2.2) and 

defects in Ca2+ homeostasis (Vance et al. 1997; Bertamini et al. 2002; Guarneri et al. 

2004; Hermansson et al. 2005; Galizzi et al. 2011; Kolikova et al. 2011; Kuronen et al. 

2012).  

There have been reports of alterations in lipid metabolism in CLN8 disease 

(Hermansson et al. 2005; Kuronen et al. 2012). Sphingolipid profiling in the CLN8mnd 

mouse demonstrated a reduction in myelin-enriched galactolipids. Additionally, the 

activity and messenger ribonucleic acid (mRNA) expression of UDP-

galactose:ceramide galactosyltransferase, a crucial enzyme in galactolipid synthesis, 

was reduced in the brain of the CLN8mnd mouse. These results suggest defects in 

galactolipid processing. Furthermore, these galactolipid deficiencies were reported to 

cause delayed myelin maturation in early CLN8 disease pathogenesis, which leads to 

defects in oligodendrocyte maturation (Kuronen et al. 2012).  

Another study found that there were significant changes in the levels of ceramide, 

galctosyl and lactosylceramide, and sulfatide, as well as altered composition of 

phosphatidylserines, phosphatidylethanolamines and phosphatidylinositol in two 

CLN8 patient post-mortem brain samples measured by liquid chromatography/mass 

spectrometry. Remarkably, the changes in the levels and compositions of these lipids 

were not the same in the CLN8 patient brain samples and, in fact, in most cases these 

were oppositely affected between the two CLN8 patient brains samples (Hermansson 

et al. 2005). This variation in brain sphingo and phospholipid profiles may lead to 
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defects in membrane stability, vesicular trafficking and even neurotransmission, and 

thus may contribute to CLN8 pathogenesis (Hermansson et al. 2005). 

Mitochondrial function has been suggested to be affected in CLN8 disease through 

alterations in mitochondrial import of lipids and proteins due to defective linkages 

between ER-like membranes and mitochondria. Furthermore, studies have found that 

the mitochondrial proteins NADH:cytochrome b5 reductase and SCMAS were partially 

mis-localised to microsomes in the CLN8mnd mouse liver (Vance et al. 1997). 

Likewise, other studies have reported significant alterations in mitochondrial 

enzyme activities in the CLN8mnd mouse cortical regions. This study reported that 

mitochondrial complexes I and IV, and citrate synthase, were decreased, as was the 

rate of oxygen consumption in the CLN8mnd mouse (Bertamini et al. 2002). Bertamini 

et al. (2002) suggested that mitochondrial defects, as reported in the CLN8mnd mouse, 

are linked to oxidative stress, and that this plays an important role in the pathogenesis 

of this motor neuron disease.  

As explained in Section 1.1.3, levels of Ca2+ are tightly regulated and thus changes 

in Ca2+ levels lead to cellular dysfunction. Mitochondrial Ca2+ buffering has been 

reported to be affected in the CLN8mnd mouse. The ability of hippocampal neurons to 

clear large Ca2+ loads was impaired in CLN8mnd mice due to defects in mitochondrial 

Ca2+ uptake (Kolikova et al. 2011). Ca2+ uptake by SERCA and Ca2+ efflux via the 

plasma membrane were not affected. In fact, Kolikova et al. (2011) suggested that the 

neurodegeneration seen in CLN8 disease is primarily caused by the reduction in the 

capacity in mitochondrial Ca2+ buffering.  

 

1.2.4 The CLN8 protein  

CLN8 is mainly found in the ER membrane, but has also been localised to the ER-

Golgi intermediate compartment (ERGIC) (Lonka et al. 2000; Passantino et al. 2013). 

Nonetheless, in polarized CaCo2 cells, CLN8 is found in specialized sub-

compartments (Lonka et al. 2000), in mouse fibroblasts it is found in the Golgi, 

endosomes and lipid rafts (Persaud-Sawin et al. 2007), and in hippocampal neurons 

it is found in proximity of the plasma membrane (Lonka et al. 2000; Vantaggiato et al. 

2009).  
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The CLN8 protein interacts with other NCL proteins such as CLN2, CLN3, CLN5 

and CLN6 in different sub-compartments (Persaud-Sawin et al. 2007; Lyly et al. 2009). 

Additionally, previous work has found that proteins associated with biological 

processes such as lipid transport, vesicular transport, autophagy and apoptosis 

including VAPA which is an ER-lysosomal contact point protein, c14orf/hERG28, 

STX8, GATE16, BNIP3 and BNIP3L proteins, potentially interact with the CLN8 

protein (Passantino et al. 2013).  

The CLN8 protein (Figure 1.4) contains five-hydrophobic transmembrane regions, 

a 200 amino acid-long TLC (TRAM-LAG1-CLN8) domain (amino acid 62-262) and a 

C-terminal ER-retrieval KKRP signal for recycling from the ERGIC. The TLC domain 

is linked to a family of TLC-domain homologues that have been hypothesised to have 

a role in lipid synthesis, transport or sensing (Winter and Ponting 2002; Rusyn et al. 

2008; Kuronen et al. 2012). Other members of the family have been demonstrated to 

enable the transport of newly synthesized membrane proteins into the ER, as well as 

export glycophosphatidylinositol-anchored protein out of the ER. Other reports have 

suggested a role for TLC proteins in acyl-CoA-dependent ceramide synthesis 

(Hermansson et al. 2005).  

 

 

 



 

   28 

 

Figure 1.4: Outline of CLN8 protein structure: A: Representation of the CLN8 with transmembrane domains in 

green and cytosolic and ER/ERGIC lumen domains in purple. B: The line represents the CLN8 protein sequence 

with the ER lumen sections in blue, the transmembrane sections in green and the cytosolic sections in red. Some 

of the known patient mutations are outline in along the protein sequence with some of the ones used in Chapter 3 

of this thesis in bold and underlined. Figure adapted from (di Ronza et al. 2018). 

 

The CLN8 protein, as is the case for many of the NCL proteins, has not been 

extensively studied and, as such, there is a dearth of knowledge about the protein and 

the disease. Recently, however, CLN8 was demonstrated to have a key role in 

lysosomal enzyme maturation, as approximately 2/3rds of lysosomal enzymes required 

CLN8 to facilitate their transport from the ER to the Golgi via the ERGIC (di Ronza et 

al. 2018). In this study, di Ronza et al. (2018) determined that the absence of CLN8 

causes lysosomal enzyme trafficking to be disrupted.  

Following this work, a recent study found that CLN8 forms a complex with CLN6, 

referred to as EGRESS (ER-to-Golgi relaying of enzymes of the lysosomal system), 

which recruits lysosomal enzyme in the ER and promotes their transfer to the Golgi. 

Therefore, the CLN8-CLN6 complex or EGRESS was found to be a key player in 

lysosomal biogenesis (Bajaj et al. 2020). This emerging role for CLN8 in the transport 

of lysosomal enzymes from the ER to the Golgi might explain why previous studies 

localised the CLN8 protein in the ER, ERGIC, and Golgi (Lonka et al. 2000; Persaud-
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Sawin et al. 2007; Passantino et al. 2013; Beesley et al. 2017). Nonetheless, the full 

role of CLN8 in lysosomal homeostasis, and the specific effects of patient mutations 

on lysosomal and cellular function remain unclear and understudied. 

Previously, mutations in the TLC domain were thought to result in the more severe 

late-infantile variant CLN8 (Beesley et al. 2017). An example of this is a patient with 

the missense mutation Q194R who suffers from the more severe infantile variant 

CLN8 disease (Cannelli et al. 2006). Missense mutations outside of this domain, such 

as R24G and W263C, were reported to result in the less severe form, EPMR (Zelnik 

et al. 2007; Kousi et al. 2012; Beesley et al. 2017). Nevertheless, it is now widely 

accepted that mutations in different specific protein domains do not lead to differences 

in clinical severity (Kousi et al. 2012). In fact, some patients with the more severe 

infantile-variant of the disease have more than one mutation in the CLN8 gene, such 

as a Turkish patient with five mutations and an Italian patient with four (Ranta et al. 

2001; Cannelli et al. 2006).  

Recently, mutations in CLN8, particularly P260L, have been found to be a possible 

‘biomarker gene’ of Parkinson disease. In fact, the P260L mutation was reported to be 

deleterious to Parkinson disease (Odaumpatta and Mohanapriya 2020). Furthermore, 

SNPs that lead to changes in CLN8 protein expression have been linked to the severity 

of the LSD Gaucher disease (Zhang et al. 2012). Zhang et al. (2012) reported that 

mild Gaucher disease patients exhibit higher levels of CLN8 protein expression.  

 

1.3 Current therapies for treating lysosomal storage disease 

 

The mechanistic understanding of LSDs has substantially increased over the past 

decade. It has become apparent, as mentioned above, that lysosomal dysfunction 

leads to a number of secondary cellular responses that eventually lead to cell death. 

The first therapeutic strategies developed for LSDs were introduced in the 1990s. One 

such strategy involves replacement or restoration of the defective enzyme, and most 

approaches that have been developed for treating LSDs so far are aimed at increasing 

levels of defective enzyme in those diseases. The missing or defective enzyme can 

be remedied using haematopoietic stem cell transplantation (HSCT), chaperone 

therapy, enzyme replacement therapy (ERT) and gene therapy. In most cases, even 
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minor increases in enzymatic activity of up to 10% can be enough to see clinical benefit 

and partial phenotypic correction in LSDs patients (Parenti et al. 2012). Alternatively, 

the material being accumulated in lysosomes can be reduced by decreasing the 

synthesis of the substrates stored in lysosomes, termed substrate reduction therapy 

(SRT). 

 

1.3.1 Haematopoietic stem cell transplantation (HSCT)  

HSCT was the first available therapy for LSDs. This therapy relies on the 

transplantation of hematopoietic stem cells from a healthy donor into the patients 

(Parenti et al. 2012). This therapy works by repopulating specific tissues with the donor 

cells, which secrete functional lysosomal enzymes that are then taken up by the 

patient cells. One significant advantage of HSCT is that donor cells are able to cross 

the blood brain barrier. This therapeutic approach is, however, slow and limited to a 

few lysosomal disorders.  

 

1.3.2 Enzyme replacement therapy (ERT)  

In recent years, one of the greatest breakthroughs in treating LSDs has been ERT, 

which is a therapy based on re-introducing defective enzymes into patients via weekly 

or fortnightly infusions of recombinant enzymes (Parenti et al. 2012; Beck 2017). 

Examples of ERT being used effectively can be found in the reduction of 

glycosaminoglycan storage in Mucopolysaccharidosis (MPS) and 

globotriaosyceramide in Fabry disease. In some cases, it even improves patient organ 

function, such as heart function in Fabry disease (Marshall et al. 2010; van der Veen 

et al. 2020). Recently, Brineura was approved by the U. S. Food & Drug Administration 

(FDA) and the European Medicines Agency (EMA) as an ERT therapy for CLN2 in 

which recombinant TPP1 is administered intrathecally (Kohlschütter and Schulz 2016; 

European Medicine Agency 2017; US Food & Drug Administration 2017).  

Nonetheless, ERT has variable efficacy between patients, as patients severely 

affected with some LSDs may exhibit irreversible organ damage that does not respond 

to ERT (Marshall et al. 2010). Furthermore, ERT therapeutic efficiency can decrease 

in patients over time if they develop antibodies against the recombinant enzyme, which 
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has been observed in a severe infantile form of Pompe disease (Banugaria et al. 

2011). 

Nevertheless, there are some limitations to ERT such as the high cost of therapy 

and the limited bioavailability, as ERT does not cross the blood brain barrier. The high 

cost associated with ERT results from the cost of producing large amounts of 

recombinant enzyme that can be administered to human patients. Unfortunately, ERT 

may cost as much as several hundred thousand dollars per patient per year such as 

Brineura for CLN2 disease which cost more than £500,000 per patient per year (Smith 

2019).  

 

1.3.3 Gene therapy  

Gene therapy is another strategy for treating LSDs by injecting a vectored healthy 

copy of the affected gene directly into affected tissues. As with most of the strategies 

for treating LSDs, gene therapy is aimed at increasing the levels of the defective 

enzyme in patients. As LSDs are monogenic disorders, gene therapy is a viable 

therapeutic approach. Additionally, as lysosomal enzymes can be secreted and taken 

up by other cells via the mannose-6-phosphate receptor, they are attractive targets for 

gene therapy as the gene does not need to be transferred to all cells. Many different 

viral vectors have been and are being tested, such as Herpesviruses, lentiviruses, 

adeno-associated viruses, and adenoviruses (Cardone 2007).  

An example of in vivo gene therapy is the current clinical trial in CLN2 patients, 

where a healthy copy of the TPP1 gene is being delivered intracerebrally using an 

adeno-associated virus (AAV) vector in patients, that has displayed promising 

outcomes in patients (Kohlschütter and Schulz 2016). Intracerebral injection of AAV 

with a healthy gene is also under investigation for other LSDs and neurodegenerative 

diseases such as MPS IIIB, metachromatic leukodystrophy and Parkinson disease 

(Hocquemiller et al. 2016). 

There are, however, still many concerns around gene therapy including issues with 

viral vector safety and carcinogenesis following gene transfer mediated by retrovirus 

or adenovirus. This may be overcome using AAV vectors which generally do not 

integrate into the host genome (Parenti et al. 2012). Nonetheless, there are other 

limitations to gene therapy such as patients developing immune responses, and the 
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inability of this treatment to cross the blood-brain barrier (Parenti et al. 2012; Beck 

2017).  

 

1.3.4 Substrate reduction therapy (SRT)  

Another approach to treating LSDs is to reduce the material being stored by 

inhibiting specific steps of the biosynthetic pathway; this decreases production of the 

material and helps restore equilibrium between material synthesis and catabolism 

(Platt and Jeyakumar 2008; Schiffmann 2010).  

N-butyldeoxynojirimycin, or miglustat, is an example of an SRT that is approved 

and is being used to treat LSDs including Gaucher disease type 1 and NPC1 disease. 

Miglustat is an imino sugar analogue of D-glucose that acts by inhibiting 

glucosylceramide synthase, leading to partial inhibition of the biosynthesis of 

glycosphingolipids that ultimately results in reduced lysosomal lipid storage (Platt et 

al. 1994; Lachmann et al. 2004).  

Miglustat treatment reduces lysosomal storage, ameliorates endo-lysosomal 

trafficking defects, rescues Purkinje neuron function and survival in NPC disease 

(Lachmann et al. 2004; Patterson et al. 2007; Stein et al. 2012). Furthermore, miglustat 

slows progression of NPC1 disease in adults; whereas, in children, neurological 

symptoms are stabilised, motor decline is decreased and eye movement velocity and 

swallowing are improved (Lachmann et al. 2004; Patterson et al. 2007; Stein et al. 

2012).  

A new drug called eliglustat is a novel ceramide glucosyltransferase inhibitor which 

has recently been approved in the United States and Europe for treating Gaucher 

disease (Beck 2017). SRT is also currently being explored for treatment in other LSDs 

including Fabry disease (Marshall et al. 2010), Pompe disease (Douillard-Guilloux et 

al. 2010) and Sandhoff (Ashe et al. 2011). The use of small-molecule SRT has 

advantages compared to ERT and gene therapy, particularly bioavailability across 

different tissues, the lack of immune response, and the opportunity for oral 

administration (Parenti et al. 2012; Beck 2017). Nonetheless, this treatment option is 

not available for many LSDs yet, as further understanding of the biochemical pathways 

affected in LSDs is needed. 
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1.3.5 Pharmacological Chaperone therapy  

Many of the LSDs are caused by mutations that lead to improper protein folding; 

this prevents them from reaching the lysosome and carrying out their function, as 

misfolded proteins are tagged for degradation in the ER by protein quality control 

systems (Parenti et al. 2012). In some of these LSDs, the enzyme may recover partial 

or full function if it is able to fold properly (Beck 2017). Pharmacological molecules 

called chaperones can be used to treat diseases resulting from protein misfolding as 

they may help proteins fold appropriately by interacting with the mutant protein and 

enhancing its stability, thus avoiding degradation and partially rescuing the mutant 

protein (Parenti 2009). 

The first example of a chaperone therapy for an LSD is the imino sugar 1-deoxy-

galactonojirimycin or migalastat which is used to treat Fabry disease as it is a 

competitive inhibitor of the enzyme affected in this disease, a-galactosidase (Giuglliani 

et al. 2013). Migalastat (Galafold), at sub-inhibitory concentrations, acts as a chemical 

chaperone that competitively binds to the enzyme, allowing certain mutant a-

galactosidase to fold to the correct conformation, facilitating lysosomal trafficking and 

thus increasing catalytic activity (Giuglliani et al. 2013). This drug has been through all 

of the required safety trials and has recently been approved by the FDA and EMA for 

Fabry patients with certain mutations (Parenti et al. 2012; European Medicines Agency 

2016; US Food & Drug Administration 2018).  

A more recent example of a chaperone therapy that has been reported to have 

potential benefit for the LSD Gaucher disease is ambroxol (Maegawa et al. 2009; 

Magalhaes et al. 2018). Ambroxol is an expectorant that has been previously used to 

treat respiratory disease associated with mucus hypersecretion (Magalhaes et al. 

2018). Maegawa et al. (2009) reported that ambroxol acts as a chaperone of certain 

glucocerebrosidase mutants, the enzyme deficient in Gaucher disease, stabilising the 

enzyme and improving translocation to the lysosome, where it dissociates at the acidic 

pH. Further work also reported that ambroxol increases the levels of the 

glucocerebrosidase activator saposin C and the activity of cathepsin D, another 

lysosomal enzyme (Ambrosi et al. 2015). 

However, there are some disadvantages to chaperone therapies, including their 

effectiveness for only certain mutations, with others unresponsive to treatment. For a 
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chaperone therapy to work, the mutation must be located in specific domains of the 

protein (Flanagan et al. 2009). Additionally, there is a risk that chaperone molecules 

may inhibit activity instead of enhancing it if they reach high enough concentrations 

(Parenti et al. 2012; Beck 2017). This may be overcome, however, by finding new 

molecules that interact with allosteric sites and not the active site; for example, recent 

computational screens have identified allosteric chaperones for a-glucosidase which 

may be used in the future to treat Pompe disease (Porto et al. 2012). 

 

1.3.6 Neutraceuticals  

Neutraceuticals or ‘bioceuticals’ are compounds or substances that may have 

physiological benefit in chronic disease but are not regulated by the FDA or EMA as 

they fall under the same category as dietary supplements (Nasri et al. 2014). 

Neutraceuticals have been reported to have many health benefits, with many recently 

receiving considerable interest due to their potential therapeutic effects on a myriad of 

diseases such as Alzheimer, cardiovascular disease, cancer, diabetes, Parkinson 

disease and LSDs (Lloyd-Evans et al. 2008; Nasri et al. 2014; Makkar et al. 2020). 

An example of a neutraceutical that has been reported to have potential benefit to 

an LSD is curcumin (Lloyd-Evans et al. 2008). Curcumin, found in turmeric, is a widely 

used spice, flavouring and herbal nutraceutical that is an anti-oxidant and modulator 

of Ca2+ homeostasis, that has been shown to have beneficial effects in Npc1-/- mice 

(Lloyd-Evans et al. 2008). This neutraceutical has also been reported, in thousands of  

publications, to have anti-inflammatory, anti-cancer, anti-microbial and other beneficial 

effects, including improvement in patients with different diseases such as cancer and 

Alzheimer disease (Monroy et al. 2013; Shanmugam et al. 2015). Furthermore, 

curcumin is able to cross the blood-brain barrier, which is important to treat diseases 

such as LSDs, where the brain is primarily affected (Tsai et al. 2011). 

Curcumin is known to be able to inhibit all 3 isoforms of the Ca2+ channel SERCA 

by inducing a conformational change that blocks ATP binding (Bilmen et al. 2001). As 

mentioned above, SERCA is an important protein in that it regulates ER and cytosolic 

Ca2+ by pumping Ca2+ from the cytosol to the ER. Therefore, inhibiting SERCA leads 

to cytosolic Ca2+ increases via the action of ER Ca2+ leak channels which, in turn, 

stimulate further Ca2+ release from the ER. Lloyd-Evans et al. (2008) reported that it 
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is possible that the increase in cytosolic Ca2+ benefits NPC1 disease by compensating 

for the decrease in lysosomal Ca2+ release, resulting in a correction of defective Ca2+-

dependent endo-lysosomal fusion events and an improvement in lipid storage.  

There are, however, concerns around the use of nutraceuticals for LSDs, 

considering the lack of regulation around the formulation of nutraceuticals that may 

generate compounds that ultimately cause more harm than good (Cohen 2014). The 

lack of regulation may also lead to batch inconsistencies and inaccurate labelling, 

which has caused issues in the past (Cohen 2014). An example of the dangers of 

unregulated nutraceuticals is the more than 200 cases of selenium poisoning caused 

by a multivitamin supplement in 2008 (Cohen 2014). Therefore, care must be taken 

when selecting nutraceuticals that may be of benefit to LSDs in order to find 

formulations that provide benefit without toxicity. 

 

1.3.7 Combination therapies  

Ultimately, all LSDs present a variety of cellular dysfunction and clinical symptoms 

and, as such, targeting multiple pathogenic events at the same time using different 

therapeutic approaches will lead to the most effective treatments for the disease 

(Specchio et al. 2020). An approach that may be used in order to target multiple 

pathogenic events as well as increase the likelihood of treatment efficacy is using 

combination therapies, which is the use of multiple approaches to treat a disease.  

There have already been studies of combination therapies in Npc1-/- mice; miglustat 

to decrease sphingolipid synthesis and storage, curcumin to increase cytosolic Ca2+ 

to compensate for reduced lysosomal Ca2+, and ibuprofen to decrease 

neuroinflammation. The study concluded maximum clinical benefit was achieved by 

using the combination approach that targets different steps of the pathogenic cascade 

(Williams et al. 2014).  

Chaperone therapy can also be used in combination therapies. One example of 

chaperone therapy being used in combination with another therapy is in Pompe 

disease where patients were treated with both chaperone therapy and ERT. Pompe 

disease is an LSD caused by a deficiency in the enzyme a-glucosidase. Some patients 

have been allowed to receive 1-deoxynojirimycin or duvoglustat HCL (AT2220) orally 

in combination with ERT of the recombinant a-glucosidase through orphan drug 
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designation. The combination of these therapies leads to an approximate two-fold 

increase in a-glucosidase activity compared to ERT alone (Kishnani et al. 2017).  

 Even the approval of therapies for some LSDs such as miglustat for NPC1 or 

Brineura for CLN2 bring about a new era of novel disease progression patterns in 

treated patients (Specchio et al. 2020). The novel phenotypes that are uncovered as 

each patient’s disease progress into stages not seen before will ultimately require 

other therapies to treat them, highlighting further the importance of combination 

therapies.  

 

1.3.8 Novel therapies   

Many LSDs are caused by premature stop-codon mutations, which lead to the 

formation of truncated non-functional proteins (Brooks et al. 2016). Certain drugs, 

such as gentamicin, can be used to induce read-through of premature stop-codons, 

resulting in production of full-length proteins with some or even normal enzymatic 

activity. Therefore, pharmacological compounds that are able to do this may be used 

to treat diseases caused by premature stop-codons. Keeling et al. (2001) found that 

treating patient MPS disease I fibroblast cells containing various premature stop-

codon mutations with gentamicin increased the levels of the deficient enzyme 

iduroniase (Keeling et al. 2001; Keeling 2016). 

The positive effects of this type of treatment were further demonstrated in animal 

models of MPS I carrying a homologous mutation to one of the early stop-codon 

mutations in patients, which were treated with the drug aminoglycoside NB84 (Wang 

et al. 2012a). Following a 28-week treatment of this drug, the animal models showed 

significantly increased iduronidase activity in several organs, improved heart function, 

reduced glycosaminoglycan accumulation and improved activity (Gunn et al. 2014). 

There are, however, no currently approved therapies using drugs that induce read-

through of premature stop-codons. 

Other pharmacological compounds that may be of benefit to LSDs by aiding 

lysosomal clearance are being developed and applied to clinical trial. These 

compounds include the heat shock protein modulator arimoclomol, discussed further 

in Chapter 4, to treat NPC, Huntington disease and amyotrophic lateral sclerosis 

(Kirkegaard et al. 2010; Kirkegaard et al. 2016), the anti-inflammatory drug pentosane 
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polysulfate to treat MPS I (Hennermann et al. 2016) and the sphingosine 1-phosphate 

receptor modulator fingolimod to treat NPC, the NCLs and Huntington disease 

(Brunkhorst et al. 2014; Groh et al. 2017).  

Recently, a regulatory application for arimoclomol to treat NPC1 disease was made 

to the FDA (Orphazyme 2020). There are even some pharmacological compounds in 

clinical trial where the exact mechanisms of action are not well understood, such as 

cyclodextrin, a cyclic oligosaccharide, being tested in NPC patients as it improves 

neurological function and stabilises disease progression in animal models and NPC 

patients (Megias-Vericat et al. 2017). Nonetheless, it was reported to cause hearing 

loss and not have as much of an effect in patients as it did in the animal models which 

lead to the trials in Europe being stopped (Crumling et al. 2017). 

Mycophenolate mofetil is another example of a compound that has been reported 

to be potentially beneficial for LSDs (Seehafer et al. 2011; Augustine et al. 2019). This 

compound is an FDA approved immunosuppressant that has been used as an off-

label treatment for autoimmune neurological conditions (Augustine et al. 2019). 

Studies have reported that mycophenolate mofetil treatment in Cln3∆ex1-6 mice, which 

is a CLN3 mouse model, reduced levels of autoantibodies, decreased 

neuroinflammation and improved motor function (Seehafer et al. 2011). Nonetheless, 

a short-term study in CLN3 disease patients showed no clinical benefit and suggested 

that long-term trials are needed (Kohlschütter and Schulz 2016).  

Currently, there are very few FDA and/or EMA approved therapies for LSDs. In fact, 

most LSDs currently have no therapy, making them an urgent unmet medical need. 

All current therapies have limitations and do not apply to all LSDs. Remarkably, other 

than for CLN2, there are no therapies for the NCLs, despite them being the largest 

group of LSDs (Mukherjee et al. 2019) and sharing many common pathological 

mechanisms.  

Small molecule therapies that target common cellular pathologies across the LSDs 

can be used in combination with other therapies across different LSDs. As such, more 

research to increase the understanding of the mechanisms behind LSD pathology, as 

well as drug screening and development for LSDs is needed. By understanding the 

pathological mechanisms that affect the NCLs, small molecule therapies can be 
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identified that can help reduce lysosomal storage in the NCLs and across the LSDs 

by targeting common cellular mechanisms affected. 

Finding and developing drugs for rare diseases, and indeed for all diseases, is 

extremely difficult and expensive. This will ultimately lead to unsustainable costs for 

services like the NHS, as companies seek to recoup research and development costs. 

Drug repurposing, outlined further in Chapter 5 Section 5.1.1, offers an increased 

likelihood of reaching patients and lower development costs, as these drugs have 

already been tested for other diseases and, as such, have safety data available 

(Pushpakom et al. 2019). Therefore, drug repurposing should be prioritised as a 

method of drug discovery for rare disease, to develop much needed therapies in this 

area of unmet medical need. 

 

1.4 Aims & Objectives 

 

There is a dearth of knowledge surrounding the pathogenic mechanisms in CLN8 

disease and thus further research is needed to identify the cellular processes that are 

altered in the disease, which will enable the identification of therapeutic targets and 

phenotypes that can be used for drug screening. Furthermore, LSDs in general are 

poorly understood and currently have few to no available therapies, making them an 

urgent unmet medical need. The aim of this project is to explore cellular phenotypes 

in CLN8 patient cell lines that can increase our understanding of the disease and be 

used for drug screening, as well as developing and carrying out drug screens that may 

identify compounds that may be of benefit to other or multiple LSDs. 

 

Chapter 2 describes the materials and methods that were used throughout this study. 

 

Chapter 3 investigates cellular phenotypes in four CLN8 patient cell lines to identify 

possible therapeutic intervention targets and categorise cellular phenotypes for future 

drug screening in the disease. 
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Chapter 4 characterises and validates a cellular model for NPC1 disease using Npc1-

/- glial cells for high-throughput drug screening and confirmation studies. 

 

Chapter 5 explores 3 drug repurposing projects: 1. A high-throughput screen of an 

FDA approved drug library for molecules that can increase activity of the 

galactosylceramidase enzyme, whose function is lost in the LSD Krabbe disease. 2. 

Cellular based screen of the potential benefit of miglustat in some NCL patient cells. 

3. Exploration of the potential mechanisms by which curcumin may be of benefit to 

several LSDs.   

 

Chapter 6 summarises the conclusions of this thesis with a general discussion, 

including the future implications of the findings in this report, and proposes future 

works that should be undertaken.  

 



 

   40 

Chapter 2: Materials and Methods 

 

All materials and chemicals were purchased from Sigma Aldrich, Poole, United 

Kingdom unless specified otherwise.  

 

2.1 Cell Culture  

 

2.1.1 Human fibroblasts (HF)   

Human fibroblast cells (HFs) are well-characterised skin derived cell lines that were 

taken from patients (Table 3.1, 4.2 & 5.1) and have been used in publications 

previously (Pal et al. 2006; de Mezer et al. 2011). HFs are a good model for LSDs 

studies as they contain the relevant patient mutation and can be passaged multiple 

times (up to 20 and always closely matched in all experiments). HFs are non-excitable 

cells meaning that fundamental changes in organelle function can be explored in the 

absence of enhanced cellular responses to extracellular factors and have been 

previously used to characterise disease phenotypes (Auburger et al. 2012). HFs were 

cultured as a monolayer in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% 

heat-inactivated foetal bovine serum (FBS; PAN Biotech® Aidenbach, Bavaria, 

Germany) and 2 mM L-glutamine in a humidified incubator at 37 °C and 5% CO2. The 

passage number between different cell lines were kept within a range of +/- 2 in every 

experiment to ensure the different cell lines were passage matched.  

Briefly, human fibroblasts (HFs) in this project acquired from Coriell Cell Repository 

(Camden, NJ, United States) were apparently healthy control 1-year-old GM05399 

(control 1 HF), 6-year-old GM05400 (control 2 HF), CLN2 HF (GM16486), NPC1 HF 

(GM03123) and NPA HF (GM00112). CLN7 474 HF, CLN8 462 HF, CLN8 533 HF, 

CLN8 534 HF, CLN8 535 HF and CLN10 HF were kindly provided by Professor Sara 

Mole, University College London.  
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2.1.2 Astroglial cell lines 

Npc1 knockout (Npc1-/-) glia and control (Npc1+/+) glia were established previously 

in Lloyd-Evans et al. (2008). The cells were isolated from the cortex of newborn post-

natal day 1 mice, allowed to adhere and then subcultured by trypsinization (Lloyd-

Evans et al. 2008). The resulting astroglial cell lines were genotyped to select Npc1+/+ 

and Npc1-/- cultures and then maintained as a monolayer in DMEM with 10% heat-

inactivated fetal bovine serum and 2 mM L-glutamine in a humidified incubator at 33 

°C and 5% CO2. The passage number between different cell lines were kept within a 

range of +/- 2 in every experiment to ensure the different cell lines were passage 

matched. 

 

2.1.3 Drug treatments  

Drug treatment longer than 2 days were refreshed every 48 hours and the cells 

were maintained at no more than 80% confluency. The precise concentration and 

treatment lengths for each experiment are outlined in each figure legend.  

 

2.1.3.1 Miglustat treatments 

Cells in culture, as outlined above, were treated with 50 µM miglustat (outlined in 

detail in Chapter 5 Section 5.1.3; Toronto Research Chemicals, Toronto, Ontario, 

Canada) in DMEM as this has been shown to be an appropriate in vitro concentration 

of the drug (Guerrera and Ladisch 2003). The cells were then incubated in humidified 

incubators for 24 hours or 7 days (Lachmann et al. 2004; te Vruchte et al. 2004). 

 

2.1.3.2 Arimoclomol treatments 

Arimoclomol is a small molecule hydroxylamine derivative that induces HSP70 

expression leading to upregulation of the genome and has been identified as a 

potential therapy for LSDs such as NPC1 (Hesselink 2017; Fog et al. 2018; 

Orphazyme 2020). Arimoclomol treatments were carried out at a concentration of 50 

µM, 100 µM, 200 µM, 400 µM and 800 µM in DMEM from a Dimethyl sulfoxide (DMSO) 

stock solution and incubated in humidified incubator for 3 days (Hesselink 2017; Fog 
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et al. 2018). Arimoclomol-like compound, provided by SOM Biotech, treatments were 

done at 5 µM, 50 µM, 100 µM and 200 µM for three days. 

 

2.1.3.3 Curcumin treatments 

Curcumin nanoformulations (Life Extension, Fort Lauderdale, FL, United States; 

Nutrivine, Middle Rivers, MD, United States), outlined in Chapter 5 Section 5.1.4 & 

Table 5.3, were used to treat cells at 30 µM from a DMSO stock 10mM solution in 

DMEM ensuring that the DMSO content in treat cells was always at 0.3% v/v. Treated 

cells were then incubated in humidified incubator for 4 hours or 24 hours. For each 

nanoformulation the stock solution was made by calculating the ratio carrier/bulking 

agents as stated by the manufacturer (Table 5.3) as well as thin layer chromatography 

separation and confirmation of curcuminoid content (Badell-Grau et al. in prep).  

 

2.1.3.4 Dexamethasone treatments 

Dexamethasone treatments were carried out at a concentration of 100 nM in DMEM 

from a DMSO stock solution and then incubated in humidified incubator 30 minutes 

before being refreshed with DMEM without drug and left overnight before being used 

for an experiment as this concentration has been previously suggested to possibly 

reset circadian rhythms in cells (Balsalobre et al. 2000; Nagoshi et al. 2004).  

 

2.2 Fixed Immunocytochemistry  

 

2.2.1 Paraformaldehyde cell fixation 

To prepare cells for immunohistochemistry, 10,000 cells were plated on acid-

washed glass coverslips in a 24-well plate (Greiner, Kremsmünster, Austria) or 15,000 

cells were plated directly in a sterile 96-well Ibidi μ-plate (Thistle Scientific, Glasgow, 

United Kingdom) and left to grow overnight; the growth media was removed on the 

following morning and the cells were washed in non-sterile Dulbecco’s phosphate-

buffered saline (D-PBS). Following the D-PBS wash, the coverslips were treated with 

4% paraformaldehyde (PFA) in D-PBS at pH 7 for 10 minutes at room temperature. 
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The cells were then washed once in DMEM followed by three washes in D-PBS. Once 

fixed, cells were stored in 1 ml of D-PBS at 4 °C until required for staining and were 

maintained in this manner for no more than a maximum of 4 weeks.  

 

2.2.2 Blocking buffer  

Fixed cells were blocked in D-PBS supplemented with 1% bovine serum albumin 

(BSA) and 0.01% saponin for 30 minutes in order to prevent non-specific antibody 

binding and aid permeabilization of cells, respectively. Aliquots of blocking buffer were 

stored until required at -20 °C.  

 

2.2.3 Cholesterol staining with filipin 

The blue auto-fluorescent antibiotic filipin, with an excitation and emission at 380 

nm and 450 nm, respectively, was used to visualise unesterified cholesterol levels in 

the cells fixed as described above. Filipin has been used previously in publications to 

bind unesterified cholesterol (te Vruchte et al. 2004; Maxfield and Wüstner 2012; 

Vanier and Latour 2015) and is specific as cells lacking cholesterol but containing all 

other sterol species are not labelled (Wassif et al. 2002). Fixed cells were incubated 

for 30 minutes in a 175 μg/ml filipin solution in DMEM with 10% FBS. Following filipin 

incubation, cells were washed for five minutes in D-PBS three time before being fixed 

in PFA (Section 2.2.1), mounted (Section 2.2.5) and then imaged (Section 2.4).  

 

2.2.4 Ganglioside GM1 staining with FITC tagged cholera toxin B subunit 

Ganglioside GM1 cellular localisation and levels were visualised using cholera toxin 

B subunit with a FITC tag (CtxB-FITC) which has an excitation and emission at 490 

nm and 525 nm, respectively (Blank et al. 2007). CtxB specifically binds to ganglioside 

GM1 making it an appropriate probe to visualise ganglioside GM1 levels and 

localisation (Blank et al. 2007). Fixed cells were incubated in 1 µg/ml CtxB-FITC 

solution in DMEM and incubated overnight at 4 °C. Following the incubation, cells were 

washed three times for five minutes in D-PBS before being fixed in PFA (Section 

2.2.1), mounted (Section 2.2.5) and then imaged (Section 2.4). 
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2.2.5 Antibody staining of HSP70  

HSP70 staining was carried out using a polyclonal antibody against human HSP70 

(CAT25405-1-AP; ThermoFisher Scientific, Massachusetts, United States). The anti-

HSP70 antibody was used at a dilution of 1:100 in blocking buffer (Section 2.2.2) 

overnight at 4 °C before washing the cells 3 times for 5 minutes in blocking buffer. The 

cells were the incubated at room temperature with the secondary antibody Dylight 488 

anti-rabbit IgG (Vector Scientific, Golden, CO, United States) with excitation and 

emission at 493 nm and 518 nm respectively. Finally, the cells were then washed 3 

more times for 5 minutes in D-PBS before being fixed in PFA (Section 2.2.1), mounted 

(Section 2.2.5) and then imaged (Section 2.4).  

 

2.2.6 Nucleus counter-staining 

Nuclei in fixed and live cell-staining (section 2.3) were visualised by incubating with 

a 4 μg/ml Hoechst33342 solution (ThermoFisher Scientific) in D-PBS, with an 

excitation and emission at 350 nm and 461 nm, respectively, for 10 minutes before 

being washed three times for five minutes in D-PBS.  

 

2.2.7 Coverslip mounting  

Following staining procedures outlined above, cells grown on coverslips were 

mounted on twin frosted-glass slides (ThermoFisher Scientific) using FluoroshieldTM 

mounting medium. Mounted coverslips were imaged, as described in section 2.4, after 

being left to dry in the dark for at least 12 hours at room temperature. Whereas, cells 

seeded in the sterile 96-well Ibidi μ-plate were visualised in the plate in D-PBS and 

thus did not require mounting.   

 

2.3 Live Cell staining 

All cells were counterstained with Hoechst33342 as outlined above in Sections 2.2.2.  

 

2.3.1 Cell seeding 

To prepare cells for live staining 8,000 cells per well were seeded the day before 
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imaging into sterile 8-well Ibidi μ-slide or 5,000 cells per well into a sterile 96-well Ibidi 

μ-plate (Ibidi). The seeded cells were then incubated in a humidified incubator at the 

correct temperature as outlined in Section 2.1. 

 

2.3.2 Lysosomal staining 

LysoTracker green DND-26 (ThermoFisher Scientific), with an excitation and 

emission at 504 nm and 511 nm, respectively, was used to investigate the relative 

number and size of lysosomes in patient HFs compared to control HFs, as it 

preferentially loads into acidic organelles (pH <5.5). Cells in Ibidi μ-slide or Ibidi μ-

plate (Section 2.3.1) were washed once in D-PBS and then incubated in a 200 nM 

LysoTracker solution in D-PBS for 15 minutes at 37 °C. Cells were washed three times 

in D-PBS, counter-stained, and then imaged live in D-PBS.   

 

2.3.3 Lysosomal 96-well plate assay 

LysoTracker green DND-26 was also used to measure total fluorescence levels 

using a fluorescence plate assay format (Xu et al. 2014) by seeding cells in a collagen 

I coated 96 well plate (ThermoFisher Scientific). Cell densities were cell type 

dependant, for human fibroblast 50,000 cells per well were seeded; whereas, for glia 

cells 60,000 cells were used, mainly as the glia cells are slightly smaller. These final 

cell seeding densities were determined after testing the fluorescence output over a 

range of cell densities; 20,000, 30,000, 40,000, 50,000, 60,000, 70,000, 80,000 and 

90,000 cells per well. Cells were plated and incubated overnight in a humidified 

incubator before being incubated with 200 nM LysoTracker solution in D-PBS for 15 

minutes at 37 °C. Cells were washed three times in D-PBS before being left in DPBS 

and the fluorescence measured in live cells using a monochromator based 

SpectraMAX Gemini EM (Molecular Devices) plate reader with SoftMax Pro software. 

Plates were measured with the excitation set to 485 nm and the emission at 520 nm, 

background autofluorescence was determined and then subtracted using cells not 

loaded with lysotracker green.  
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2.3.4 Autophagic compartment visualisation   

CytoID autophagy green detection kit 2.0 (Enzo Life Sciences, New York, United 

States), with an excitation and emission at 460 nm and 527 nm, respectively, was 

used to investigate the relative number and size of autophagic compartments in patient 

HFs compared to control HFs. CytoID is a probe that stains autophagic vacuoles, as 

it is a cationic amphiphilic tracer dye that is internalised by cells in manner similar to 

phospholipids; however the exact mechanism by which it preferentially accumulates 

in autophagic vacuole is unknown (Shang et al. 2017; Miyayama et al. 2018). Cells 

previously plated in Ibidi μ-slides were washed once in D-PBS and incubated in 100 

µl of DMEM containing 2 µl CytoID stock solution for 30 minutes at 37 °C. Cells were 

then washed three times in D-PBS, counter-stained, and then imaged live in D-PBS. 

 

2.3.5 Endoplasmic reticulum staining  

ER-Tracker green (BODIPYTM FL Glibenclamide; ThermoFisher Scientific), with an 

excitation and emission at 504 nm and 511 nm, respectively, was used to investigate 

the relative size and distribution of the ER in patient HFs compared to control HFs. 

This probe labels the ER as gilbenclamide binds to the sulphonylurea receptors of 

ATP-sensitive K+ channels which are present on the ER. Cells in Ibidi μ-slide or Ibidi 

μ-plate (Section 2.3.1) were washed once in D-PBS and then incubated in a 200 nM 

ER-Tracker solution in D-PBS for 15 minutes at 37 °C. Cells were washed three times 

in D-PBS, counter-stained, and then imaged live. 

 

2.3.6 Mitochondrial staining  

MitoTracker red FM (ThermoFisher Scientific) is a cell-permeant probe that 

localises to the mitochondria independent of membrane potential. This probe was 

used to investigate the relative distribution of the mitochondria in patient HFs 

compared to control HFs and has excitation and emission at 581 nm and 644 nm, 

respectively. Cells in Ibidi μ-slide or Ibidi μ-plate (section 2.3.1) were washed once in 

D-PBS and then incubated in a 200 nM MitoTracker solution in D-PBS for 15 minutes 

at 37 °C. Cells were washed three times in D-PBS, counter-stained, and then imaged 

live. 
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2.3.7 Complete Hank’s balance salt solution (HBSS) 

Imaging buffer for Ca2+ experiments (Section 2.3.8) comprised of ultra-low Ca
2+ 

containing Hank’s balanced salt solution (HBSS; ThermoFisher Scientific) with 1 mM 

4-(2-hydroxylethyl)-1-pip-eraineetha-nesulfonic acid (HEPES; Lonza, Basel, 

Switzerland), 1 mM MgCl2 and approximately 0.025 mM CaCl2 in MilliQ water 

(Barnstead purifier, ThermoFisher Scientific). The concentration of Ca2+ was kept low 

in order to avoid extracellular Ca2+ interference when measuring intracellular Ca2+ 

(Section 2.3.8) but was never reduced to zero as this is also detrimental to plasma 

membrane integrity (De Luisi and Hofer 2003). 

 

2.3.8 Ca2+ measurements 

Organelle Ca2+ levels were measured using the cell permeable Ca2+ probe Fura-

2,AM (ThermoFisher Scientific) with an excitation at 360 nm and 380 nm, and emission 

at 525 nm (Grynkiewicz et al. 1985) as explained in Figure 2.1. The Ca2+ release was 

calculated ratiometrically between the two excitation wavelengths of 360 nm and 380 

nm (Figure 2.1). Cells plated in Ibidi μ-plate (Section 2.3.1) were washed in pre-cooled 

DMEM with 1% BSA before being incubated with 5 μM Fura-2,AM in DMEM with 

0.005% Pluronic F127 and 1% BSA for an hour <16 ºC to prevent internalisation of 

the dye into intracellular organelles. After this, the cells were washed for 10 minutes 

in low Ca2+ containing HBSS to ensure complete hydrolysis of the membrane 

permeant acetoxymethyl (AM) ester and full release of the loaded Fura 2,AM (Sections 

2.3.7). Cells were then washed once more in the same HBSS before being imaged in 

100 µl of HBSS (Sections 2.4). 
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Figure 2.1: Drug mediated Ca2+ release measurement protocol outline. A(i): Cells were incubated with 

the cell permeant probe Fura-2,AM (denoted by green hexagon) for an hour at <16 ºC allowing to probe to enter 

the cytosol. The incubation was done cold in order to prevent the probe from being endocytosed and entering the 

endo-lysosomal system. A(ii): After the incubation cells were washed in low Ca2+ containing HBSS and incubated 

for 10 minutes at room temperature which allows the esterases in the cell to cleave the ester group (indicated by 

the black circle). A(iii): Once the ester group is cleaved the Fura-2,AM probe becomes proportionally fluorescent 

to the Ca2+ concertation in the cytosol. A(iv): The corresponding drug is added (indicated by red squares) to induce 

Ca2+ release from the target organelle which leads to an increase in fluorescence measured using a fluorescence 

microscope (Sections 2.4). B: Outline of how the Ca2+ release peaks (emission at 520nm) are calculated 

ratiometrically between the excitation wavelengths of 360 nm and 380 nm. As the probe is ratiometric, noise is 

cancelled out which ensures that the signal tested and measure is almost always due to changes in Ca2+. 

 

2.3.8.1 Ionomycin mediated Ca2+ release 

During imaging, drugs were added to stimulate Ca2+ release from the target 

organelle and the release was recorded (Figure 2.1B). Ionomycin (Merck Millipore, 

Massachusetts, United States) was added at a concentration of 2 μM to induce Ca2+ 

release for all Ca2+ stores except for the lysosome through permeation of non-

lysosomal membranes (Liu and Hermann 1978) which predominantly detects ER Ca2+ 

as the biggest intracellular Ca2+ store. 
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2.3.8.2 Glycyl-L-phenylalanine-b-napthylamide (GPN) mediated Ca2+ release 

 Lysosomal Ca2+ was measured after emptying all Ca2+ stores with ionomycin by 

adding 300 μM glycyl-L-phenylalanine-b-naphthylamide (GPN; Alfa Aesar, Ward Hill, 

United States) which is a cathepsin C substrate that when cleaved within lysosomes 

generates a product that causes osmotic lysis of the lysosome membrane and 

releases of Ca2+ into the cytoplasm (Berg et al. 1994).  

 

2.3.8.3 Thapsigargin mediated Ca2+ release 

Thapsigargin at a concentration of 1 μM was used to measure ER Ca2+ content and 

release as it is a competitive inhibitor of SERCA. The inhibition of the ER Ca2+ importer 

SERCA using thapsigargin leads to an increase in cytosolic Ca2+ concentration due to 

ER Ca2+ release via the ER Ca2+ leak channels that then trigger Ca2+ induced Ca2+ 

release from the ryanodine  (RyR) and IP3 receptors; this ultimately acts as a 

surrogate assay that, assuming no alteration to the function of the leak channels or 

associate proteins (Morimoto et al. 2018) enables the measurement of total ER Ca2+ 

(Berman 2000), which should tally with the ionomycin method. 

 

2.3.8.4 Ryanodine mediated Ca2+ release 

 The addition of 10 μM ryanodine was used as another method to measure ER Ca2+ 

homeostasis by determining Ca2+ release from the ER RyR upon which ryanodine is 

an agonist at this concentration (Fill and Copello 2002).   

 

2.3.8.5 Antimycin / oligomycin mediated Ca2+ release 

Levels of mitochondrial Ca2+ were determined using 5 μM antimycin in combination 

with 5 μM oligomycin as antimycin is a strong electron transport chain inhibitor while 

oligomycin is a strong uncoupling agent that blocks the F0 subunit of ATP synthase 

that when combined prevent mitochondrial Ca2+ uptake leading to mitochondrial Ca2+ 

leak.  
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2.3.8.6 Carbonyl cyanide m-chlorophenyl-hydrazone (CCCP) mediated Ca2+ release 

CCCP at a concentration of 50 μM is also known to induce mitochondrial Ca2+ 

release as carbonyl cyanide m-chlorophenyl-hydrazone (CCCP) leads to 

mitochondrial depolarisation which in turn causes mitochondrial Ca2+ leak (Montero et 

al. 2001). This may, however, also impact upon Golgi function but the Ca2+ content of 

this organelle currently remains unknown. 

 

2.3.9 Visualisation of Mitochondrial Ca2+ levels 

Mitochondrial Ca2+ was visualised using the mitochondrial Ca2+ Rhod-2,AM 

(ThermoFisher Scientific) in DMSO which was mix with equal part F-127 pluronic 

vortexed and then added to DMEM to make a final concentration of 2 µM. The Rhod-

2,AM DMEM solution was then added to cells and incubated at 37 °C for 30 minutes. 

Following this, fresh DMEM was added to the cells and these were left in the incubator 

overnight 37 °C before being imaged the next day as outlined in 2.4.  

 

2.4 Fluorescence microscopy  

 

2.4.1 Microscopy  

Fixed immunocytochemistry and live-cell staining were imaged on an inverted 

Colibri widefield fluorescence microscope (Zeiss, Cambridge, United Kingdom) with a 

high speed Zeiss MRm monochrome charge-coupled device (CCD) digital camera, a 

Colibri LED light source (Zeiss), a 40x magnification oil immersion lens (Zeiss) and 

Axiovision 4.7.1 software (Zeiss 2008). The Colibri widefield fluorescence microscope 

contains 4 excitation LEDs at 360 nm, 380 nm, 485 nm and 565-585 nm. For all 

experimental repeats, images were taken with identical LED power and exposure, and 

if edited brightness/contrast were manipulated identically to allow for direct 

comparison between different genotypes with the exception of localisation 

experiments. 

Ca2+ measurements (Section 2.3.8) were carried out live using either the Colibri 

setup above with the Physiology package or a Zeiss Axiovert 35 microscope fitted with 



 

   51 

a dimmable X-cite HXP lamp, Optospin excitation and emission filter wheels (Carin 

Research, Faversham, United Kingdom), A Hamamatsu Orca Flash 4.0LT sCMOS 

camera, Zeiss objectives optimised for Fura-2,AM and Metafluor software (Molecular 

devices, Wokingham, United Kingdom). In all cases, regions of interest were over the 

whole cell, images were captured at 1 second intervals during and post additions and 

2-5 second intervals during baseline re-establishment, a background region was used 

for subtraction and the ratios were calculated as 340/380 nm within the software. 

 

2.4.2 Microscopy analysis   

Image adjustments and pseudo-colouring, where applicable, was carried out using 

Photoshop version CS6 (Adobe 2012). Analysis of images were carried out using 

ImageJ Version 1.53a (Schneider et al. 2012). Comparison of fluorescence intensity 

of Magic Red staining in puncta and Rhod-2,AM staining in mitochondria were carried 

out by drawing a line through the cell in ImageJ and then using the plot profile function.  

Staining area analysis was done as delineated in Cook et al. (2020). Briefly, images 

were opened in ImageJ and changed to 8-bit monochrome, after which the threshold 

was set to cover only the area in the images that displayed visible fluorescence 

staining. The particles were then analysed with the size (inch2) range set from 0.0005-

infinity to eliminate background noise (speckles). An outline was drawn around each 

cell and the total area of fluorescence per cell was recorded and copied to Microsoft 

Excel. The averaged area per cell per data set or N was transferred to Prism 8 for 

statistical analysis as outlined in Sections 2.8. Note that particle analysis (e.g. 

lysosomal number) was not possible as often the lysosomes would clump or overlap, 

various means were attempted to correct for this but none matched with the total 

fluorescence readings from microplate assays, as such, these data are not included 

as they are mis-leading.  
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2.5 Reverse transcription quantitative polymerase chain reaction (RT-qPCR)   

 

2.5.1 Cell seeding 

To prepare cells to examine CLN8 expression, 20,000 cells per well were seeded 

into a sterile 24-well plate (Greiner). The seeded cells were then incubated in a 

humidified incubator at the correct temperature depending on cell type (section 2.1). 

 

2.5.2 RNA extraction 

Adherent cells (section 2.6.1) were lysed by adding 350 μl of the RLT buffer 

(Qiagen, Hilden, Germany), which contains a high concentration of guanidine 

isothiocycanate, which supports the binding of RNA to the silica membrane, with 1% 

b-mercaptoethanol and were harvested at different intervals over a different length 

period as defined in each relevant figure. Lysates were stored in ribonuclease (RNAse) 

free plastics at 4 °C in-between collecting samples and all the samples were stored 

for no more than 48 hours before RNA was extracted. RNA was extracted from lysates 

by using the RNeasy Micro Kit exactly as outlined in the protocol (Qiagen). Extracted 

genetic material was transferred to a 96-well plate and stored at -80 °C.  

 

2.5.3 Reverse transcription  

From each sample, 6 μl were taken for reverse transcription for 1 hour at 45 °C 

following the AffinityScript kit (Agilent, Santa Clara, United States) protocol provided. 

The reverse transcription was primed by adding random hexamers (ThermoFisher 

Scientific). The resulting complementary DNA (cDNA) samples were stored at -80 °C.  

 

2.5.3 Quantitative polymerase chain reaction (qPCR) 

From each sample of cDNA 2 μl was added to 18 μl of solution of the Brilliant III 

ultrafast qPCR master (Agilent) containing the appropriate primers and the appropriate 

Fluorescein amidite (FAM) / Black hole quencher-1 (BHQ1) dual-labelled probes 

(Eurofins Scientific, Luxembourg; Table 2.1), at 225 nM and at 500 nM, respectively. 

The qPCR was carried out using the Mx3000P platform (Agilent) and consisted of 45 
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cycles at 95 °C for 12 seconds and 60 °C for 35 seconds. Standard curves were made 

for each qPCR run using a five-fold serial dilution of adult mouse brain RNA extract 

(Zyagen, San Diego, United States). The data was then exported to Microsoft Excel 

and the relative expression in relation to the reference mRNAs was calculated.  

 

Table 2.1: Primer & probe set for qPCR experiments. Specific primers and FAM/BHQ1 for each 

gene of interest are outlined in this table.  

Gene Primer Sequence (5’ to 3’) 

CLN8 

Forward CCT CAT TTG ACA CTG TTC 

Reverse GAG TCT TCT TAT GGG TCC 

Probe FAM-ACT GGC TCT GCT TAC GCT AAT CA-BHQ1 

TFEB 

Forward GGA GAA TCC CAC ATC CTA 

Reverse CAG CAA ACT TGT TCC CAT A 

Probe FAM-CAG CAG TCG CAG CAT CAG AAG-BHQ1 

TRPML1 

Forward ACG CTC AAA TTC CAC AAG 

Reverse AGG ACG CTG AAG GTA TAG 

Probe FAM-TCA ATG TCA CCA TCC ACT TCC G-BHQ1 

Mammalian target of 

rapamycin (MTOR) 

Forward GCA TGA TAG ACC AGT CCC 

Reverse GTG TGA TGA TGA GAG AGT G 

Probe FAM-CTG TCA GCC TGT CAG AAT CCA AGT-BHQ1 

CLN5 

Forward GGA CAT TAGT TCA AGT AGC 

Reverse GTC TCAT AAT AAA TTC CTG TTTC 

Probe FAM-CCT GTT TCA CCC ACT TTG CCA-BHQ1 

CLN6 

Forward CTG CTC TTC AGT GGC TAC 

Reverse TGA CCC AGG TAC TCA TCA 

Probe FAM-CCT GTC TGT CCG TGA GAA CCC-BHQ1 

Tata binding protein (TBP) 

Forward CTC ACA GAC TCT CAC AAC 

Reverse AGG TCA AGT TTA CAA CCA A 

Probe FAM-CGG GCA CCA CTC CAC TGT ATC C-BHQ1 

Glyceraldehyde 3-

phosphate 

dehydrogenase (GAPDH) 

Forward TGG TCT CCT CTG ACT TCA 

Reverse GCT GTA GCC AAA TTC GTT G 

Probe FAM-AGC GAC ACC CAC TCC TCC AC-BHQ1 

Beta-2-Microglobulin 

(B2M) 

Forward CCT GAA TTG CTA TGT GTC 

Reverse CAG TGT AGT ACA AGA GAT AGA 

Probe FAM-CAT CCA TCC GAC ATT GAA GTT GAC-BHQ1 
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2.6 Lysosomal enzyme assays   

 

2.6.1 Cell homogenate preparation 

Human fibroblast cells were harvested at around 90% confluency by removing 

DMEM, washed twice with D-PBS and incubated for 5 minutes in 0.25% 

trypsin/Ethylenediaminetetraacetic acid (EDTA). Detached cells were suspended in 

DMEM to inactivate the trypsin before being pelleted by centrifugation at 102 g for 5 

minutes. Following centrifugation, media was removed, and the cells were 

resuspended in D-PBS. This step was repeated two more times to wash the pellets 

before they were stored as a dry pellet at -80 °C. In order to minimise the effects of 

multiple freeze-thawing on enzyme activity, once the protein concentration was 

determined, single use concentrated aliquots were made and stored at -80 °C. 

 

2.6.2 Determining protein concentration 

In order to estimate the protein concentration of the harvested pellets a 

bicinchoninic acid (BCA) assay was used (Smith et al. 1985). The BCA assay was 

carried out according to the manufacturer’s instructions. Briefly, the pellets were 

resuspended in MilliQ water and homogenised by first three freeze-thaw cycles to 

break open the membranes and then being passed through a 26-gauge needle 20 

times. After this, 50 μM of homogenate solution was then taken and centrifuged at 

13,000 g for 30 minutes at 4 °C to pellet the membrane associated clumped protein 

and retain the soluble protein fraction. By comparing against a 0-75 μg/ml BSA 

standard curve the homogenate supernatant was diluted at 1:5, 1:10 and 1:20 and the 

protein concentration of the samples determined by microplate assay. The sample and 

the standard curve were plated onto a clear 96 well microplate (Greiner) and incubated 

with the BCA reagent (10 ml of BCA solution to which is added and mixed 200 µl of 

0.02% Cu2SO4) at 37 °C for 30 minutes. The absorbance was then measured at 570 

nm using a Tecan Infinite F50 microplate reader (Tecan Group, Switzerland).  

 



 

   55 

2.6.3 Enzyme activity fluorescent assays 

The enzyme activity of different lysosomal enzymes was carried out by using the 

enzyme assay conditions outlined in Table 2.2. Briefly, 10 μl of homogenate was 

added to 10 μl of the fluorescent substrate at the corresponding concentration and pH 

(Table 2.2), plated in a 96 well microplate and incubated at 37 °C for the indicated time 

(Table 2.2). Standards specific to each fluorophore (Table 2.2) were prepared at a 

concentration ranging between 0 – 200 μM. The reaction was ended by the addition 

of 180 μl of the indicated stopping buffer (Table 2.2). The fluorophore released during 

the assay was then measured using a monochromator based SpectraMAX Gemini EM 

fluorescence plate reader with SoftMax Pro software. The excitation/emission was set 

to 360/406 nm for 4-methylumbelliferone (4MU, ThermoFisher Scientific), 404/460 for 

6-hexadecanoylamino-4-methylumberlliferyl-phosphorylcholine (HMU; Moscerdam, 

Compton, United Kingdom), 320/420 nm for methyl coumaric acid (MCA) and 360/460 

nm 7-amindo-4-methylcoumarine (AMC; Carboysynth, Newbury, United Kingdom). 

For the p-nitroanilide standard, absorbance was read at 405 nm using a Tecan Infinite 

F50 microplate reader. 
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Table 2.2: Lysosomal enzyme assay conditions. Specific fluorometric assays conditions for determination of lysosomal enzyme activities are outlined in this 

table.  

Enzyme Standar
d 

Substrate 
(concentration) 

Protein 
quantity 
added 

Inhibitor 
(concentration) 

Reaction buffer 
(pH) 

Incubation 
condition 

Stop buffer 
(pH) References 

α-Galactosidase 4MU 
4MU-α-D-

galactopyranoside 
(2 nM) 

2 μg 
N-

butyldeoxygalactonoji
rimycin (1 nM) 

Phosphate citrate 
(pH 4.5) 1 hr @ 37 °C Glycine/NaOH 

(pH 10.6) 

(Mayes et al. 
1981; Olivova et 

al. 2009; Caudron 
et al. 2015) 

α-Glucosidase 4MU 
4MU-α-

glucopyranoside (4 
mM) 

2 μg n/a 
Phosphate citrate, 

(pH 4) + 0.1% triton 
acarbose 

4 hr @ 37 °C Glycine/NaOH  
(pH 10.6) 

(Broadhead and 
Butterworth 1978; 
Jack et al. 2006) 

α-Mannosidase 4MU 
4MU-α-D-

mannopyranoside 
(2 nM) 

2 μg  Sodium acetate (pH 
4.5) + 0.1% triton 1 hr @ 37 °C Glycine/NaOH  

(pH 10.6) 

(Prence and 
Natowicz 1992; 
Gotoda et al. 

1998) 

Acid lipase 4MU 
4MU-oleate (0.1 

mg/ml; 
Carboysynth) 

2 μg Orilistat (1 μM) Sodium acetate (pH 
4) + 1% triton 1 hr @ 37 °C Glycine/NaOH  

(pH 10.9) 
(Moheimani et al. 

2012) 

Acid phosphatase 4MU 4MU-phosphate 
(150 μM) 2 μg  Acetate (pH 5) + 

0.2% triton 1 hr @ 37 °C Glycine/NaOH  
(pH 10.6) 

(Leake et al. 
1982) 

Aspartylglucosami
nidase AMC 

L-aspartic acid-β-7-
amido-4-methyl 

courmarin (1 mM; 
Carboysynth) 

4 μg L-asparagine (1 nM) Phosphate citrate 
(pH 4.5) 

17 hr @ 37 
°C 

Phosphate 
citrate (pH 4.5) (YaV et al. 1993) 

Acid 
sphingomyelinase HMU 

HMU-sphingomyelin 
(0.5 mM; 

Moscerdam) 
2 μg Zoldronic acid (1 mM) 

Sodium acetate (pH 
4.5) + 0.2% NaTc + 

0.02% NaAz 
1 hr @ 37 °C 

Na2CO (pH 
10.9) + 2.5% 

triton 
(van Diggelen et 

al. 2005) 

β-Galactosidase 4MU 4MU-β-galactoside 
(2 nM) 2 μg Zoledronic acid (1 

mM) 
Sodium acetate (pH 
4.5) + 0.1% 5 mM 

NaCl + NaTc 
1 hr @ 37 °C Glycine/NaOH, 

(pH 10.6) 

(Nowakowski et 
al. 1988; 

Nowroozi et al. 
2001) 
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Enzyme Standar
d 

Substrate 
(concentration) 

Protein 
quantity 
added 

Inhibitor 
(concentration) 

Reaction buffer 
(pH) 

Incubation 
condition 

Stop buffer 
(pH) References 

β-Glucosidase 4MU 

4-
methylumbelliferyl-

β-D-
glucopyranoside (2 

nM) 

2 μg CBE (500 μM) 
Sodium acetate (pH 
5.6) + 0.1% triton + 

0.2% NaTc 
1 hr @ 37 °C Glycine/NaOH 

(pH 10.6) 
(Broadhead and 

Butterworth 1977; 
Jack et al. 2006) 

β-Glucuronidase 4MU 4-β-D-glucronide (2 
nM) 2 μg Suramin (100 μM) Sodium acetate (pH 

4) + 0.1% triton 1 hr @ 37 °C Na2CO3 (pH 
10.9) 

(Bramwell et al. 
2014) 

Cathepsin L AMC 

Z-phe-arg-7-amido-
4-methylcourmarin 
(50 μM; Bachem 

Holding, Bubendorf, 
Switzerland) 

4 μg 
Z-Phe-Ala-7.amido-4-
methylcoumarin (50 

μM) 

Phosphate citrate 
(pH 5.5) + 0.005% 

BRIJ + mM EDTA + 
8 mM DTT 

30 minutes 
@ 37 °C n/a 

(Creasy et al. 
2007; 

Viswanathan et al. 
2012; Ismael et al. 

2016) 

Cathepsin B AMC 
Z-arg-arg-7-amido-
4-methylcourmarin 

(50 μM; Merck) 
4 μg 

Z-Phe-Ala-
diazomethylketone 

(10 μM) 

Sodium acetate (pH 
5.5) + 0.8 mM 

EDTA + 8 mM DTT 

30 minutes 
@ 37 °C n/a 

(Headlam et al. 
2006; Creasy et 

al. 2007; 
Viswanathan et al. 

2012) 

Cathepsin D & E MCA 

Z-
methoxycourmarin-
4-acetyl-gly-lys-pro-
lle-leu-phe-phe-arg-

leu-lys-
dinitrophenyl-D-arg-
amide (50 μM; Enzo 

Life Sciences) 

4 μg  

Phosphate citrate 
(pH 4.5) + 2 mM 
EDTA + 50 mM 

NaCl 

1 hour @ 37 
°C n/a (Ismael et al. 

2016) 

Dipeptidyl 
peptidase-4 

p-
nitroanilid

e 

Gly-pro-p-
nitroanilide (2.5 
mM; Santa Cruz 
Biotechnology, 
Dalla, United 

States) 

2 μg n/a Tris HCL (pH 7.4) 2 hr @ 37 °C Sodium acetate 
(pH 4.4) 

(Beckenkamp et 
al. 2015) 
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Enzyme Standar
d 

Substrate 
(concentration) 

Protein 
quantity 
added 

Inhibitor 
(concentration) 

Reaction buffer 
(pH) 

Incubation 
condition 

Stop buffer 
(pH) References 

Fucosidase 4MU 
4MU- α-L-

fucopyranoside (1 
mM) 

2 μg 
Deoxyfuconojirimycin 
hydrochloride (20 nM; 

Snta Cruz) 
Citrate buffer (pH 5) 1 hr @ 37 °C Na2CO3 (pH 

10.9) 
(Winchester et al. 

1990) 

Hexosaminidase A 4MU 
4MU-N-acetyl-β-D-

glucosamine-6-
sulphate (2 mM) 

2 μg n/a Citrate buffer (pH 
4.6) + 0.01% triton 1 hr @ 37 °C Na2CO3 (pH 

10.9) 
(Bayleran et al. 

1987) 

Hexosaminidase B Total Hexosaminidase assay, using heated cells (50 °C for 2 hours) to inactivate Hexosaminidase A as it is heat sensitive 

Total 
Hexosaminidase  4MU 

4MU-N-acetyl-β-D-
glucosamine (2 

mM) 
2 μg n/a Citrate buffer (pH 

4.6) + 0.01% triton 1 hr @ 37 °C Na2CO3 (pH 
10.9) 

Tropak et al. 
2004) 

Iduronidase 4MU 
4MU-α-L-iduronate 

(1 mM; 
Carboysynth) 

2 μg n/a Sodium formiate 
(pH 3.2) 1 hr @ 37 °C Na2Co3 (pH 

10.9) 
(Hopwood et al. 
1979; Kingma et 

al. 2013) 

α-N-
Acetylgalactosami

nidase 
4MU 

4MU-α-N-
acetylglucosaminide 

(1 mM) 
2 μg n/a Sodium acetate (pH 

4.5) 4 hr @ 37 °C Glycine/NaOH 
(pH 10.6) (Mauri et al. 2013) 

Palmitoyl-protein 
thioesterase 4MU 

4MU-6-thiopalmitoyl 
β-D-glucoside (0.5 
mM; Carboysynth) 

2 μg ABC44 (200 nM) 

Phosphate citrate 
(pH 4) + 15 mM 

DTT + 0.375% triton 
+ 0.1 β-glucosidase 

4 hr @ 37 °C 
Na2CO3 (pH 

10.9) + 0.025% 
triton 

(van Diggelen et 
al. 1999) 

Sialidase 4MU 

4MU-N-acetyl 
neuraminic acid (0.2 

mM; Toronto 
Research 

Chemicals) 

4 μg n/a Sodium acetate (pH 
4.5) 4 hr @ 37 °C Glycine/NaOH 

(pH 10.6) 

Winter et al. 1980; 
Yamada et al. 

1983; Hayre et al. 
2012) 

Tripeptidyl 
peptidase 1 AMC 

Ala-ala-phe-7-
amindo-4-

methylcourmarin 
(0.5 mM; Bachem) 

2 μg n/a 

Sodium acetate (pH 
4.5) + 0.05% triton 

+ 10% EDTA + 
0.08% E64 + 

0.012% PepstatinA 

1 hr @ 37 °C Phosphate 
citrate (pH 4.5) 

Di Giacopo et al. 
2015) 
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2.7 High-throughput enzyme drug screening   

 

2.7.1 Sample preparation  

Cultured cells as outlined in Section 2.1.1 were harvested and homogenised as 

outlined in Section 2.6.1 and the protein concentration was determined as explained 

in Section 2.6.2.  

 

2.7.2 Galactosylceramidase (GALC) assay 

The high-throughput enzyme drug screen was conducted against GALC enzyme 

activity to identify compounds that modulate the activity of control cell homogenate 

GALC, prepared as outlined Sections 2.6.1. The GALC enzyme assay was carried out 

using the synthetic fluorogenic substrate 4MU-β-galactoside (ThermoFisher 

Scientific). The substrate is also known to react with β-galactosidase, as such β-

galactosidase activity was inhibited by the addition of 11 mM AgNO3 (Martino et al. 

2009). Sodium taurocholate (0.5 mg/ml) has also been reported to enhance GALC 

activity, but not β-galactosidase (Ribbens et al. 2013). The addition of sodium 

taurocholate also potentially decreases the amount of starting protein needed for the 

assay ensuring it is more efficient (Ribbens et al. 2013; Elliott et al. 2016).  

The 4MU-β-galactoside substrate was added at a concentration of 3 mM in the 

reaction buffer consisting of sodium phosphate (0.7 M) and citric acid (0.1 M) at pH 

4.0. As mentioned above (Section 2.7.1) the reaction buffer was supplemented with 

AgNO3 (11 mM) and sodium taurocholate (0.5 mg/ml). A pooled Control 1 cell 

homogenate (10 μl) containing 15 μg of protein was added in triplicate in a 96-well 

plate with 10 μl of the reaction buffer containing the 4MU-β-galactoside fluorescent 

substrate. Two negative controls were added to each plate by 1) heat-inactivating the 

cell homogenate at 95 ºC for 15 minutes to denature the enzyme but the substrate is 

still added and 2) separately in another well including the non-denatured homogenate 

but not the substrate. The plate was incubated for 30 minutes at 37 ºC after being 

gently shaken for 1 minute at 37 ºC. The reaction time length was also tested at 60 

minutes, 120 minutes, 180 minutes and 240 minutes to determine potential saturation.  
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The reaction was stopped via addition of 180 μl of a stopping buffer comprising of 

glycine (0.2 M; ThermoFisher Scientific) and NaOH (0.2) at pH 10.6. The increase in 

pH following the addition of the stopping buffer both stops the reaction as the pH is 

too high for GALC enzyme to breakdown substrate (Martino et al. 2009) and also 

enhances the fluorescence of the 4MU product. Fluorescence was measured using a 

SpectraMAX Gemini EM fluorescence plate reader with SoftMax Pro software with the 

excitation and emission at 360 nm and 446 nm, respectively.  

 

2.7.3 Primary screen of FDA-approved drug library  

An FDA-approved drug library comprising 635 small molecule compounds from the 

National Institute of Health Clinical Collections was kindly provided by Dr Sridhar 

Vasudevan (Department of Pharmacology, University of Oxford) in a sealed 384-well 

plate in DMSO at a concentration of 10 µM which was stored at 80 ºC. The compounds 

in the 384-well plate were all FDA approved compounds for at least one disease and 

as such already have approved safety and pharmacokinetic profiles.  

The small molecule compounds were initially tested at a concentration of 1 μM 

added manually to the GALC reaction buffer outlined in Section 2.7.1 prior to addition 

of the homogenate. Drug autofluorescence was estimated by measuring the 

fluorescence of the plate prior to addition of the homogenate. Each drug was assayed 

in triplicate in the 96-well plate. The data was then normalised as a percentage activity 

relative to the vehicle-only DMSO control in order to reduce plate-to-plate variation 

and thus enabling comparison across plates (Malo et al. 2006).  

 

2.7.4 Secondary screen of FDA-approved drug library  

The compounds selected from the primary screen were then re-screened at both 1 

µM and 0.1 µM and in cell homogenate that had undergone multiple freeze/thaw 

cycles which destabilises the GALC enzyme (Bhatnagar et al. 2007). The assay was 

then carried out as outlined in Section 2.7.1. Compounds that were able to increase 

activity from this secondary screen were then selected based on their ability to act as 

chaperones of this destabilised GALC.  
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2.8 Statistical Analysis   

All statistical analyses were carried out in Prism 8 (GraphPad 2018). The number 

of Ns is indicated in each figure. All assumptions for statistical tests were tested prior 

to analysis, with non-parametric tests selected where appropriate and indicated in the 

figure legends. To test for normality, a Shapiro-Wilk normality test was carried out in 

favour of alternatives given that it is more appropriate for the smaller data sets, 

representative of cell biology, resulting in its adoption as the most widely 

recommended normality test for such applications (Mishra et al. 2019). Following 

normality testing the specific statistical test used is outlined in each figure legend.  
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Chapter 3: CLN8 disease cellular phenotyping for 
the purposes of drug screening 

 

3.1 Introduction 

 

3.1.1 CLN8 disease 

As outlined in Chapter 1 Section 1.2.3, CLN8 disease is a childhood 

neurodegenerative disease caused by mutations in the CLN8 gene. CLN8 is 

characterised by epileptic seizures with progressive mental retardation and cognitive 

decline (Lonka et al. 2000). Although CLN8 is an ER-transmembrane protein, a recent 

study has revealed the mechanisms by which dysfunction of this protein causes an 

LSD, a link which was previously unclear (Vantaggiato et al. 2009; di Ronza et al. 

2018).  

Di Ronza et al. (2018) found that the CLN8 protein is needed for lysosomal enzyme 

maturation by transportation of lysosomal proteins from the ER to the Golgi, via the 

ER-Golgi intermediate compartment. Absence of CLN8 leads to lysosomal enzyme 

trafficking being disrupted and these not reaching the lysosome (di Ronza et al. 2018). 

Furthermore, Bajaj et al. (2020) recently reported that CLN8 forms a complex with 

CLN6 which is required for lysosome enzyme transport to the Golgi.  

 

3.1.1.1 CLN8 patient mutations 

Specific patient mutations have not been extensively studied and as such little is 

known about their specific effect on protein structure and functions. Previously, studies 

have found that missense mutation, including A30P (CLN8 534 HF), Y158C (CLN8 

535 HF) and Q194R (CLN8 533 HF) have been reported to not affect correct protein 

targeting and thus may disrupt functional properties instead (Lonka et al. 2000; 

Vantaggiato et al. 2009; Kousi et al. 2012). The Q194R and Y158C mutations present 

in CLN8 533 HF and CLN8 535 HF, respectively (Table 3.1), have been reported to 

lead to a decreased association with the lysosomal enzymes N-acetygalactosamine-
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6-sultase, cathepsin D, palmitoyl-protein thioesterase 1 (PPT1; CLN1), tripeptidyl 

peptidase 1 (TPP1; CLN2) and neuraminidase by around 50% (di Ronza et al. 2018). 

On the other hand, genomic deletions have been predicted to lead to instable 

mRNA as Reinhardt et al. (2010) detected no transcript. Nonetheless, it has been 

previously reported that genomic deletion, like c66delG, when present in compound 

heterozygosity with non-truncated protein, as in CLN8 533 HF and CLN8 535 HF, lead 

to slightly milder clinical phenotypes (Reinhardt et al. 2010; Kousi et al. 2012).  

 

Table 3.1: Outline of the patient cell lines used in Chapter 3.  

Cell line Description Mutation 

Control 1 HF Apparently healthy control 1 (GM05399) cell line N/A 

Control 2 HF Apparently healthy control 2 (GM05400) cell line N/A 

CLN8 462 HF CLN8 patient cell line c.543 + 1G>A homozygous 

CLN8 533 HF CLN8 patient cell line Q194R/c.66delG 

CLN8 534 HF CLN8 patient cell line A30P homozygous 

CLN8 535 HF CLN8 patient cell line Y158C/c.66delG 

 

3.1.1.2 CLN8 disease therapies 

Currently, there are no therapies for CLN8 disease and only palliative treatments 

are available. Therefore, research is needed to advance current knowledge of the 

disease to both increase our understanding of the role of the CLN8 protein, and lead 

to the identification of therapeutic targets for drug screening assays for this disease. 

Phenotypic drug screens have previously identified drugs that may be of benefit to 

other LSDs (Geng et al. 2011; Chandrachud et al. 2015; Szabo et al. 2017). In order 

to establish such screens for CLN8 disease, it is crucial to find robust phenotypes that 

can be used for primary drug screens, as well as, further confirmation screening of the 

possible beneficial effects that the therapy may have on cellular dysfunction 

(Chandrachud et al. 2015; Jang et al. 2016; Szabo et al. 2017).  
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3.1.2 Cellular phenotypes in LSDs 

As outlined in Chapter 1 (Section 1.1.2 – Section 1.1.6 & Section 1.2.2), even 

though different LSDs arise from mutation in different proteins associated with 

lysosomal function, LSDs share many cellular pathologies (Platt et al. 2012). An 

example of this is lysosomal accumulation which is a hallmark of most LSDs, as 

dysfunction of lysosomal proteins lead to the accumulation of lipids, proteins and other 

materials in the lysosomes, resulting in the expansion of these organelles. In fact, 

LysoTracker, which is a fluorescent probe that loads into acidic organelles only, has 

been used as a clinical monitoring tool in other LSDs (Sztolsztener et al. 2012; Xu et 

al. 2014). This indicates that lysosomal expansion and the use of LysoTracker are 

robust phenotypes that can even be used to monitor patients. 

Lipids are important for cellular homeostasis as they maintain plasma membrane 

integrity and fluidity. They also act as signalling intermediates and provide substrates 

that are used as energy in a variety of cellular processes (Simons and Iknonen 1997; 

Wassall et al. 2004; Schulze and Sandhoff 2011; Ademowo et al. 2017). 

Understanding how lipids are affected in LSDs can help understand the disease 

pathogenesis and help find potential therapies that may be beneficial to the disease. 

An example of this is the use of Miglustat, outlined further in Chapter 5, that reduces 

sphingolipid synthesis and is used to treat diseases that store sphingolipids like NPC1 

and Gaucher disease (Lachmann et al. 2004; Patterson et al. 2007; Stein et al. 2012).  

One lipid that has been reported to be stored in LSDs, as mentioned in Chapter 1, 

and is crucial for plasma membrane regulation is cholesterol. Cholesterol has seen to 

accumulate in the lysosomes of many LSDs such as NPC1 disease (Karten et al. 

2002; Vanier and Latour 2015). There are several lysosomal proteins and enzymes 

that are involved in different aspects of the processing of cholesterol such as acid 

lipase, NPC1 and NPC2 (Kwon et al. 2009; Dudland and Francis 2015). Furthermore, 

storage of other lipids in LSDs such as glycosphingolipids is known to trap cholesterol 

leading to cholesterol accumulation in lysosomes (Puri et al. 2003). A previous study 

found that cholesterol levels, and levels of other lipids outlined in Chapter 1, in post-

mortem brain samples from CLN8 patients both elevated and reduced when compared 

to the control (Hermansson et al. 2005). 
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Defects in autophagy have been seen and measured in LSDs including the NCLs 

as well as other neurodegenerative diseases, such as Huntington disease (Cao et al. 

2006; Jing and Lim 2012; Thelen et al. 2012; Cortes and La Spada 2014; 

Chandrachud et al. 2015). As mentioned in Chapter 1 autophagy is a process 

responsible for the clearance of damaged organelles and proteins. Defective 

autophagy can in turn cause cellular dysfunction, leading to cytotoxicity. The 

accumulation of lysosomes, and lipids within these organelles, may affect autophagy 

as material accumulation in lysosomal and autophagosomes (Glick et al. 2010; Jing 

and Lim 2012). 

Mitochondrial dysfunction has been also reported in many LSDs and 

neurodegenerative diseases as a downstream event in the pathogenic cascade 

(Carafoli 1974; Bertamini et al. 2002; Kolikova et al. 2011). Furthermore, mitochondrial 

dysfunction can lead to cell damage due to aberrant production of reactive oxygen 

species (Bertamini et al. 2002) and changes in energy generation which is particularly 

important for neurons which have a lot of mitochondria. Moreover, studies in the CLN8 

mouse, CLN8mnd mouse, have indicated that the mitochondria ability to buffer Ca2+ 

was affected (Kolikova et al. 2011).  

Disruption to circadian rhythms and the cell cycle have been linked to 

neurodegenerative diseases such as Alzheimer and Parkinson disease (Heintz 1993; 

Hood and Amir 2017; Pantazopoulos et al. 2018; Zisapel 2018). Studies have 

identified a role for the circadian rhythms in many major neurological disorders such 

as depression, bipolar disorder, schizophrenia, anxiety, stress and neurovegetative 

diseases (Pantazopoulos et al. 2018; Zisapel 2018). This, however, remains largely 

understudied in neurological diseases and even less so in LSDs.  

Alteration in gene expression have been reported in LSDs such as NPC1, 

mucopolysaccharidoses, Sandhoff disease (Dhami et al. 2006; Richardson et al. 2016; 

Brokowska et al. 2020). Like with circadian rhythms, alteration in gene expression in 

LSDs remains understudied and poorly understood. Therefore, exploring alteration in 

lysosomal related genes may uncover defects or alteration in the lysosomal pathways.  

TFEB is the transcription factor that is known to regulate lysosomal biogenesis as 

well as the expression of some autophagy related genes (Settembre et al. 2011; 

Settembre and Medina 2015). Similarly, MTOR is known as the ‘master switch’ of 
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cellular catabolism and anabolism given its regulation of the autophagic system 

(Castedo et al. 2002). Therefore, the expression of these genes is integral to the 

regulation of the lysosome and autophagy.  

Other genes such as MCOLN1, CLN5 and CLN6 are genes that are involved in 

lysosomal processes and as such their expression is likely linked to general lysosomal 

biogenies. Both MCOLN1 and CLN5 encoded for lysosomal protein, the former is the 

transmembrane Ca2+ channel (TRPML1; outlined in Chapter 1 Section 1.1.5.2) and 

the latter is a soluble lysosomal enzyme of unknown function which has been related 

with an NCL disease called CLN5 disease (Dong et al. 2008; Lyly et al. 2009).  

CLN6, as mentioned in Chapter 1, is involved in forming a complex with CLN8 that 

recruits lysosomal enzymes and transports them from the ER to the Golgi (Bajaj et al. 

2020). Furthermore, the CLN5 protein has been reported to interact with many other 

NCL proteins including CLN3, CLN2 and CLN8 (Lyly et al. 2009; Haddad et al. 2012). 

Therefore, exploring the expression of genes such as MCOLN1, CLN5 and CLN6 may 

be used to further understand lysosomal dysfunction.  

Deficiencies in proteins associated with lysosomal storage also lead to alterations 

in other lysosomal enzymes. Alteration in lysosomal enzyme activity such as 

hydrolases and activator enzymes leads to the accumulation of material in lysosomes, 

propagating cellular pathogenesis (Lloyd-Evans and Platt 2010). Moreover, CLN8 is 

required for the maturation of two-thirds of lysosomal enzymes by transferring them 

from the ER to the Golgi (di Ronza et al. 2018). Therefore, alteration in CLN8 protein 

may lead to defects in other lysosomal enzymes.  

The levels of intracellular and organelle Ca2+ content, as outlined in Chapter 1, are 

tightly regulated and are important for a range of signalling events (Berridge et al. 

2000; Braakman and Hebert 2013). Alteration in the Ca2+ content of organelles such 

as the ER and the lysosomal can cause impairment in these signalling pathways. As 

mentioned in Chapter 1 Section 1.1.5 alteration in levels of ER and lysosomal Ca2+ 

have not only been reported in LSD such as NPC1, Gaucher disease and Sandhoff 

disease but these have been reported to contribute to the pathogenesis of these 

diseases (Korkotian et al. 1999; Lloyd-Evans et al. 2003; Pelled et al. 2003; Lloyd-

Evans et al. 2008).  
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Therefore, characterising cellular phenotypes in CLN8 patient cells such as 

lysosomal storage, cholesterol intracellular storage, autophagy vesicle storage, 

mitochondrial staining and mitochondrial Ca2+, CLN8 circadian expression, changes 

in the expression of lysosomal related genes, lysosomal enzyme activities and Ca2+ 

dyshomeostasis may help further the understanding of CLN8 disease pathogenesis 

and contribute to the identification of therapeutic intervention points as well as 

phenotypes that may be used for drug screening. 

Furthermore, uncovering cellular pathogenesis of disease can improve the 

understanding of the pathogenic mechanisms of the disease. An example of this is 

how research into the pathology of NPC1 disease has led to the pathogenic cascade 

of events in NPC1 disease to be uncovered (Lloyd-Evans and Platt 2010). This, 

therefore, increases the understanding of the pathogenesis in the disease and gives 

rise to the possibility of optimal therapeutic intervention points being identified. 

  

3.1.3 Primary patient fibroblast (HFs) 

The use of patient fibroblast cells has been extremely valuable in the study of the 

fundamental cellular pathology of LSDs including Ca2+ levels, organelle function 

defects, autofluorescence and a myriad of fluorescent indicators with advances in 

imaging techniques. Fibroblast have been used to increase our understanding of many 

diseases including LSDs which ultimately leads to potential treatments for these 

diseases (Connolly 1998; Auburger et al. 2012).  

In fact, patient fibroblast have even been used for the diagnosis of LSDs by looking 

at the accumulation of macromolecules as was the case with the filipin test to visualise 

cholesterol accumulation to diagnose NPC1 disease (Vanier and Millat 2003). 

Furthermore, as HFs are non-excitable cells it makes them very useful to understand 

fundamental mechanisms in cellular dysfunction such as Ca2+ homeostasis by 

providing an opportunity to study basal Ca2+ and resting Ca2+ levels of the stores 

(Lloyd-Evans et al. 2008; Lloyd-Evans and Waller-Evans 2019).  

There is, however, a naturally occurring mouse model of CLN8 disease called the 

CLN8mn mouse which has been useful to increase our understanding of CLN8 disease 

such as the mitochondrial buffering defect reported by Kolikova et al (2011). 

Nonetheless, the lifespan of mice reduces their suitability for high throughput drug 
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screening when compared to cell models such as fibroblasts. Even though, mice 

models have been used to further the understanding of different diseases they do not 

allow for the visualisation of cellular mechanisms and cellular dysfunction as can be 

done with cell models. Therefore, fibroblasts are among the most powerful models for 

LSD characterisation providing a model that can be used to further the understanding 

of the cellular pathologies and disease cascades involved in LSDs (Lloyd-Evans and 

Platt 2010).  

 

3.1.4 Chapter aims 

This chapter aimed to characterise cellular phenotypes in CLN8 disease that then 

may guide drug screening and further confirmation studies using patient cells (Table 

3.1). This was done by exploring cellular phenotypes commonly observed across other 

LSDs, such as those outlined in Section 3.1.2 above. This chapter also explores more 

CLN8 specific phenotypes by exploring enzymes affected and mRNA expression 

changes in CLN8 disease. 

 

3.2 Summary of Methods 

 

In this chapter the cells outlined in Table 3.1 were cultured as outlined in Section 

2.1. In order to explore cellular phenotypes in the CLN8 patient cells, lysosomal area 

were determined using LysoTracker (Section 2.3.2 & Section 2.3.3), cholesterol area 

was determined using the auto-fluorescent antibiotic filipin (Section 2.1.3), autophagic 

vacuoles were examined using CytoID green (Sections 2.3.4) and mitochondrial 

network was visualised using MitoTracker green ( Section 2.3.6). These were imaged 

using the inverted Colibri widefield fluorescence microscope (Section 2.4.1) and 

analysed using Image J (Section 2.4.2). 

The levels of mRNA expression in CLN8 and control patient cells where quantified 

by reverse transcription qPCR (Section 2.5) with the indicated cells treated previously 

with 100 nM dexamethasone as outlined in Section 2.1.5. 

The activity of the lysosomal enzymes assayed in this Chapter were carried out as 

outlined in Chapter 2 Section 2.6. The data that makes up the heat maps seen in 



 

   69 

Section 3.2.7 below, was taken for each enzyme assay found in separate graphs in 

the Appendix (Figure A3.1 – A3.22). The total levels of cathepsin B using the cathepsin 

B fluorescent probe Magic Red (Section 2.6.4). 

To examine the levels of Ca2+ in the ER three different approaches were used, 1 

µM thapsigargin which inhibits SERCA, 2 µM ionomycin to stimulate Ca2+ from all 

stores but lysosomes and 10 µM ryanodine to activate the ryanodine receptor (Section 

2.3.8). Mitochondrial levels were measured by inducing Ca2+ release from these 

organelles using 10 µM CCCP and 5 µM Antimycin / 5 µM oligomycin (Section 2.3.8). 

To induce Ca2+ release from the lysosome, Ca2+ release from other stores was first 

induced using 2 µM ionomycin and then 500 µM GPN was added to burst lysosomes 

(Section 2.3.8). All Ca2+ measurements mentioned above were visualised and 

measured using a Zeiss Axiovert 35 microscope as outlined in Section 2.4.1. 

 

3.3 Results  

 

3.3.1 Lysosomal area in CLN8 

The characterisation of CLN8 patient cell lines for drug screening began with 

lysosomal live staining via microscopy and plate assay. Lysosomal staining showed 

an approximate 2-fold statistically significant increase in CLN8 534 HF lysosome area, 

when compared to both controls (Figure 3.1) suggesting lysosomal accumulation and 

reduced lysosomal clearance. Similarly, CLN8 462 HF displayed a less-than 2-fold 

increase in lysosomal staining compared to the control cell lines (Figure 3.1 A & B) but 

this was not significant and as such may require more repeats. Additionally, CLN8 535 

HF has a trend of lower lysosomal area but not statistically significant and perhaps 

requires further repeats (Figure 3.1 A & B). These findings were reproduced when 

examining lysosomal volume using LysoTracker in a plate assay, with a 2-fold 

increase in CLN8 534 HF and no clear change in the other cell lines (Figure 3.1 C). 
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Figure 3.1: Lysosomal area is variable between CLN8 patient fibroblasts. A: Representative 

images of lysosomal staining (LysoTracker; greyscale) quantified in B with a Hoescht33342 nuclear 

counter stain pseudo coloured red. Scale bar = 10 µm. B: Quantitative analysis of lysosomal area in 

apparently healthy (control 1 HF and control 2 HF) and CLN8 patient fibroblasts (CLN8 462, 533, 534 

& 535 HF). N = 3 for Control 2 HF, CLN8 533 HF and CLN8 535 HF. N = 7 for Control 1 HF, CLN8 462 

HF and CLN8 534 HF. C: Quantitative plate reader data of control 1 HF and CLN8 HF cells stained with 

LysoTracker. N = 2 and the error bars indicate SEM. In C each N comprised of 5 well of cells per cell 
line. *p ≤ 0.05, One-way ANOVA with post-hoc Tukey. 

 

 The observed lysosomal area per cell in the CLN8 cell lines (Figure 3.1 A), 

particularly CLN8 462 HF and 534 HF, seems to be more variable than in the control 

cells. This variability was better observed in Figure 3.2 A where the lysosome area of 

each cell was individually plotted. This demonstrates the wide range of variability in 

lysosomal area in CLN8 462 HF and CLN8 534 HF. This led to the variability in CLN8 

patient fibroblasts being explored further, by quantifying lysosomal area every 4 hours 
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over a period of 20 hours (Figure 3.2). The percentage difference between CLN8 HF 

lysosomal area and control 1 HF is different depending on when the lysosomal staining 

was imaged (Figure 3.2 B & C). When the lysosomal area was analysed as a 

percentage of control 1 HF it was clear that lysosomal area in the CLN8 462 and CLN8 

534 was extremely variable as it was seen to be both higher and lower than the control 

1 HF cells line (Figure 3.2 A & B). Specifically, CLN8 534 HF lysosomal area was 

around 208% of that measured in control 1 HF at 0 hours, yet at 16 hours CLN8 534 

HF lysosomal area was 86% of that observed in control 1 HF (Figure 3.2 A).  

 

 

Figure 3.2: Lysosomal area in CLN8 patient fibroblasts is highly variable. A: Quantitative analysis 

of the lysosomal area of individual cells from all experiments in apparently healthy (control) and CLN8 

patient fibroblasts B: Quantitative analysis of lysosomal area in CLN8 patient fibroblast as a percentage 

of control 1 HF where control 1 HF is 100%. N= 1 at each time point. C: Examples of the variability 

between individual cells in CLN8 patient fibroblast lysosomal staining (LysoTracker; greyscale) with a 

Hoescht33342 nuclear counter stain pseudo coloured red. The white text indicates the time point from 
which the representative image is from. Scale bar = 10 µm. A and B represent data from N= 3-7. 
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3.3.2 Cholesterol staining in CLN8 HFs  

With the observation of possible lysosomal storage, suggested by increased 

LysoTracker, in two of the CLN8 patient cell lines, the next step was to check for 

storage of cholesterol. Cholesterol containing vesicles in CLN8 patient and control 

HFs were visualised using the cholesterol-binding autofluorescent antibiotic filipin 

(Maxfield and Wüstner 2012; Vanier and Latour 2015) . 

Cholesterol staining indicated a significant increase of around 1.7-fold in endo-

lysosomal cholesterol in CLN8 534 HF compared to both control 1 HF and control 2 

HF (Figure 3.3 B). Similarly, there was a significant increase of around 1.3-fold in 

endo-lysosomal cholesterol distribution in CLN8 462 HF compared to control 2 HF 

(Figure 3.3 B). Both CLN8 533 HF and CLN8 535 HF had no change in cholesterol 

levels (Figure 3.3).  

 

 

Figure 3.3: Increased Cholesterol puncta in some CLN8 patient fibroblast. A: Representative 

images of cholesterol staining (Filipin; greyscale) quantified in B. Scale bar = 10 µm. B: Quantitative 

analysis of cholesterol puncta area in control and CLN8 patient fibroblasts. N=4 and the error bars 
indicate SEM. *p ≤ 0.05, **p < 0.01, One-way ANOVA with post-hoc Tukey. 
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3.3.3 Autophagy in CLN8 patient fibroblasts  

Having observed the presence of lysosomal expansion and lipid storage in some of 

the CLN8 HF cells, alteration in autophagy, a process that requires normal lysosomal 

function, were explored (Figure 3.4). LSDs commonly feature autophagy defects (Liu 

and Lieberman 2019) and thus, this was the next cellular compartment explored in 

CLN8 patient cells (Figure 3.4). Autophagic vesicle staining, using CytoID Green, 

(Figure 3.4) in CLN8 patient cells showed no significant difference when compared to 

either control HF cell lines. This may be due to the effect size as both CLN8 462 HF 

and CLN8 534 HF average displays around 2-fold increase in autophagic vesicle area 

compared to the control HFs (Figure 3.4 B), however, the variability seen in the 

autophagic vesicle staining appeared to be greater than that observed with lysosomal 

storage (Figure 3.1 & 3.2) and as such more repeats are clearly needed.  

 

 

Figure 3.4: Presence of autophagic compartment area is highly variable in CLN8 patient 
fibroblasts. A: Representative images of autophagic compartment staining (Cyto-ID Green; greyscale) 

quantified in B with a Hoescht33342 nuclear counter stain pseudo coloured red. Scale bar = 10 µm. B: 
Quantitative analysis of autophagic compartment area in control and CLN8 patient fibroblasts. N = 4 
and the error bars indicate SEM. There was no significant difference seen using One-way ANOVA with 

post-hoc Tukey. 
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3.3.4 Mitochondrial staining in CLN8 patient fibroblasts  

After detecting the presence of potential defects in autophagy in some of the CLN8 

HF, defects in mitochondria were explored as mitochondrial defects, like lysosomal 

dysfunction, contributes to defects in autophagy (Thelen et al. 2012). Mitochondrial 

stress was explored by using MitoTracker green which stains mitochondria (Figure 

3.3). Similar to the observations of the lysosomal and autophagic compartment 

volumes, the CLN8 533 HF and CLN8 535 HF showed little change in mitochondrial 

staining (Figure 3.3); whereas, CLN8 462 HF and CLN8 534 HF displayed a trend to 

increase in mitochondrial staining that was not significant probably due to the 

variability in these cell lines (Figure 3.3). As such, more repeats are needed to confirm 

whether CLN8 462 HF and CLN8 534 HF have an increase in mitochondrial staining.  

The staining pattern of MitoTracker was also examined as it has been reported to 

show whether the mitochondrial network is fully formed as it has been reported to be 

fragmented in other NCLs (Shipley 2019). As can been seen in Figure 3.5 there 

appears to be no difference in mitochondrial staining pattern suggesting that the 

mitochondrial network is fully formed in all CLN8 patient cells.  

 

 

 



 

   75 

 

Figure 3.5: Mitochondrial area in CLN8 patient fibroblast. A: Representative images of 

mitochondrial staining (MitoTraker; greyscale) quantified in B with a Hoescht33342 nuclear counter 

stain pseudo coloured red. Scale bar = 10 µm. B: Quantitative analysis of mitochondrial area in control 

and CLN8 patient fibroblasts. N = 4 and the error bars indicate SEM. There was no significant difference 

seen using One-way ANOVA with post-hoc Tukey. 

 

3.3.5 Changes in mRNA expression in CLN8 patient cells 

In order to understand the possible explanation behind the lack of consistency in 

CLN8 cellular phenotypes the levels of CLN8 mRNA, and other NCL protein mRNA, 

expression in mouse tissues over time were explored using data from the CIRCA DB 

online database. The changes in expression levels were calculated by looking at the 

fold change in mRNA levels from the lowest to the highest expression during a 24-

hour period which is suggestive of circadian expression of these proteins. A change 

in mRNA expression of more than 1.5 fold is thought to be likely to lead to changes in 

protein levels (Hughes et al. 2010).  

It was found that CLN8 mRNA shows an approximate 2-fold temporal change in 

expression over a 24-hour period (Hughes et al. 2010), this is the most variable 

change in expression when compared to the expression of other NCL proteins (Figure 
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3.6). Other Batten disease proteins show a lower than 2-fold change in mRNA 

expression during the 24-hour period (Figure 3.6).  

 

 

Figure 3.6: Expression levels of Batten disease mRNAs in mouse liver over 42 hours. A: 
Circadian cycles of the Batten disease proteins in mouse liver (B) with approximate fold change in 

expression in a 24-hour period, adapted from CircaDB, the Circadian Expression Profiles Data Base 

(Hughes et al. 2010). The axes in A are not equal as such these were used to calculate the approximate 

fold change and displayed more clearly in (B). 

 

In order to determine whether there are changes in the levels of mutant CLN8 

protein expression in the patient fibroblasts, which may explain the variability in cellular 

phenotypes seen above, the levels of CLN8 mRNA were examined in the absence of 

a CLN8 antibody. Initially, four different CLN8 antibodies were tested to detect levels 

of CLN8 protein expression; however, none of the antibodies tested were able to 

detect CLN8. Therefore, mRNA levels were explored instead using RT-qPCR analysis 

to quantify relative levels of CLN8 mRNA in cells at different time points throughout a 

12-hour time course (Figure 3.7).  
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Initial investigation over a 12-hour period showed all 3 CLN8 patient HF appeared 

to have higher levels of CLN8 mRNA, with CLN8 534 HF increasing in expression 

around 2.8 times by the second time point (4 hours; Figure 3.7 A). Following this, 

levels of CLN8 mRNA, as well as the regulator of lysosomal biosynthesis TFEB, were 

explored over a 30-hour time course with 6-hour intervals, and for a further 39-hour 

time course with 3-hour intervals (Figure 3.7 B-E) in order to explore whether the time 

course or the time between intervals meant changes in mRNA were being missed.  

Although changes in the expression of both CLN8 and TFEB mRNA were seen 

throughout the time course experiments, it was not possible to identify, and 

subsequently reproduce, any pattern that resembled a circadian-like cycling in the 

expression of CLN8 mRNA or TFEB mRNA. Nonetheless, an increase of 

approximately 1.6-fold was observed in the CLN8 mRNA expression between 12-hour 

time point and 24-hour time point in CLN8 534 HF (Figure 3.7 B) but no significant 

change in expression of CLN8 mRNA was seen in control 1 HF cells during the same 

time period. During the same time course experiment, a 2.7-fold increase of TFEB 

mRNA was seen between the 24-hour time point and 30-hour time point in CLN8 534 

HF (Figure 3.7 C). Similarly, between the 18-hour time point and the 30-hour time point 

an increase of around 1.4 times was seen in TFEB mRNA levels (Figure 3.7 C) 

indicating increase in lysosomal biogenesis.  

Changes in the expression of CLN8 mRNA and TFEB mRNA were seen in control 

1 HF during a longer time course with short intervals (Figure 3.7 C & D). There was 

approximately 3.4 times less CLN8 mRNA expression between the 6-hour and the 33-

hour time points (Figure 3.7 C). There was around 4 times lower expression of TFEB 

mRNA seen between the 6-hour and 33-hour time course (Figure 3.7 D). Overall, 

changes in both CLN8 mRNA and TFEB mRNA were observed during different time 

courses in both CLN8 patient cells and control cells, but as previously mentioned no 

clear pattern was found (Figure 3.7).  

It is important to note that the data in each graph is N = 1 with 3-4 technical 

replicates. These data were to examine the presence of circadian rhythm in the cells 

but all that was seen was a large amount of inconsistency in the expression levels of 

CLN8 mRNA compared to control, as was seen in the LysoTracker data. Furthermore, 

there was no real synergy with the master regulator TFEB. Therefore, as it was not 
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possible to replicate any pattern in expression and these experiments are both time 

consuming and costly, this avenue was not pursued further.  
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Figure 3.7: Changes in the expression levels of CLN8 and TFEB mRNAs across different time 
courses. A: Expression levels of CLN8 mRNA in CLN8 patient and control 1 HFs measured every 4 

hours across a 12-hour time course. B: Expression levels of CLN8 mRNA in CLN8 534 patient and 

control 1 HFs measured every 4 hours across a 32-hour time course. C: Expression levels of TFEB 

mRNA in CLN8 534 patient and control 1 HFs measured every 4 hours across a 32-hour time course. 

D: Expression levels of CLN8 mRNA in control 1 HFs measured every 3 hours across a 39-hour time 

course. E: Expression levels of TFEB mRNA in control 1 HFs measured every 3 hours across a 39-

hour time course. All (A-E) expression data is relative to the expression of the geometric mean of the 

reference mRNAs (GAPDH, TBP & B2M) from N = 1 with 3 wells per data point. Expression data is 
relative to the expression of the geometric mean of the reference mRNAs. All (A-C, E) error bars 

indicate SEM.  
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Given the possible changes in CLN8 mRNA observed temporally above (Figure 

3.7) the levels of total CLN8 mRNA, across the experiments, were explored in CLN8 

patient HF and control HF (Figure 3.8). Both CLN8 534 HF and CLN8 535 HF, showed 

a significant increase in CLN8 mRNA levels with approximately 3 times and 2 times 

more CLN8 mRNA respectively (Figure 3.8). CLN8 462 HF, however, seems to have 

significantly lower levels of CLN8 mRNA exhibiting around 6 times lower expression 

of CLN8 mRNA (Figure 3.8). This indicates that levels of CLN8 mRNA is variable both 

within (Figure 3.7) and between (Figure 3.8) patients although no clear time course 

expression patterns were detected. 

 

 

Figure 3.8: CLN8 mRNA levels are variable between in CLN8 patient fibroblasts. Quantified qPCR 

data of CLN8 mRNA in CLN8 patient and control 1 HFs. Expression data is relative to the expression 

of the geometric mean of the reference mRNAs (GAPDH, TBP & B2M). N = 4-16. Error bars indicate 

SEM. *p ≤ 0.05, **p < 0.01, One-way ANOVA with post-hoc Tukey. 

 

Having seen the variability in phenotypes and in the expression of CLN8 mRNA, 

the expression of TFEB, MTOR, MCOLN1, CLN5 and CLN6 were next explored in 

CLN8 patient cells (Figure 3.7 & 3.8). These were selected as TFEB is the master 

regulator of lysosomal biogenesis, MTOR is involved in the regulation of autophagy, 
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TRPML1 (MCOLN1) is a lysosomal membrane protein, CLN5 is a soluble lysosomal 

enzyme and CLN6 is another ER transmembrane protein associated with NCL 

disease. The expression of TFEB, MTOR, MCOLN1, CLN5 and CLN6 was explored 

in CLN8 534 HF and CLN8 535 HF as CLN8 534 HF is the CLN8 HF cell line in which 

more phenotypes have been observed and CLN8 535 HF is the cell line with the least 

variability.  

In both CLN8 534 HF and CLN8 535 HF, significantly lower levels of TFEB 

expression were seen with TFEB mRNA levels being around 1.5 times and around 7 

times lower in CLN8 534 HF and CLN8 535 HF, respectively (Figure 3.9 A). On the 

other hand, no significant difference in MTOR expression was seen in CLN8 534 and 

CLN8 535 HF (Figure 3.9 B). The lysosomal ion channel MCOLN1 was seen to have 

significantly higher mRNA expression by roughly 2 times and 1.8 times more MCOLN1 

mRNA levels in CLN8 534 and CLN8 535, respectively (Figure 3.9 C).  

CLN5 was seen to have both significantly increased and significantly decreased 

expression in CLN8 patient fibroblasts, depending on the cell line studied (Figure 3.9 

D). There were approximately 1.2 times higher levels of CLN5 mRNA (Figure 3.9 D) 

in CLN8 534 HF; whereas, there were approximately 2.3 times less CLN5 mRNA in 

CLN8 535 HF (Figure 3.9 D). CLN6 was found to have significantly less mRNA 

expression, at about 2 times less in CLN8 534 compared to control 1 HF (Figure 3.9 

E). Conversely, there was no difference in the level of CLN6 mRNA seen in CLN8 535 

HF (Figure 3.9 E). 
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Figure 3.9: Changes in expression levels of LSD associate mRNAs are altered CLN8 patient HFs. 
Expression levels of TFEB mRNA (A), MTOR mRNA (B), MCOLN1 mRNA (C), CLN5 mRNA (C) and 

CLN6 mRNA (C) in CLN8 534 HF, CLN535 HF patient and control 1 HF. All (A-E) expression data is 

relative to the expression of the geometric mean of the reference mRNAs (GAPDH, TBP & B2M). N = 

12, except for CLN8 535 HF which was N = 6. All (A-E) error bars indicate SEM. *p ≤ 0.05, **p < 0.01, 

a One-way ANOVA was used for all except for MCOLN1 (C) which was not normally distributed, so a 
Kruskal-Wallis test was used. 

 

In another attempt to explore whether circadian rhythms and the changing levels of 

CLN8 expression played a role on the variability in cellular phenotypes observed 

above, cells were treated with 100 nM dexamethasone for 30 minutes as 

dexamethasone at this concentration and treatment length has been reported to be a 

synchronizer of circadian rhythm (Balsalobre et al. 2000; Nagoshi et al. 2004). 
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Following treatment with 100 nM dexamethasone, however, significantly increased 

CLN8 mRNA levels in control 1 HF cells by 1.5 times (Figure 3.10). Additionally, 

lysosomal levels, as measured by the area of lysosomal staining with LysoTracker, 

appeared to be decreased in CLN8 patient cells following dexamethasone treatment; 

however, this was not significant (Figure 3.10 D & E). It is important to note the data 

in Figure 3.10 D & E are only preliminary experiments as N = 2 and thus further repeats 

are required to confirm these findings.  

The levels of TFEB and MTOR mRNA were also examined following dexamethasone 

treatment. Nonetheless, treatment with dexamethasone did not seem to have any 

significant effect on the levels of TFEB and MTOR mRNA (Figure 3.10 B and C).  
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Figure 3.10: Following 100 nM dexamethasone treatment CLN8 mRNA expression increases in 
control 1 HF and lysosomal area in CLN8 534 HF appears to decrease. Expression levels of CLN8 

mRNA (A), TFEB mRNA (B) and MTOR mRNA (C) in control 1 HF untreated and treated with 100 nM 

treatment for 30 minutes 24 hours prior to mRNA levels being measured. All (A-C) expression data is 

relative to the expression of the geometric mean of the reference mRNAs (GAPDH, TBP & B2M). N = 
1 with 3 well per data point. As the data (A-C) was normally distributed statistical analysis was done by 

a two tailed t-test. D: Representative images of lysosomal staining (LysoTracker, greyscale) in CLN8 

534 HF, CLN8 535 HF and control 1 HF untreated and treated with 100 nM treatment for 30 minutes 

24 hours before being imaged. A Hoescht33342 nuclear counter stain pseudo coloured red was used. 
E. Scale bar = 10 µm. E: Quantitative analysis of lysosomal area from (D). N = 2 and error bars 

represent SEM. All (A-C, E) error bars indicate SEM. *p ≤ 0.05, two-way ANOVA. 

 

3.3.6 Lysosomal enzyme activities in CLN8 patient fibroblasts 

As CLN8 disease is a lysosomal storage disease and the CLN8 protein has been 

found to play an important role in lysosomal enzyme maturation (di Ronza et al. 2018), 
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the activity of 22 lysosomal enzymes in CLN8 patient cells were examined (Figure 

3.11 & A7.1-A7.22). This was carried out using lysosomal enzyme assays optimised 

and outlined during this project and by Alshehri (2019). In line with the other results of 

this chapter so far, the recorded alterations in enzyme activity were highly variable 

between the different CLN8 patient cell lines (Figure 3.11 & A7.1-A7.23).  

Broadly, most if not all, enzymes showed either increased or decreased activity in 

the CLN8 HF patient cells lines. As an example, a-galactosidase, a-mannosidase, b-

galactosidase, b-glucosidase, hexosaminidase B, fucosidase, total hexosaminidase, 

a-N-acetylgalactosaminidase (NAGA) and palmitoyl-protein thioesterase (PPT1) were 

seen to have increased activity in only CLN8 534 HF and not the others, with some 

having decreased activity in the other CLN8 HF lines (Figure 3.11, A7.1, A7.2, A7.8, 

A7.19 & A7.20). Acid sphingomyelinase was the only enzyme assayed that seemed 

to have a consistent change, seen as decreased activity, in all the CLN8 HF patient 

cells (Figure 3.11 & A7.7). 

Of the enzyme assays carried out, a-galactosidase, a-glucosidase, acid 

phosphatase, aspartylglucosaminidase, b-galactosidase, b-hexosaminidase, acid 

sphingomyelinase (ASM), cathepsin L, cathepsin B, fucosidase, hexosaminidase, 

iduronidase, NAGA and PPT1 had a significant change in enzyme activity in CLN8 

patient cells lines when compared to control 1 HF (Figure 3.11, A7.1 – A7.23). 

The main conclusions from these enzyme assays are that a variety of lysosomal 

enzymes have altered activity in CLN8 patient cell; however, the alterations in enzyme 

activity are variable between different CLN8 patient HF except for ASM which had 

significantly decrease activity across all CLN8 patient cells (Figure 3.11).  
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Figure 3.11: Heat map of changes in lysosomal enzyme activity in CLN8 patient fibroblast. The 
heatmaps depict the lysosomal enzyme activity in CLN8 patient HFs and control HFs. The heatmaps 

were generated from the means of enzyme activity compared to control 1 HF as 100% activity (Figure 

A1-A20). Each row represents a different lysosomal enzyme assayed and the columns represent the 

different cell lines as indicated. The scale illustrates the percentage change in enzyme activity 

compared to the control 1 HF. Darker grey denotes increased enzyme activity; whereas, lighter grey 

indicates higher enzyme activity. N = 3-4 *p ≤ 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, One-way 

ANOVA. 
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As an example of an enzyme that seems to have variable activity across the CLN8 

patient fibroblasts, cathepsin B was further explored in CLN8 534 HF (Figure 3.11 & 

3.12). This stain was readily available in the lab, and thus was used to explore the 

lower activity seen in CLN8 534 HF, with a potentially higher expression in the other 

CLN8 HF lines. Cathepsin B staining revealed that approximately double the amount 

of cathepsin B was present in CLN8 534 HF compared to control 1 HF (Figure 3.12). 

On the other hand, fluorescence intensity which correlates to the amount of fluorescent 

probe being released by active cathepsin B appear to be high in the control 1 HF 

(Figure 3.12 C).  
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Figure 3.12: Total Cathepsin B levels is increased in CLN8 534 HF. A: Representative images of 

cathepsin b staining (Magic red; greyscale) quantified in B with a Hoescht33342 nuclear counter stain 

pseudo coloured red. Scale bar = 10 µm. B: Quantitative analysis of cathepsin B levels in apparently 

healthy (control) and CLN8 patient fibroblast. C: Representative profile plot fluorescence intensity of 

each Magic red containing lysosomal puncta with the indicated region shown in A. N = 3 and the error 

bars indicate SEM. 

 

3.3.7 Thapsigargin mediated ER Ca2+ release in CLN8 patient fibroblasts 

Several LSDs have defects in Ca2+ homeostasis (Pelled et al. 2003; Ginzburg and 

Futerman 2005; Lloyd-Evans et al. 2008). Additionally, previous reports have found 

accumulation galactosylceramide and accumulation of glycosphingolipids that may 

lead to changes in ER Ca2+. For these reasons’ ER Ca2+ levels were examined in 

CLN8 patient fibroblasts by inhibiting the SERCA Ca2+ ATPase with thapsigargin 

(Figure 3.13), which leads to Ca2+ leak from the ER as explained in Chapter 2, allowing 
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the Ca2+ content of the ER to be measured. This would provide insight into the disease 

and assess its suitability for drug screening as it has been done before for NPC 

disease (Tiscione et al. 2019). 

Firstly, it is important to note that for thapsigargin mediated Ca2+ N = 2 for all except 

control 1 HF and CLN8 534 HF where N =6-7 and as such this data for CLN8 462 HF, 

CLN8 533 HF and CLN8 535 is preliminary and requires more repeats. The preliminary 

data in Figure 3.17 showed CLN8 462 HF and CLN8 535 HF appeared to have 1.7- 

and 2-times lower ER Ca2+, respectively, compared to the control HF cells. 

Conversely, CLN8 534 HF demonstrated approximately 1.5 times significantly higher 

thapsigargin ER Ca2+ (Figure 3.17). 

 

 

Figure 3.13: Thapsigargin mediated Ca2+ release is variable between CLN8 patient fibroblast. A: 

Representative traces of the average data for thapsigargin (indicated by red arrow) mediated ER Ca2+ 

release quantified in (B). B: Quantified change in intracellular Ca2+ release following thapsigargin (A) 

in CLN8 HF and control HF. N = 2-7. Error bars indicate SEM. As only CLN8 534 HF had enough Ns 

for stats a two tailed t-test was used, *p ≤ 0.05.  
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3.3.8 Further Ca2+ in CLN8 534 HF 

As CLN8 534 HF had the clearest and most robust phenotypes of the CLN8 patient 

cell lines explored, with increased lysosomal storage, defects in autophagy, defects in 

lysosomal enzyme activities as well as increase thapsigargin mediated Ca2+ release, 

further Ca2+ stores were explored in CLN8 534 HF. Having observed ER Ca2+ in CLN8 

534 HF, mitochondrial Ca2+ release was examined by inducing Ca2+ with CCCP as 

well as separately with antimycin/oligomycin. 

CLN8 534 HF appeared to have 3 times lower CCCP-mediated mitochondrial Ca2+ 

compared to control 1 HF (Figure 3.14 A & B). CCCP mediated Ca2+ release is 

indicative of mitochondrial and Golgi Ca2+ as outlined in (Chapter 2) suggesting 

possible lower mitochondrial Ca2+ of Golgi Ca2+ in CLN8 534 HF. On the other hand, 

combined treatment with antimycin/oligomycin, which only induces mitochondrial Ca2+ 

leak as described in Chapter 2 (Section 2.3.8), resulted in a trend to 1.5 times higher 

Ca2+ leak in CLN8 534 HF compared to control HF that was not significant, so further 

repeats are needed to confirm this (Figure 3.14 C & D).  
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Figure 3.14: CCCP and antimycin/oligomycin mediated mitochondrial Ca2+ release in CLN8 
patient fibroblasts. A: Representative traces of the average data for CCCP (indicated by the red arrow) 

mediated mitochondrial Ca2+ and Golgi Ca2+ release quantified in (B). B: Quantified change in 

intracellular Ca2+ release following CCCP (A) in CLN8 534 HF and control 1 HF N = 3-5. Error bars 

indicate SEM. There was no significant difference between CLN8 534 HF and control 1 HF. C: 

Representative traces of the average data for antimycin/oligomycin (indicated by the red arrow) 

mediated mitochondrial Ca2+ release quantified in (D). D: Quantified change in intracellular Ca2+ release 
following antimycin/oligomycin (C) in CLN8 534 HF and control 1 HF. N = 2-5. Error bars indicate SEM. 

*p ≤ 0.05, two tailed t-test. 

 

Following the defect in ER Ca2+ seen in Figure 3.13 as well as the possible defect 

in Golgi Ca2+ in CLN8 534 HF ER Ca2+ was further explored using ionomycin and 

ryanodine (Figure 3.15). As explained in Chapter 2 ionomycin induces Ca2+ release 

from all stores except the lysosomes and ryanodine acts as both an inhibitor (high 

concentrations >20 µM) and activator (low concentrations <20 µM) of the ryanodine 
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receptor so at the concentration of 10 µM used, it acts as an activator leading to Ca2+  

release from the ER to the cytosol via the ryanodine receptor. Unlike thapsigargin, 

however, a difference was not seen in either ionomycin or ryanodine mediated ER 

Ca2+ release (Figure 3.15) suggesting no change in total ER Ca2+.  

 

 

Figure 3.15: Ionomycin and Ryanodine mediated Ca2+ release in CLN8 patient fibroblasts. A: 
Representative traces of the average data for ionomycin (indicated by red arrow) mediated Ca2+ release 

quantified in (B). B: Quantified change in intracellular Ca2+ release following ionomycin (A) in CLN8 

534 HF and control 1 HF. N = 4-7. Error bars indicate SEM. There was no significant difference between 

CLN8 534 HF and control 1 HF. C: Representative traces of the average data for ryanodine (indicated 

by red arrow) mediated ER Ca2+ release quantified in (D). D: Quantified change in intracellular Ca2+ 

release following ryanodine (C) in CLN8 534 HF and control 1 N = 4-5. Error bars indicate SEM. There 

was no significant difference between CLN8 534 HF and control 1 HF using a two tailed t-test. 
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As CLN8 is a lysosomal storage disease and as lysosomal Ca2+ defects have been 

observed in many lysosomal storage diseases (Lloyd-Evans and Platt 2011), the next 

step was to explore lysosomal Ca2+ levels in CLN8 patient fibroblasts (Figure 3.16). 

Almost half the amount of lysosomal Ca2+ was seen in CLN8 534 HF cells compared 

to control 1 HF when measuring lysosomal Ca2+ with GPN (Figure 3.16 A & B) as GPN 

leads to lysosomal Ca2+ release as explained in Chapter 2.  

Ca2+ is tightly regulated as previously mentioned, as such, having observed defects 

in thapsigargin, CCCP and GPN mediated Ca2+ from the ER, Golgi and the lysosome 

respectively the basal levels of intracellular Ca2+ as outlined in Chapter 2 Section 

2.3.8. Basal cytoplasmic Ca2+ was explored but no difference was seen between CLN8 

534 HF and control 1 HF (Figure 3.16 C). Therefore, the defects in Ca2+ in the ER, 

Golgi and lysosome do not appear to affect cytosolic Ca2+ levels. 

 

 

 



 

   94 

 

Figure 3.16: GPN-mediated lysosomal Ca2+ release and basal cytoplasmic Ca2+ CLN8 534 HF. A: 

Representative traces of the average data for GPN (indicated by red arrow) mediated lysosomal Ca2+ 

release quantified in (B). B: Quantified change in intracellular Ca2+ release following GPN (A) in CLN8 

534 HF and control 1 HF N = 2-4. Error bars indicate SEM. There was no significant difference between 

CLN8 534 HF and control 1 HF. C: Quantified intracellular Ca2+ in CLN8 534 HF and control 1 HF. N = 

11-21. Error bars indicate SEM. There was no significant difference between CLN8 534 HF and control 

1 HF. *p ≤ 0.05, **p < 0.01, two tailed t-test. 

 

3.4 Discussion 

 

This chapter aimed to characterise disease phenotypes in CLN8 patient fibroblasts 

to utilise in therapeutic drug screening. Investigation of the cellular pathology 

underpinning CLN8 patient HF has uncovered changes in several cellular 

compartments across some of the CLN8 patient cells lines examined. These include 

increases in lysosomal area reflective of an expansion in lysosomal number, defects 
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in autophagic vacuole clearance, altered endo-lysosomal distribution of cholesterol 

and possible increases in thapsigargin mediated Ca2+ release (Figures 3.1, 3.3, 3.4, 

3.5 & 3.6). Further alteration to ER and lysosomal Ca2+ levels was observed in one of 

the CLN8 HF lines and alteration in the expression of different lysosomal enzymes 

was also seen across two of the CLN8 patient cell lines. Defects in a range of 

lysosomal enzyme activities were also observed across the patient cell lines with only 

acid sphingomyelinase being significantly affected across all the CLN8 patient cell 

lines. Intriguingly, there was large variability across the phenotypes measured (Table 

3.2), not only between the different CLN8 patient cell lines, but more remarkably within 

individual cells in the patient cell lines. 

 

Table 3.2: Summary of phenotypic variability in CLN8 HFs compared to Control HFs. An increase 

is denoted by , a decrease is denoted by ¯, a high degree of variability is indicated by », an increase 

with high variability is denoted by » and no change is indicated /. Only phenotypes that were found to 

be significant in this Chapter are outlined in the table below.  

Cellular Phenotype CLN8 462 HF CLN8 533 HF CLN8 534 HF CLN8 535 HF 

Lysosomal area » / » / 

Cholesterol puncta  /  / 

Autophagic compartments » / » » 

Mitochondria area » / » / 

Relative CLN8 expression ¯ / » » 

Relative TFEB expression n/a n/a ¯ ¯ 

Relative MTOR expression n/a n/a / / 

Relative MCOLN1 
expression n/a n/a   

Relative CLN5 expression n/a n/a  ¯ 

Relative MTOR expression n/a n/a ¯ / 

ER Ca2+ ¯ »  ¯ 

 

3.4.1 Lysosomal expansion in CLN8  

Lysosomal staining revealed an increase in lysosomal area only in the A30P 

homozygous CLN8 534 HF and not the other CLN8 cell lines (Figure 3.1). This 

increase in lysosomal staining was also seen using the LysoTracker plate assay 
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(Figure 3.1C) confirming that CLN8 534 HF was the only patient cell line that has 

significant increases in lysosomal volume. This indicates that only one of the 4 patient 

cell lines examined in this chapter exhibits lysosomal storage; whereas, the other 

CLN8 patient cells either do not, or fluctuate as seen in Figure 3.2.  

These findings may mirror reports of LSDs, such as CLN10, which do not exhibit 

an increase in LysoTracker staining but do have an expanded lysosomal network or 

even substantial lysosomal storage (Lim et al. 2016). In the case of CLN10 it has been 

suggested that LysoTracker staining is not increased because CLN10 has a lysosomal 

pH defect (Holpainen et al. 2001). Therefore, the fact that no increase in LysoTracker 

is seen in some of the CLN8 cells might suggest that there is no lysosomal 

accumulation of macromolecules but cannot guarantee this is the case. It may 

therefore be of interest to explore lysosomal pH in these CLN8 cell lines in order to 

confirm whether lysosomal pH in CLN8 may lead to the lack of LysoTracker increase 

seen in some of the CLN8 patient cells.  

It may also be the case that some CLN8 patient mutations lead to lysosomal storage 

and others do not. A recent study, di Ronza et al. (2018), mentioned in Section 3.1, 

found that different CLN8 mutations affected the ability of CLN8 to chaperone 

lysosomal enzymes out of the ER, which may be what leads to the difference in 

lysosomal volume seen between the different CLN8 patient cells lines.  

The increase in lysosomal volume measured in CLN8 534 HF was not a consistent 

phenotype (Figure 3.2). Lysosomal imaging of the CLN8 cell lines required a high N 

number in order to ensure confidence in the results. Whilst this is ideal for confirmation 

of cellular dysfunction, such a large number of repeats is not feasible for drug 

screening of large-scale drug libraries. This variation is particular to CLN8 as such 

broad changes in lysosomal measurement were not seen in other LSDs tested in this 

project (Figure 4.1 & 5.9) as well as other projects, and in the literature (Sugimoto et 

al. 2001; Platt et al. 2012; Xu et al. 2014; Vanier and Latour 2015). This suggests that 

the variability seen between and within CLN8 patient cell lines is specific to the CLN8 

protein and its functions; however, what leads to the variation is unclear.  
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3.4.2 Cholesterol accumulation in CLN8  

In this study, cholesterol punctate staining, indicative of cholesterol accumulation in 

lysosomes, was increased in the CLN8 462 HF and CLN8 534 HF patient cell lines 

(Figure 3.3). This, however, was not the case for the other two CLN8 cell lines, which 

indicates that different mutations in CLN8 differentially affect lysosomal cholesterol 

accumulation in lysosomes (Figure 3.5). This could be due to the different mutation 

affecting lysosomal maturation differently, in which some CLN8 mutations lead to 

proteins that are important for the transport of cholesterol such as NPC2 and NPC1 to 

be affected in those patient cell lines, or enzymes involved in lysosomal processing of 

cholesterol esters such as acid lipase. Recently, NPC1 has been shown to be involved 

in the ER-lysosomal contact point for lipid transport. Additionally, CLN8 has been 

found to interact with VAPA, as mentioned in Section 1.2.4, which is part of the ER-

lysosomal lipid transport complex (Passantino et al. 2013). Therefore, it may be that 

the ER-lysosomal lipid transport mechanisms are affected in CLN8; however, the data 

in this report indicates defects in CLN8 mechanisms may be mutation specific.  

Taken together, the lysosomal expansion and increase in cholesterol seen in CLN8 

534 HF suggests that the CLN8 patient cells (CLN8 534 HF) that exhibit increases in 

lysosomal volume have accumulation of lysosomal cholesterol. Similarly, other studies 

with the CLN8mnd knockout mouse model found that levels of cholesterol in the brain 

were elevated which would further imply defects in lysosomal cholesterol regulation in 

CLN8 disease (Hermansson et al. 2005). 

 

3.4.3 Autophagic vacuole expansion in CLN8  

Using Cyto-ID to measure autophagic vacuole levels in CLN8 patient fibroblasts, 

an increased level was seen in CLN8 426 HF and CLN8 534 HF, but not in CLN8 533 

HF and CLN8 535 HF (Figure 3.4). Imaging of autophagic vacuoles in CLN8 was again 

found to be very variable, both between and within the different patient cell lines. The 

variability seen in the autophagic staining in the CLN8 lines (Table 3.2) was even 

greater than what was observed with the lysosomal staining (Figure 3.1 & 3.4), 

perhaps associated to the fact that CLN8 is an ER protein and the autophagic vacuole 

membrane emerges from that organelle (Wei et al. 2018). Furthermore, in previous 

studies, CLN8 protein was found to interact with GATE16 and other proteins which are 
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essential for autophagy (Weidberg et al. 2010; Passantino et al. 2013). In this study 

CLN8 462 HF and CLN8 534 displayed a trend towards increase in CytoID staining 

but the degree of variability in CytoID staining in CLN8 patient cell lines was too high 

to observe any significant difference.  

Increased Cyto-ID staining area in cells indicates accumulation of autophagosomes 

and autophagic cargo within autophagic compartments as well as increase 

autophagosome volume, biogenesis or clearance failure. Nonetheless, it does not 

distinguish between increased autophagy production of decreased clearance. An 

experiment that can be carried out in future, to determine if autophagy is increased or 

if there is a defect in clearance, could be done by using GFP-LC3 and monitoring the 

flux through the autophagosome system. These experiments, however, may be best 

performed in CLN8 null cells, where we anticipate less variability in phenotypes. 

 

3.4.4 Mitochondrial staining in CLN8  

Mitochondrial staining in CLN8 HF resembled that seen in lysosomal and 

autophagic vesicle staining (Figure 3.5). CLN8 462 HF and CLN8 534 HF appeared 

to have increased mitochondrial staining. Increased mitochondrial staining may 

indicate that mitochondria are not being cleared, by autophagy, and are accumulating 

possibly due to autophagosome-lysosomal fusion defects. CLN8 533 HF seemed to 

have no change in mitochondrial staining; however, CLN8 535 potentially has lower 

mitochondrial staining. Overall, there was a high degree of variability seen in 

mitochondrial staining in each of the CLN8 patient fibroblast. Another way to further 

examine mitochondrial function, which may be used in future experiments for CLN8, 

could be the use of the Seahorse bioanalyzer that tests for mitochondrial stress.  

 

3.4.5 Variability in CLN8 phenotypes and drug screening  

It is interesting that patients with the same disease showed such variability in 

cellular phenotypes. This inter-patient variability, however, has been reported 

previously to the extent that, as mentioned in Chapter 1, CLN8 disease is sub-

categorised into two different clinical diagnoses (Kousi et al. 2012). A previous study 

found both increased and decreased levels of certain lipids in post-mortem brains of 

CLN8 disease patients (Hermansson et al. 2005). Specifically, the study found that 
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sphingomyelin, a-galactosylceramide, sulfatide, ceramide and lactosylceramide were 

decreased in a subset of post-mortem brains of CLN8 patients compared to healthy 

controls, whereas, these same lipids were elevated in a different set of CLN8 post-

mortem brain samples when compared to controls (Hermansson et al. 2005).  

Overall, CLN8 462 HF and CLN8 534 HF displayed the greatest variability of 

phenotypes tested in this study. The phenotypic variability seen within CLN8 cell lines 

between different Ns has not been reported before. This may be due to the dearth of 

research into CLN8 disease. Moreover, there have been minimal reports on the 

cellular pathology of CLN8 disease. To date, most of the phenotypic studies of CLN8 

disease are either clinical reports, very few in vitro experiments using knockout cell 

lines, or in vivo studies using the naturally- occurring CLN8mnd mouse, a mouse model 

for neurodegenerative disease with mutations in CLN8 (Ranta et al. 1999; Lonka et al. 

2000; Striano et al. 2007; Galizzi et al. 2011; Kolikova et al. 2011; di Ronza et al. 2018; 

Bajaj et al. 2020). The scarcity of research into the cellular pathogenesis of CLN8 

means that the variation within CLN8 patient fibroblasts has not been reported before, 

making this study the first to do so and a potentially useful resource once published to 

assist with research in this area.  

It was particularly noteworthy that the lysosomal expansion seen in the CLN8 534 

HF line varied temporally to the extent that sometimes there was no lysosomal 

expansion, and other times the lysosomal system was expanded 2-fold (Figure 3.3 A 

& B). This pronounced temporal variation in cellular disease phenotypes is believed to 

be unique amongst the LSDs.  

SNPs that affect CLN8 expression levels have been linked to Gaucher disease 

severity (Zhang et al. 2012). Patients with mild Gaucher disease exhibit higher levels 

of CLN8 expression (Zhang et al. 2012). As mentioned above, CLN8 has been 

identified as being involved in lysosomal enzyme maturation. Even though 

glucocerebrosidase, the enzyme affected in Gaucher disease (Bennett and Mohan 

2013), is not one of the enzymes reported to require CLN8 for maturation (di Ronza et 

al. 2018), increased expression of CLN8 led to higher levels of other enzymes in 

lysosomes. This increased levels of enzymes in lysosomes may alleviate storage in 

Gaucher disease patients, in turn alleviating disease severity (Zhang et al. 2012). 

Therefore, therapies that increase CLN8 expression may be of benefit to Gaucher 
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disease and potentially other LSDs by increasing the transport of lysosomal enzyme 

to the lysosome alleviating lysosomal storage.  

The unforeseen degree of variability within and between CLN8 patient fibroblasts 

limits the findings of this study. The great difference between patient mutations means 

that there is a need for each CLN8 patient fibroblast to be studied independently for 

further characterisation. Since the main aim of this Chapter was to characterise 

phenotypes that could be used for drug screening, each CLN8 cell line was not 

individually explored in depth, but it is something that merits further exploration. 

To circumvent the issues relating to the variability between and within cells, 

knockout cell lines could be useful, although these do not necessarily fully represent 

the disease. The main issue, however, is the immense cost associated with creating 

knockout cells lines (Wilkinson et al. 2010). During this project, several attempts were 

made to obtain knockout or even haploid CLN8 cell lines, but this was not possible 

within the budget.  

Furthermore, gene silencing approaches were considered, but as no good antibody 

was available with which to detect knockdown, it was not possible to say for sure if the 

approach has been successful. Furthermore, as the half-life of the CLN8 protein is not 

known the use qPCR to monitor mRNA levels may not reflect residual CLN8 protein 

levels. As incomplete knockdown may cause phenotypic variability and the presence 

or absence of CLN8 cannot be confirmed, it was decided not to progress with this 

avenue. Clearly, a good CLN8 antibody is a necessity for future advancement of this 

field. In this study the mutation of the CLN8 patient cell lines obtained were not 

independently verified. Future CLN8 studies should always confirm the mutations in 

the CLN8 patient cell lines used particularly due to the variability observed.  

Previous research linked CLN8 expression to the severity of another LSD, as well 

as the fact that changes over time in CLN8 expression were seen in the CircaDB 

prompted the investigation that changes in CLN8 expression may be caused by 

circadian rythmns or other cyclical regulation as a potential factor behind the 

phenotypic variability seen between and within different CLN8 patient cell lines. Future 

research should explore the role of CLN8 mRNA expression in circadian rhythms or 

more likely cell cycle by carrying out qPCR experiments such as those in Figure 3.7. 

These experiments, however, should ensure that cells are synchronised in cell 



 

   101 

cycle/circadian rhythms and should look at the expression of genes known to oscillate 

within a 24-hour period as well as CLN8 mRNA. 

 

3.4.6 Temporal changes in CLN8 mRNA  

The possible relationship between expression of CLN8 and the temporal changes 

in phenotypic severity led us to investigate the possible circadian rhythm or cell cycle 

effect on CLN8 protein expression and how this may subsequently affect disease 

severity. While comparing the expression profiles of several NCLs proteins across a 

42-hour time course in mouse liver using the Circadian expression profile data base 

(Hughes et al. 2010), it became apparent that CLN8 had the highest level of changes 

in mRNA expression of several NCL genes. CLN8 cells exhibited a more than 2-fold 

increase in expression over 24-hours (Figure 3.7). Conversely, the highest change in 

expression for other NCLs was just under 1.5-fold. This large change in mRNA 

expression may lead to an increase in the CLN8 protein that, even in patients with a 

mutant CLN8 gene, could increase the expression of a partially functional CLN8 

protein enough to rescue some function, thus decreasing phenotypic severity. This, 

however, has not be reported in any other LSD.  

This study then explored the changes in expression of CLN8 over several time-

course experiments to uncover time-dependent changes in CLN8 expression (Figure 

3.8). Although some changes in CLN8 mRNA were seen over the time courses 

measured, there was no obvious pattern in CLN8 mRNA expression levels between 

technical repeats. The experiment was repeated with different cell confluency as well 

as different time periods between repeats to determine if the proximity of cells within 

the culture flasks, or the cell cycle effect or length of time between measurements had 

any effect on the CLN8 mRNA expression.  

It was not possible to determine during this study if the changes in CLN8 mRNA 

expression are due to circadian rhythms, cell cycle effects or otherwise. The major 

limitation underlying this is that circadian rhythms are tightly regulated by the 

suprachiasmatic nucleus in the hypothalamus, meaning that fibroblasts in culture like 

those used in this study will not exhibit the same circadian cycle synchronisation, 

rendering it extremely difficult to measure circadian effects on protein expression in 

fibroblast cultures (Pantazopoulos et al. 2018; Zisapel 2018). 
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3.4.6.1 Increase in CLN8 mRNA may explain phenotypic variability 

Initially, short treatments of dexamethasone were used to synchronize circadian 

rhythms (Balsalobre et al. 2000; Nagoshi et al. 2004) to determine if there was a link 

between the cell circadian rhythm and the expression of CLN8 mRNA. Following 

dexamethasone treatment, however, expression of some proteins including CLN8 

were found to be increased, making it impossible to determine the circadian or cell 

cycle pattern underlying the changes in CLN8 expression. Not only did 

dexamethasone increase CLN8 mRNA, but it seemed to decrease lysosomal 

expansion in CLN8 534 HF (Figure 3.11).  

It is noteworthy that dexamethasone did not increase TFEB, the master regulator 

of lysosomal biogenesis (de Duve 2005; Settembre et al. 2013; Settembre and Medina 

2015; Ballabio 2016; di Ronza et al. 2018), but did increase the expression of CLN8 

mRNA. The lack of increase in MCOLN1, which encodes the lysosomal ion channel 

TRPML1 and which is considered as a lysosomal marker (Gómez et al. 2018), 

following dexamethasone treatment, indicated that the possible reduction in lysosomal 

expansion seen in CLN8 534 HF was due to the increase in CLN8, and not an increase 

in the expression of the general lysosomal network of CLEAR genes (Palmieri et al. 

2011). 

 Nonetheless, the decrease observed in lysosomal volume following treatment with 

dexamethasone could be due to the variability that has been seen in CLN8 patient 

fibroblasts throughout this Chapter. This does, however, provide at the very least 

preliminary data that suggest that increases in CLN8 expression leads to decrease in 

phenotypic severity. It is important to note that dexamethasone is a steroid drug that 

is not suitable for long term therapy (Black et al. 1960); however, this data suggests 

that drugs that increase CLN8 expression may be potential therapies for CLN8 

disease. 

 

3.4.6.2 CLN8 mRNA expression 

CLN8 mRNA was also not consistently altered across the different patient 

fibroblasts compared to controls (Figure 3.9). Only the CLN8 533 HF line showed no 

significant differences in CLN8 mRNA levels compared to the control. CLN8 534 HF 
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was the patient cell line with the least variability and had some evidence of cellular 

phenotypes during this project.  

CLN8 462 HF had significantly lower CLN8 mRNA expression compared to the 

control. One of the alleles in CLN8 462 HF is a genomic addition (c.543 +1G; Table 

3.1). As previously mentioned, Section 3.1, genomic deletions have been suggested 

to lead to mRNA instability (Reinhardt et al. 2010). It may be the case that genomic 

additions also lead to mRNA instability which might be what leads to significantly lower 

CLN8 mRNA being detected in this study (Figure 3.9). Previous studies in Tay-Sachs, 

another LSD, have reported that a 4-bp insertion leads to mRNA instability (Boles and 

Proia 1995). This, however, has not be previously reported and thus requires further 

confirmation but may explain the big decrease in CLN8 mRNA seen in CLN8 462 HF. 

Conversely, CLN8 535 HF and particularly CLN8 534 HF demonstrated significantly 

higher levels of CLN8 mRNA. Protein expression is commonly increased in diseases 

to mitigate decreased function. Nonetheless, as with all of the results in this chapter, 

it is important to highlight that there was a high degree of variability seen between 

experimental repeats; thus, this may possibly be an artefact of the time these were 

measured, despite the high number of Ns. Furthermore, these results only reflect 

mRNA which does not always translate to protein expression (Koussounadis et al. 

2015) and as such, if a good antibody were to be developed in future, then further 

experiments to explore changes in protein expression such as western blotting should 

be carried out to confirm the changes seen.  

 

3.4.7 Changes in TFEB, MTOR, MCOLN1, CLN5 and CLN6 mRNA in CLN8 
disease 

Using the CLN8 534 HF line, which exhibited the clearest cellular phenotypes of the 

CLN8 lines studied in this Chapter, and CLN8 535 HF the cell line with minimal cellular 

variability, a range of mRNA expression levels were measured by RT-qPCR (Figure 

3.10). Gene expression changes have been previously reported in LSDs and 

neurodegenerative diseases and have the potential to highlight mechanisms of 

disease or even therapeutic targets (Dhami et al. 2006; Neueder and Bates 2014).  
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3.4.7.1 TFEB mRNA expression 

TFEB, the transcription factor that regulates the expression of all lysosomal genes, 

exhibited significantly lower levels of mRNA, which may mean lower levels of TFEB. 

This finding was surprising as one might expect an LSD or a lysosome-affected 

disease to have an increased level of TFEB to increase lysosomal production. For 

example, a study found TFEB to be significantly upregulated in Huntington’s disease 

(Neueder and Bates 2014), a neurodegenerative disease with known lysosomal 

dysfunction (Cortes and La Spada 2014; Erie et al. 2015; Badell-Grau 2016). The 

CLN8 535 HF line exhibited the greatest reduction in TFEB expression, which may be 

possibly due to the lack of lysosomal network expansion; however, this is contradicted 

by the CLN8 534 line also having lower TFEB expression, which was previously found 

to have an increase lysosomal network.  

 

3.4.7.2 MTOR mRNA expression 

Although MTOR displayed a trend to decrease mRNA expression in both CLN8 534 

HF and CLN8 535 HF, this was not statistically significant (Figure 3.10). MTOR has 

been reported to regulate the subcellular distribution and activation of TFEB (Martina 

et al. 2012). Like with TFEB, MTOR expression is elevated in other neurodegenerative 

diseases (Koga et al. 2011; Neueder and Bates 2014). Nonetheless, as overall 

autophagy was not significantly increased in CLN8 (Figure 3.4), it would make sense 

that MTOR was not elevated in CLN8 disease.  

 

3.4.7.3 MCOLN1 mRNA expression 

Conversely, both CLN8 534 HF and CLN8 535 HF had significantly increased 

expression of MCOLN1 (Figure 3.10). TRPML1, encoded by MCOLN1, is a lysosomal 

ion channel functioning on lysosomes and late endosomes (Gómez et al. 2018) 

outlined in Chapter 1. It would therefore be logical to assume that MCOLN1 is elevated 

in an LSD which presents with lysosomal storage and expansion, particularly in CLN8 

534 HF, which in this study was found to have an expanded lysosomal network (Figure 

3.1).  
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Nevertheless, the observation of an increase in MCOLN1 in CLN8 535 HF is 

noteworthy as the lysosomal area in the CLN8 535 HF line was not increased (Figure 

3.1), suggesting the potential here for lysosomal Ca2+ signalling defects (Di Paola et 

al. 2018). Furthermore, both CLN8 534 HF and CLN8 535 HF had significantly lower 

TFEB expression, which has been shown to regulate the expression of MCOLN1 (Di 

Paola et al. 2018; Gómez et al. 2018), making this contradiction in expression patterns 

something that merits further investigation, particularly with respect to the Ca2+ 

signalling properties of these cells which may independently mediate changes in 

MCOLN1 expression. 

 

3.4.7.4 CLN5 & CLN6 mRNA expression 

As outlined in the Chapter 1, CLN5 protein has been reported to interact with many 

other NCL proteins including CLN3, CLN2 and CLN8 (Lyly et al. 2009; Haddad et al. 

2012). CLN5 mRNA expression was differentially affected in CLN8 534 HF and CLN8 

535 HF. There was a significant increase in CLN5 mRNA expression in CLN8 534 HF 

(Figure 3.10); whereas, CLN5 mRNA was significantly decreased in CLN8 535 HF 

(Figure 3.10).  

 CLN6, also a gene encoding a transmembrane protein associated with an NCL 

disease which has been recently reported to form a complex with CLN8 required for 

the maturation of many lysosomal enzymes (Bajaj et al. 2020), had significantly lower 

expression in CLN8 534 HF but significantly higher expression in CLN8 535 HF. This 

variability in CLN6 and CLN5 mRNA expression further highlights the difficulty in 

establishing consistent cellular phenotypes in CLN8. The disparity in these results may 

correlate with the variation seen in other phenotypes such as LysoTracker as CLN8 

535 HF, which has higher CLN6 mRNA, had no increase in LysoTracker; whereas, 

CLN8 534 HF which had lower CLN6 mRNA expression, had increased LysoTracker.  

Given issues with acquisition of CLN8 antibodies, it was not possible to investigate 

changes in CLN8 protein as such changes in mRNA expression were examined 

instead. Future work should examine if the changes in mRNA expression relate to 

changes in protein expression particularly with respect to the effect of dexamethasone 

treatment on CLN8 patient cell lysosomal expansion and other cellular phenotypes. 

CLN8 Western blotting could facilitate examination of whether increases in CLN8 
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mRNA following dexamethasone treatment translates to protein expression and leads 

to actual increases in potentially semi-functional mutant protein at the ER. 

Induction of lysosomal production using trehalose to stimulate the transcription 

factor TFEB (Rusimini et al. 2019), the master regulator of lysosomal biogenesis, could 

also help determine if increasing lysosomal genes may also reduce cellular phenotype 

severity. TFEB domains have been investigated across the NCLs and none have been 

found in the CLN8 gene, thus inducing TFEB may determine if it is solely the increase 

in CLN8 that decreases severity.  

 

3.4.8 Changes in lysosomal enzyme activity in CLN8 

 

3.4.8.1 Variable changes in enzyme activity  

In this project, 22 lysosomal enzymes (Figure 3.12 & Figures A7.1 – A 7.22) were 

assayed to identify enzymes affected across the CLN8 patient cell lines. This work 

was initiated prior to the publication of di Ronza et al. (2018) but was extended 

following that report as it showed that CLN8 acts as a chaperone for lysosomal 

enzyme maturation. In this project, defects in the activity of several lysosomal 

enzymes in CLN8 patient fibroblasts were identified (Figure 3.12). The differences in 

enzyme activity, as with the other phenotypes explored in this project, were 

inconsistent between the different CLN8 patient cell lines. For example, the activity of 

fucosidase, NAGA and PPT1 were significantly increased in CLN8 534 HF, whereas 

activity of these same enzymes was significantly decreased in CLN8 535 HF.  

Moreover, fucosidase showed significantly decreased activity in CLN8 533 HF, and 

NAGA and PPT1 and fucosidase reduced activity in CLN8 462 HF. di Ronza et al. 

(2018), found that fucosidase, NAGA and PPT1 required CLN8 for maturation, the 

results in this study on enzyme activity support their findings, but the effect of different 

CLN8 mutations on enzyme activity suggests a much more complex picture regarding 

the outcomes in individual patients. Furthermore, some enzymes that require CLN8 

for maturation were only significantly affected in some CLN8 patient cell lines. For 

example, cathepsin B has significantly increased activity only in CLN8 535 HF, but is 

decreased in the other CLN8 HFs, despite needing CLN8 for its transport from the ER 
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to the Golgi (di Ronza et al. 2018). These differences in enzyme activity between the 

patient cell lines further highlights the variability in CLN8 pathogenesis.  

It may be the case that, since CLN8 transfers enzymes destined to the lysosome 

from the ER to the Golgi, different mutations will differentially affect this transport, thus 

producing different effects on enzymatic activity. The study that found the link between 

CLN8 and lysosomal enzyme maturation primarily investigated this link using CLN8 

knockout cell lines; however, they explored the association of five different mutations 

in CLN8 with five lysosomal enzymes and confirmed that different mutations were 

differentially associated with these lysosomal enzymes. One of the mutations di Ronza 

et al. (2018) explored had no effect on the transport of these five lysosomal enzymes, 

highlighting the variable effects of different mutations on the transfer of lysosomal 

enzymes.  

Nonetheless, Q194R and Y158C significantly affected the transport of several 

enzymes, including cathepsin D, PPT1 and TPP1. Two of these, cathepsin D and 

TPP1 were not significantly affected in the patient cell line with the Q194R (CLN8 533 

HF) or the Y158C mutation (CLN8 535 HF). This may be because both of these are 

compound heterozygous cell lines and the other mutation does not affect transport of 

these enzymes, thus their activity was not significantly altered in the patient line. 

Additionally, di Ronza et al. (2018) showed using CLN8 constructs that the Q194R 

and Y158C, which are the mutations in CLN8 533 HF and CLN8 535 HF respectively, 

decreased association with cathepsin D, PPT1 and TPP1 by around 50%. It may be 

possible that changes in CLN8 protein expression that lead to higher levels of protein 

present, compensates for the decrease in association caused by these mutations. 

Thus, cycles or changes in CLN8 expression may decrease disease phenotypes 

which could lead to the effect of the mutation on the transport of these enzymes being 

variable in relation to CLN8 expression (Figure A7.1 – A.7.20). Unfortunately, the 

mutations in our other cell lines were not explored by di Ronza et al. (2018). 

 

3.4.8.2 Acid sphingomyelinase (ASM) enzyme activity  

Remarkably, of the 22 lysosomal enzymes assayed, ASM was the only enzyme that 

was significantly decreased across all of the CLN8 patient cell lines. ASM was not one 

of the lysosomal enzymes identified to require CLN8 for maturation (di Ronza et al. 
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2018). A decrease in ASM activity has been associated with other LSDs such as 

Niemann-Pick disease type A (NPA) (Sutrina and Chen 1984). The reduction in ASM 

activity is seen across all CLN8 patient lines, and as such may present a valid strategy 

for future screening as well as a therapeutic target that may be of benefit to the 

treatment of CLN8 disease patients by treating with compounds that have been 

suggested to increase ASM activity such as arimoclomol  (Kirkegaard et al. 2010) or 

cannabidiol (Burstein et al. 1984).  

 

3.4.8.3 Cathepsin B  

Cathepsin B activity was significantly increased in CLN8 535 HF, whereas its 

activity was found to be decreased in CLN8 534 HF. Using the magic red assay, it was 

determined that this reduction in activity was not due to decreased presence of 

cathepsin B. The assay showed that there was an increase in the magic red staining 

area, indicating higher levels of cathepsin B. The increase in area does not, however, 

distinguish between pro- and active cathepsin B enzymes (Kirkham 2020). The 

decrease in cathepsin B activity and the increase in magic red staining suggests that 

there is an increase in the overall levels of cathepsin B but a decrease in its activity 

that may be due to pro-cathepsin not being activated.  

 

3.4.9 Changes in SERCA-mediated Ca2+ release in CLN8  

As outlined in Chapter 1 Ca2+ defects have been reported in many LSDs including 

the CLN8mnd mouse (Kolikova et al. 2011) model making it an obvious phenotype to 

explore in CLN8 patient cells (Lloyd-Evans et al. 2008; Kolikova et al. 2011; Lloyd-

Evans and Waller-Evans 2019). This study found that the CLN8 462 HF and CLN8 

535 HF lines appeared to have a trend to lower ER Ca2+ levels (Figure 3.6) but due to 

the low number of repeats there was no statistical significance. Further experiments 

are clearly necessary.  

CLN8 534 HF displayed significantly higher ER Ca2+ (Figure 3.6) which could 

equally be caused by or lead to problems with protein folding and cellular dysfunction 

given the importance of Ca2+ regulation due to its role in cellular processes and 

signalling. The presence of mutant proteins that give rise to other LSDs such as NPC1 

have been reported to cause to ER Ca2+ defect (Korkotian et al. 1999; Pelled et al. 
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2003). Other studies have also reported ER-stress in CLN8 and have suggested they 

may be involved in the progression of CLN8 disease in central nervous system 

structures in the CLN8mn mouse model (Galizzi et al. 2011). 

An example of the importance of ER Ca2+ regulation is the calnexin/calreticulin 

folding cycle (Braakman and Hebert 2013), which has an important function in the 

folding of newly synthesised proteins and is also a Ca2+-dependent process. 

Therefore, changes in the levels of Ca2+ in the ER will consequently have a detrimental 

effect on protein production. Misfolding of proteins can cause improper function or their 

retention in the ER, thus leading to loss or decreased function of those proteins 

(Braakman and Hebert 2013). Furthermore, ER Ca2+ deregulation has been previously 

linked to storage materials in LSDs leading to the unfolded protein response (Tessitore 

et al. 2004; Sano et al. 2009). 

There was no difference seen in further experiments of ER Ca2+ using ionomycin or 

ryanodine. Ionomycin does not specifically release ER Ca2+ alone, as it also results in 

mitochondrial, Golgi and early endosomal membranes to become permeable to Ca2+ 

but not lysosomes due to their protective glycocalyx, and as such does not negate the 

differences seen previously with SERCA. Therefore, ionomycin may provide an idea 

of ER Ca2+ but is not specific enough to draw conclusion and could indicate differences 

in other intracellular organelles such as mitochondria. The lack of difference seen 

when activating the ryanodine receptor (Figure 3.15) suggests that the previous 

difference seen in ER Ca2+ may not be due to defects in the ryanodine receptor but 

could be caused instead by differences in IP3 mediated ER Ca2+ (Atakpa et al. 2018) 

release which was not explored as there was not enough time to test but should be 

explored in future.  

Studies in Sandhoff disease, another LSD, have reported defects in SERCA Ca2+ 

uptake due to ganglioside GM2 storage (Pelled et al. 2003). Therefore, accumulation 

of lipids affects the activity of SERCA which might be what leads to the increase in ER 

Ca2+ levels seen in CLN8. Therefore, the lipid profiles being stored in CLN8 should be 

further explored; however, this is difficult to do in a disease that seems to display such 

high levels of variability. Further experiments should confirm if the defect in ER Ca2+ 

levels seen is due to higher ER Ca2+ content. These experiments can be carried out 

by using Fluo-5N (Kabbara and Allen 2001). Nonetheless, it is important to note that 

there may also be defects in other Ca2+ stores which may be caused by the increase 
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in ER Ca2+ levels, such as decreased lysosomal Ca2+ discussed below in Sections 

3.3.10.2 (Garrity et al. 2016). 

 

3.4.10 Further phenotypes in CLN8 534 HF 

CLN8 534 HF was the only patient line that showed some consistent cellular 

phenotypes that could be potentially used in primary drug screening. As a result, some 

further cellular phenotypes were characterised in the CLN8 534 HF line in order to 

identify more cellular phenotypes that could be later used for drug screening and 

confirmation studies.  

 

3.4.10.1 Mitochondrial Ca2+ 

The results showed that CCCP mediated mitochondrial Ca2+ leak was significantly 

reduced in CLN8 534 HF, while antimycin/oligomycin mediated Ca2+ leak was slightly 

elevated but not significantly. It is noteworthy that while CCCP induces mitochondrial 

Ca2+ leak it has also been reported to facilitate Ca2+ release from the Golgi by inhibiting 

Ca2+ uptake into the Golgi mediated by the Ca2+ pump PMR1 (Virk et al. 1985).  

Conversely, as outlined in Chapter 2, addition of antimycin/oligomycin leads to a 

more specific mitochondrial Ca2+ release. Therefore, the data in Figure 3.14 suggests 

that there is no change in CLN8 534 HF mitochondrial Ca2+ levels but there may be a 

decrease in Ca2+ in the Golgi. Nevertheless, this is one of the phenotypes seen in the 

CLN8 534 HF line that was identified as being more stable in comparison to the other 

phenotypes, and as such could potentially be used for drug screening efforts (Figure 

5.12). 

Figure 3.14 appear to show a potential delay in the mitochondrial Ca2+ release in 

response to both CCCP and antimycin/oligomycin in CLN8 534 HF which may be 

worth exploring further as a potential phenotype of CLN8 cellular dysfunction. 

 

3.4.10.2 Lysosomal Ca2+ 

CLN8 534 HF had a significant reduction in lysosomal Ca2+ when compared to the 

control. A similar reduction in lysosomal Ca2+ was seen in other LSDs (Figure 5.16) 
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and has been reported in the literature as a key pathogenic event in diseases such as 

NPC1 (Lloyd-Evans et al. 2008) and Alzheimer disease due to the loss of presenilin 1 

function (Lee et al. 2015). Therefore, this finding provides some insight into the 

pathogenesis of CLN8 but also provides possible therapeutic targets for disease 

states similar to that of the CLN8 534 HF line. 

The reduction in lysosomal Ca2+ along with the increase in ER Ca2+, discussed 

above in Section 3.4.9, may indicate that there are defects in ER-lysosomal contact 

points as these contact points have been reported to be important in maintaining 

lysosomal Ca2+ levels by transporting Ca2+ for the ER into the lysosome (Atakpa et al. 

2018). Therefore, the defects in lysosomal Ca2+ and ER Ca2+ may be due to a defect 

in the ability of the ER to transport Ca2+ into the lysosome via these contact points. 

Furthermore, CLN8 has been suggested to interact with VAPA, a protein that is 

involved in the ER-lysosomal contact point (Passantino et al. 2013) further suggesting 

that CLN8 dysfunction might affect the transfer of Ca2+ between the ER and the 

lysosome. As the transfer of Ca2+ from the ER to the lysosome has been reported to 

be via the IP3 receptor, future experiments should therefore explore defects in IP3 

mediated Ca2+ signalling as suggested in Section 3.4.9. 

 

3.5 Conclusion 

 

There was a high degree of variability in cellular phenotypes across the phenotyping 

experiments. This unfortunately means that although there were significant 

phenotypes identified, some are too variable for drug screening. This would render 

efforts at high throughput screening more expensive (due to the necessity of high 

repeat numbers, while drug screens are often N = 1) and less robust since a greater 

number of phenotypes used for drug confirmation in secondary screens equates to a 

higher likelihood of efficacy and success in later clinical stages (Szabo et al. 2017).  

Nevertheless, some phenotypes were identified in CLN8 534 HF that could be 

utilised for drug screening and confirmation to potentially identify drug therapies. This 

is further explored in Chapter 5. This patient cell line could therefore be used for 

primary identification of drugs as it has some cellular phenotypes that can be 

measured to identify potential CLN8 therapies. Although, it should be pointed out that 
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the considerable variation in phenotypes across patient cells would suggest that a 

therapy that works for one may not work for all.  

Clearly, a different strategy may be required for treating CLN8 disease, perhaps 

one of drug repurposing. Focus areas could include enzyme chaperones to replace 

the loss of function of CLN8 protein, or inhibitors of proteostasis (Mu et al. 2009) to 

prevent clearance of mutant CLN8 protein, or activators of transcription to increase 

mutant CLN8 protein expression such as Histone deacetylases (HDAC) inhibitors 

(Maceyka et al. 2014). 

In this study, we provide further evidence that mutations in CLN8 affect the activity 

of several lysosomal enzymes. Moreover, this report provides evidence that different 

mutations in CLN8 affect lysosomal enzyme activity differently. This project, however, 

is the first to suggest that changes in CLN8 expression in patient cell lines leads to 

differences in the severity of CLN8 cellular phenotypes, including the effect of the 

mutations on the transport of lysosomal enzyme. These data suggest that increasing 

CLN8 expression, as was done in this Chapter experimentally with dexamethasone 

may be an appropriate therapeutic strategy for this disease.  

Additionally, enzymes that could be used for drug screening in CLN8 disease were 

identified. The activity of the enzyme ASM is reduced in all CLN8 patient fibroblasts, 

confirming this as a potential therapeutic target of benefit to all CLN8 patients, despite 

the variability between them. Changes in CLN8 expression may explain the variation 

seen in CLN8 cellular phenotypes. The regulation of these changes, the pattern behind 

them and their effect on cellular phenotypes still remain unclear. This is, however, the 

first report of potential cycles in cellular phenotypic severity. 
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Chapter 4: Developing a drug screening protocol for 
lysosomal storage diseases 

 

4.1 Introduction 

 

The high degree of variability seen in CLN8 patient fibroblasts complicates their 

implementation in drug screening. Nonetheless, as this is an orphan life limiting 

disease there is an ethical and moral imperative to develop methods for drug 

screening compounds that may be of benefit to CLN8 disease, other LSDs and 

possibly further diseases with similar pathogenesis. Overall, although, there are a wide 

number of different LSDs many of them share common cellular phenotypes (Cox and 

Cachón-González 2012; Platt et al. 2012) with some examples outlined in Table 4.1. 

Identifying therapies that may benefit a wide range of common cellular pathologies in 

LSDs, a robust cell model of a well characterised LSD should be used.  

Furthermore, cells and cellular models have been extensively used in drug 

screening (Silverman et al. 1998; Huang et al. 2012; Xu et al. 2014). Most drug 

compounds are identified in cells highlighting the importance of having a robust cellular 

model (Geng et al. 2011; Chandrachud et al. 2015; Jang et al. 2016). Nonetheless, 

many drug screen approaches for LSDs have not gone to clinic. Therefore, developing 

a more robust and appropriate drug screen that may lead to the identification of 

compounds beneficial to several LSDs is needed, and thus is explored in this Chapter.  

 

4.1.1 NPC1 disease 

Niemann-Pick disease type C1 (NPC1) is a childhood neurodegenerative LSD 

caused by mutation in the NPC1 protein (Lloyd-Evans et al. 2008). NPC1 disease is 

characterised by lysosomal accumulation of cholesterol, sphingosine, sphingomyelin, 

ganglioside GM1, lyso-(bis)-phosphatidic acid (LBPA) and other materials. Lysosomal 

Ca2+ signalling and endo-lysosomal trafficking defects are also an important part of 

NPC1 disease pathogenesis (te Vruchte et al. 2004; Lloyd-Evans and Waller-Evans 

2019).  
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NPC1 disease is caused by the loss-of-function mutation in the NPC1 gene which 

encodes for a lysosomal transmembrane protein (Vanier 2010). The NPC1 protein is 

believed to transport sphingosine, cholesterol and potentially other substrates across  

lysosomal membranes (Malathi et al. 2004; Ioannou 2005; Lloyd-Evans et al. 2008). 

Like with other LSDs, NPC1 patients exhibit neurodegeneration, motor dysfunction, 

progressive dementia and seizures (Vanier 2010; Salsano et al. 2012). Cellular 

phenotypes include lysosomal expansion, lipid storage, endo-lysosomal defects and 

lysosomal Ca2+ homeostasis defects which are common across several LSDs (Table 

4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   115 

Table 4.1: Examples of common cellular phenotypes in LSDs. Outlined examples of altered cellular 

mechanisms across LSDs (Lloyd-Evans and Platt 2011; Haslett 2015; Lloyd-Evans and Haslett 2016; 

Lloyd-Evans and Waller-Evans 2019). 

Phenotype Description Examples of LSDs 
with these phenotypes References 

Expanded 
lysosomal system 

Lysosomal volume and 
number are increased in 

LSDs 

NPC1, CLN2, CLN3, 
CLN5, NPA, Fabry… 

(Lachmann et al. 
2004; Xu et al. 

2014; Mukherjee 
et al. 2019) 

Lipid 
accumulation 
(cholesterol, 
gangliosides, 

sphingolipids and 
others) 

Lipids accumulate and are 
mislocalised in LSDs. 

NPC1, Gaucher, CLN2, 
CLN5, CLN8, Pompe… 

(te Vruchte et al. 
2004; Hermansson 
et al. 2005; Aerts 

et al. 2008; 
Schulze and 

Sandhoff 2011; 
Platt et al. 2012; 

Kim and kim 2014) 

Ca2+ stress 

 
Ca2+ levels in organelles 

such as ER, lysosome and 
mitochondria are altered in 

LSDs. 
 

NPC1, CLN5, Sandhoff, 
Gaucher, CLN8, 

CLN3… 

(Korkotian et al. 
1999; Pelled et al. 
2003; Lloyd-Evans 

et al. 2008; 
Kolikova et al. 

2011; Lloyd-Evans 
and Platt 2011; 

Chandrachud et al. 
2015) 

Autophagy 
defects 

Many LSDs have defects in 
the autophagic system and 

autophagic vacuole 
accumulation. 

NPC1, NPC2, CLN3, 
CLN5, CLN6, CLN8… 

(Xu et al. 2010; 
Thelen et al. 2012; 
Passantino et al. 

2013; 
Chandrachud et al. 

2015; Shipley 
2019) 

ER stress 

ER stress has been reported 
in LSDs, particularly in one 

with ganglioside GM1 
storage 

NPC1, GM1 
ganglisidosis, CLN1, 

CLN3, CLN8 

(Kim et al. 2006a; 
Sano et al. 2009; 

Galizzi et al. 2011; 
Klein et al. 2011; 
Wu et al. 2014) 

Endocytosis 

Defects in endocytosis and 
endo-lysosomal trafficking 
has been reported in many 

LSDs 

NPC1, Pompe, NPA, 
CLN2, CLN3  

(Lachmann et al. 
2004; Fukuda et 
al. 2006; Ballabio 
and Gieselmann 
2009; Mukherjee 

et al. 2019) 

Mitochondrial 
dysfunction 

Defects in mitochondrial 
function and mitochondrial 

due to lysosomal dysfunction 

NPC1, Gaucher, ML IV, 
Cystinosis, CLN3, CLN8 

(Jolly et al. 2002; 
Jennings Jr et al. 
2006; Luiro et al. 
2006; Sansanwal 
et al. 2010; de la 
Mata et al. 2016; 
Wos et al. 2016) 
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NPC1 dysfunction has been reported in several LSDs and even other 

neurodegenerative diseases such as Huntington’s disease (Schweitzer et al. 2009). 

Additionally, the cellular aspects of NPC1 disease has already been widely 

characterised, meaning that cellular phenotypes are well known and broadly 

understood (Millard et al. 2000; Ioannou 2005; Tamura et al. 2007; Lloyd-Evans et al. 

2008; Kwon et al. 2009; Lloyd-Evans and Platt 2011; Maue et al. 2012; Sztolsztener 

et al. 2012; Gong et al. 2016; Zhao et al. 2016). Furthermore, one factor that makes 

NPC1 an attractive option for drug screening is that the cascade of disease events is 

known, with sphingosine first being affected followed by Ca2+, then endo-lysosomal 

trafficking defects and so on (Lloyd-Evans and Platt 2011). Therefore, NPC1 is a 

suitable choice for large drug screening to identify small molecules that may be of 

benefit to NPC1 disease and other LSDs.  

Additionally, drugs that have been identified as beneficial for NPC1 have 

subsequently been reported to also be of benefit to other lysosomal storage diseases 

such as miglustat for Gaucher and Sandhoff disease (Cox et al. 2000; Tallaksen and 

Berg 2009) and arimoclomol for Fabry disease and Sandhoff disease (Kirkegaard et 

al. 2010; Kirkegaard et al. 2016). Characterising a fast-growing cell line such as Npc1-

/- knockout cells, to determine if it has robust NPC1 phenotypes (Table 4.2) would 

provide a model that can then be used for drug screening of a large number of small 

molecules. 

A fast growing Npc1-/- glia model was partly characterised and previously used in 

NPC1 disease publication (Lloyd-Evans et al. 2008). The presence of some NPC1 

phenotypes in these Npc1-/- glia had already been confirmed before this study 

including sphingomyelin accumulation, sphingosine trafficking, lysosomal Ca2+ defects 

and oxidative stress. Therefore, this study further confirms the presence of NPC1 

phenotypes in these Npc1-/- glia to characterise a possible fast-growing cell model that 

can be used for drug screening for LSDs. Furthermore, glia cells have been previously 

used as a powerful tool for disease modelling and drug screening (Griffin et al. 2020). 
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Table 4.2: Outline of the cell lines used in Chapter 4.  

Cell line Description Mutation 

Npc1+/+ glia Apparently healthy control glia cell line N/A 

Npc1-/- glia Npc1 knockout glia cell line Npc1-/- 

Control 1 HF Apparently healthy control 1 (GM05399) cell line N/A 

NPC1 HF NPC1 patient (GM03123) cell line I1061T/P23S 

 

4.1.2 Cellular drug screening 

Cellular phenotypes provide an unbiased set-up for drug discovery through 

identification of new targets and pathways that may be therapeutically important 

(Chandrachud et al. 2015; Szabo et al. 2017). Additionally, using multiple phenotypes 

in the drug discovery process increases the possibility of identification and translation 

of clinical therapies. Understanding and using cellular phenotypes for drug screening 

for LSDs permits tailor-made identification of drugs by specifically targeting cellular 

dysfunction in LSDs, allowing therapies to be found for this unmet medical need 

(Szabo et al. 2017). Nonetheless, if the screen is not designed appropriately, 

compounds that may be of benefit to a disease could be missed; for example, in NPC1 

drug screens that focused on cholesterol as the phenotype being screened which led 

to miglustat, the only approved therapy for NPC1, not coming up as a drug hit (Yu et 

al. 2014). This further highlights the importance of carefully selecting the type of drug 

screen that is most robust for the disease being explored.  

 

4.1.3 Chapter aims 

This chapter aimed to characterise the cellular phenotypes of a NPC1 disease glia 

cell line (Table 4.1) that may be used for drug screening and further confirmation 

studies. Additionally, in this chapter the assays that could be used for LSDs drug 

screening are outlined. These were ascertained by confirming the presence of NPC1 

cellular phenotypes in Npc1-/- glia, such as organelle expansion and morphological 

changes (Figure 4.1 – 4.4) and demonstrating the appropriate assays that may be 

used once the cell line was confirmed as an NPC1 model. 
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4.2 Summary of Methods  

 

To confirm NPC1 cellular phenotypes in the Npc1-/- glia, lysosomal area was 

determined using LysoTracker (Section 2.3.2), Ganglioside GM1 levels were explored 

using cholera toxin B subunit with a FITC tag (CtxB-FITC), autophagic vacuoles were 

examined using CytoID green (Sections 2.3.4) and ER stress was investigated using 

ER-Tracker green (Section 2.3.5).  

The effects of miglustat treatment on cholesterol storage and lysosomal volume 

was done by incubating glia cells with 50 µM miglustat for 24 hours or 7 days (Section 

2.1.3). Treated cells were then stained with the auto-fluorescent antibiotic filipin 

(Section 2.2.3) which in this case was done using a plate assay by seeding 60,000 

cells per wells before fixation and staining with filipin. Similarly, lysosomal volume in 

treated cells was carried out using a LysoTracker plate assay (Section 2.3.3). 

Different methods of standardising the lysosomal plate assay (Section 2.3.3) were 

examined by looking at either dividing the LysoTracker reading by the nuclear stain 

Hoechst 33342 (Section 2.2.5) or seeding equal cells numbers in at least 4 wells per 

cell line per N (Section 2.3.3). 

To examine the effects of different concentration of arimoclomol on lysosomal 

storage cells treated with arimoclomol (Section 2.1.3) were examined using 

LysoTracker signalling with the LysoTracker plate assay (Sections 2.3.3.). Similarly, 

the screen for arimoclomol-like compounds was carried out by treating cells with the 

compounds (Sections 2.1.3) before carrying out the LysoTracker plate assay on the 

treated cells (Sections 2.3.3) with arimoclomol treated cells included as a control. The 

arimoclomol treated cell was an important internal control as these screens were not 

all done at once but across many weeks due to the number of compounds being 

screened.  

The effects of arimoclomol treatment on the cholesterol defects in the Npc1-/- glia 

cells and the NPC1 HF cells were done by using filipin (Section 2.2.3) on fixed cells 

having been treated with 200 µM arimoclomol for three days (Section 2.1.4). Patient 

cells were used as they have a critical mutation that may potentially mean that greater 

arimoclomol effect may be observed due to the fact that arimoclomol is proposed to 

act as a NPC1 chaperone for the I1061T mutation (Table 4.2). To confirm the effects 
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of arimoclomol on heat shock protein 70 (HSP70) localisation and levels, cells were 

treated with 200 µM arimoclomol for three days (Section 2.1.4), fixed, and stained with 

HSP70 antibody (Section 2.2.4)  

The staining performed in Section 4.3.1 – 4.3.4, 4.3.6 & 4.3.9 – 4.3.11 were imaged 

using the inverted Colibri widefield fluorescence microscope (Section 2.4.1) and 

analysed using Image J (Section 2.4.2). 

 

4.3 Results  

 

4.3.1 Lysosomal expansion in Npc1-/- glia 

The first phenotype validated in Npc1-/- glia was an increase in lysosomal volume 

and accumulation which indicated storage of materials in the lysosome. Npc1-/- glia 

have a significantly greater area of lysosomal staining compared to the Npc1+/+ glia, 

indicative of an expanded lysosomal system (Figure 4.1 A & B). The significant 

increase in lysosomal staining in Npc1-/- glia was also observed by LysoTracker plate 

assay (Figure 4.1 C). The LysoTracker plate assay facilitates a possible high-

throughput method for drug screening of compounds against this cellular phenotype. 

These findings all ratify an increase in lysosomal accumulation and expansion in  

Npc1-/- glia (Figure 4.1) as has been shown before (Lachmann et al. 2004). 
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Figure 4.1: Lysosomal area is increased in Npc1-/- glia. A: Representative images of lysosomal staining 

(LysoTraker) quantified in B with Hoescht 33342 nuclear counter stain pseudo coloured red. Scale bar = 10 µm. 

B: Quantitative analysis of lysosomal area in Npc1+/+ and Npc1-/- glia from A. The graphs are from N =1 and the 

error bars indicate SEM. C: Quantitative plate reader data of Npc1+/+ glia and Npc1-/- glia stained with LysoTracker. 

The graph was made from N = 5. The error bars indicating SEM. **p ≤ 0.01, ***p ≤ 0.001, two tailed t-test. 

 

4.3.2 Ganglioside GM1 accumulation in Npc1-/- glia 

A standard cellular phenotype of NPC1 disease is the mis-trafficking and lysosomal 

accumulation of lipids, such as ganglioside GM1 (Sugimoto et al. 2001; Trushina et al. 

2006; Blank et al. 2007). Use of the ganglioside GM1-specific stain CtxB-FITC fixed 

showed a significant increase in ganglioside GM1 in the Npc1-/- glia (Figure 4.2). This 

is indicative of accumulation of ganglioside GM1 in the Npc1-/- glia which suggests 

endo-lysosomal trafficking defects or altered enzyme activity that causes ganglioside 

GM1 to accumulate in lysosomes (Lachmann et al. 2004).  
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Figure 4.2: Ganglioside GM1 is increased in Npc1-/- glia. A: Representative images of ganglioside GM1 (CtxB-

FITC) quantified in B. Scale bar = 10 µm. B: Quantitative analysis of GM1 ganglioside staining area in Npc1+/+ glia 

and Npc1-/- glia. The graph represents data form N = 3. The error bars indicate SEM. ***p ≤ 0.001, two tailed t-test. 

 

4.3.3 Autophagic vesicle accumulation in Npc1-/- glia 

Autophagic vacuole accumulation is not only an NPC1 disease phenotype but has 

been seen in other LSDs such as CLN8 534 HF as shown in Chapter 3 and reported 

in the literature (Martinez-Vicente et al. 2010; Jing and Lim 2012; Passantino et al. 

2013; Boland et al. 2018). Therefore, to confirm the presence of autophagic vacuole 

accumulation in Npc1-/- glia, Cyto-ID green was used to visualise autophagic 

compartments. A significant increase in Cyto-ID staining was observed in Npc1-/- glia 

compared to the Npc1+/+ glia, indicative of increased levels of autophagy caused by 

either increased production or reduced clearance (Figure 4.2).  
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Figure 4.3: Autophagic compartments are increased in Npc1-/- glia. A: Representative images of autophagic 

compartments (Cyto-ID) quantified in B with a Hoescht 33342 nuclear counter stain pseudo coloured red. Scale 

bar = 10 µm. B: Quantitative analysis of autophagic compartment area in Npc1+/+ glia and Npc1-/- glia. The graphs 

represent data from N = 3. The error bars indicate SEM. *p ≤ 0.05, two tailed t-test. 

 

4.3.4 ER stress in Npc1-/- glia 

The last phenotype to be confirmed in Npc1-/- glia was the presence of ER stress 

since the elevation of ER stress has been previously reported in NPC1 disease (Klein 

et al. 2011). Using ER-Tracker, a significant increase in ER staining area was 

observed (Figure 4.4) indicating a denser ER structure which may be a result of 

increased ER stress and providing another phenotype for drug screening.  
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Figure 4.4: Endoplasmic reticulum area is increased in Npc1-/- glia. A: Representative images of ER staining 

(ER-Traker) quantified in B with a Hoescht33342 nuclear counter stain pseudo coloured red. Scale bar = 10 µm. 

B: Quantitative analysis of ER area in Npc1+/+ glia and Npc1-/- glia. The graphs represent data from N = 3. The 

error bars indicate SEM. *p ≤ 0.05, two tailed t-test. 

 

4.3.5 Choosing the most appropriate phenotype for a successful drug screen 

When designing a drug screening assay, the selection of a rapid assay and robust 

phenotype is paramount. Npc1-/- glia have a clear and robust lysosomal expansion 

phenotype that can be measured using LysoTracker plate assays (Figure 4.1). 

Miglustat is currently the only approved therapy for NPC1 disease and is known to 

decrease lysosomal storage and reduce lysotracker fluorescence in NPC1 patient 

peripheral blood B cells (Lachmann et al. 2004). Previous studies have reported lipid 

storage was found to decrease in NPC1 cells after 5 days treatment with miglustat (te 

Vruchte et al. 2004). In this Chapter, however, the LysoTracker plate assay showed 

decreased lysosomal accumulation in Npc1-/- glia following 50 µM miglustat treatment 

for 3 days (Figure 4.5).  On the other hand, the Filipin plate assay which measures 

cholesterol levels does not highlight any alteration in cholesterol accumulation in 

NPC1 following treatment with miglustat (Figure 4.5). These results confirm previous 

reports that miglustat treatment does not reduce cholesterol levels biochemically 

further indicating that this may not be the most appropriate phenotype for drug 

screening (te Vruchte et al. 2004; Yu et al. 2014).  
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Overall lysosomal volume provides a great overview of lysosomal storage and 

lysosomal dysfunction, as such drug screening against lysosomal volume was chosen 

as it can identify compounds that may be of benefit to lysosomal storage and 

potentially benefit not only cellular function but also disease progression and severity 

as seen with miglustat in NPC1 (Lachmann et al. 2004; Patterson et al. 2007; 

Ficicioglu 2008; Stein et al. 2012).  

 

 

Figure 4.5: Miglustat treatment has no effect on cholesterol storage but does affect lysosomal volume. A: 
Cholesterol plate assay (Filipin) in Npc1+/+ and Npc1-/- glia treated with 50 µM Miglustat for 24 hours or 7 days. The 

graph represents data from 4 technical repeats and error bars indicate SEM. B: Lysosomal plate assay 

(LysoTracker) in Npc1+/+ and Npc1-/- glia treated with 50 µM Miglustat for 7 days. The graph represents data from 

N = 5. The error bars represent SEM.  

 

4.3.6 Choosing an appropriate standardisation method  

Alongside selecting the robust and appropriate phenotypes to carry out a drug 

screen, the correct design of assays is critical including the standardisation of that 

method. For example, many genetic experiments often use housekeeping genes as a 

standard; however, the expression of these may be affected in LSDs (Vallim et al. 

2019; Brokowska et al. 2020) making them an inappropriate standard. 
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 When using the LysoTracker plate assay in order to make sure the assay is robust 

different methods for standardising between different samples in the assay were 

tested. Here nuclear staining as a standardisation method was tested. Nuclear 

staining across LSDs, using the DNA binding stain Hoechst, was observed to be 

variable (Figure 4.6 A). This inconsistency in nuclear staining was also observed in 

glia cells (Figure 4.6 B). When standardising against nuclear staining in the plate, 

however, the results showed no increase in lysosomal volume in NPC1 (Fig. 4.6C) 

compared to the control. This result observed, demonstrates that the use of the 

nuclear stain as a standardisation method in the LysoTracker plate assay is not 

appropriate as the increase in nuclear staining in NPC1 leads to the lysosomal 

phenotype being missed.   

 



 

   126 

 

Figure 4.6: Nuclear staining is variable across LSDs. A: Nuclear staining (Hoechst33342) across Npc1+/+ and 

LSDs patient HF cell lines. B: Nuclear staining (Hoechst staining) in Npc1+/+ and Npc1-/- Glia cell lines. C: 
Lysosomal plate assay (LysoTracker) in Npc1+/+ and Npc1-/- glia standardised to nuclear staining. The graph was 

made from data from N = 5. The error bars indicate SEM. 
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It was clear that nuclear staining could not be used to standardise lysosomal 

staining in drug screens. Consequently, cell number was tested as a standardisation 

method in LysoTracker plate assays (Figure 4.7.). Different cell numbers were plated 

on the LysoTracker plate assay to determine which would be most appropriate for drug 

screening. As cell number increases, so does the level of fluorescence seen in the 

LysoTracker plate assay (Figure 4.7). In order to avoid oversaturation of cells along 

with the fact that the greatest statistical difference between Npc1-/- and Npc+/+ was first 

seen at 60,000 cells meant that 60,000 cells were chosen as the optimal cell number 

to use when standardising against cell number.  

 

 

Figure 4.7: Lysosomal 96-well plate assay comparing different cell seeding densities in Npc1+/+ and       
Npc1-/-. Lysosomal plate assay (LysoTracker) in Npc1+/+ and Npc1-/- glia. The graph represents data from N = 5. 

The error bars indicate SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, two-way ANOVA with post-hoc 
Tukey. 

 

4.3.7 Determining the working concentration of arimoclomol for NPC1 

It is also important to understand the working concentration of the drugs being 

screened. Arimoclomol is a drug that has been previously reported to be beneficial for 

LSDs such as NPC1, Gaucher disease and other neurodegenerative diseases 
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(Ingemann and Kirkegaard 2014; Kirkegaard et al. 2016; Fog et al. 2018; Penke et al. 

2018; Shukla and Tekwani 2020). Therefore, the LysoTracker plate assay was 

optimised for a screen of arimoclomol-like compounds.  

When determining the correct concentration of arimoclomol and arimoclomol-like 

compounds to use in a cellular screen, a range of concentrations of arimoclomol and 

its effects on lysotracker fluorescence in Npc1-/- glia was first tested. A tri-phasic 

response was seen where only 200 µM arimoclomol significantly reduced lysosomal 

volume (Figure 4.8). The reduction in lysosomal volume was not observed at lower 

(50 µM & 100 µM) or higher (400 µM & 800 µM) concentrations of arimoclomol (Figure 

4.8). These results indicate that 200 µM arimoclomol is the most appropriate 

concentration for use in screening of arimoclomol-like compounds.  

 

 

Figure 4.8: Arimoclomol treatment decreases lysosomal volume at one concentration but not others in 
Npc1-/- and Npc1+/+ glia cells. Lysosomal plate assay (LysoTracker) in Npc1+/+ and Npc1-/- glia treated with 
different concentrations of arimoclomol. The graph represents data from N = 3. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 

two-way ANOVA with post-hoc Tukey. 
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4.3.8 Cholesterol levels following arimoclomol treatment in Npc1-/- glia 

To explore the effect of arimoclomol on cholesterol accumulation in NPC1, the main 

storage component in NPC1 disease, the levels of cholesterol were examined with the 

autofluorescent antibiotic filipin in cells treated with 200 µM arimoclomol for 3 days. In 

untreated Npc1-/- glia there is typically a presence of punctate filipin positive 

endosomes and lysosomes which indicates cholesterol storage with a ~3-fold increase 

when measured by plate reader (Figure 4.9 B). Arimoclomol treatment has had no 

impact on the levels or localisation of the cholesterol storage in Npc-/- glia (Figure 4.10).  

 

 

Figure 4.9: Cholesterol levels Npc1-/- glia treated with arimoclomol. A: Representative images of cholesterol 

(Filipin) quantified in B. Scale bar = 10 µm. B: Quantitative analysis of cholesterol staining area in Npc1+/+ glia and 

Npc1-/- glia. The graph represents data from N = 3. The error bars indicate SEM. **p ≤ 0.01, two-way ANOVA with 

post-hoc Tukey. 

 

4.3.9 Cholesterol levels following arimoclomol treatment in NPC patient HF 

The effect of arimoclomol on patient cells was explored following the lack of effect 

on cholesterol storage in Npc1-/- glia (Figure 4.10). This was done to explore whether 

arimoclomol proposed chaperone effect on the I1061T NPC1 mutation, which traps 
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NPC1 in the ER (Gelsthrope et al. 2008), meant that arimoclomol treatment had a 

different effect in the I1061T NPC1 patient cells than on the knockout Npc1-/- glia. 

NPC1 patient HFs were treated with 200 µM arimoclomol and the levels of cholesterol 

were examined using filipin. These results showed that arimoclomol treatment reduces 

cholesterol accumulation in the NPC1 patient HF (Figure 4.10). 

 

 

Figure 4.10: Cholesterol storage levels in NPC1 patient cells treated with arimoclomol. A: Representative 

images of cholesterol (filipin) quantified in B. Scale bar = 10 µm. B: Quantitative analysis of cholesterol staining 

area in Npc1+/+ and Npc1-/- glia. The graph represents data from N = 3. The error bars indicate SEM. *p ≤ 0.05, 

***p ≤ 0.001, two-way ANOVA with post-hoc Tukey. 

 

4.3.10 HSP70 levels following arimoclomol treatment in Npc1-/- glia 

Arimoclomol has been reported, as its mechanism of action, to increase heat shock 

protein 70 (HSP70) expression (Hesselink 2017) which we have now confirmed by 

treating NPC1 cells with arimoclomol and staining for HSP70 with a HSP70 antibody 

(Chapter 2 Section 2.2.4). These data (Figure 4.11) show that arimoclomol can 

increase the expression of HSP70 in Npc1-/- glia following 200 µM arimoclomol 

treatment.  
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Figure 4.11: HSP70 levels in Npc1-/- glia treated with arimoclomol. A: Representative images of HSP70 (anti-

HSP70) quantified in B with a Hoescht 33342 nuclear counter stain pseudo coloured red. Scale bar = 10 µm. B: 
Quantitative analysis of HSP70 staining area in Npc1+/+ glia and Npc1-/- glia. The graph represents data from N = 
3. The error bars indicate SEM. **p ≤ 0.01, two tailed t-test. 

 

4.3.11 Arimoclomol-like compound drug screen using Npc1-/- glia  

Having confirmed the presence of NPC1 phenotypes in the Npc1-/- glia, these cells 

were used for a drug screening project to investigate the possible beneficial effects of 

arimoclomol-like compounds provided by a pharmaceutical company. These 

compounds were identified by a pharmaceutical company to have similar properties 

and/or structure to miglustat or arimoclomol. The primary screen of the arimoclomol-

like compounds in the Npc1-/- glia comprised of 46 compounds tested at 50, 100 and 

200 µM (Figure 4.12) to determine if these had an effect at the same or lower 

concentration than arimoclomol. Compounds that act at lower concentrations are more 

likely to be beneficial to patients as these lower concentrations are easier to be 

achieved in physiological conditions (Lipinski et al. 2001; Hughes et al. 2011).  

 Of the compounds tested, 23 were toxic and caused extensive cell death at all 

concentrations, thus were taken further (Figure 4.12). Of the other 23 compounds, 
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some were toxic at higher concentrations (> 100 µM). Only four of the compounds 

(drugs 7, 32, 36 & 40; Figure 4.12) that had no effect on cell numbers and viability 

showed decreases in lysosomal area, as detected by LysoTracker plate assay 

standardised to cell number. Of these 4, only drug 7 and drug 40 exhibit a greater 

reduction in lysosomal area than the arimoclomol internal control (Figure 4.12). These 

results highlight the benefit of robust models for primary drug screens which has 

identified four compounds that were then taken forward for further secondary screens 

against other cellular phenotypes for NPC1 disease and may be tested for other LSDs. 

Although, drug 05, drug 10, drug 24, drug 30 and drug 42 appear to also reduce 

lysosomal volume in Figure 4.12 these compounds were observed to be cytotoxic 

which was confirmed by using a cytotoxicity assay (data not shown). 

 

 

Figure 4.12: Arimoclomol-like compound screen in Npc1-/- glia. Lysosomal plate assay (LysoTracker) of Npc1-

/- glia treated with different arimoclomol-like compounds. The data is shown as a percentage of the untreated Npc1-

/- glia calculated from the relative fluorescence units. Arimoclomol-treated Npc1-/- glia represented by the orange 

bar on the far left (ARI) were included as internal controls. The red boxes represent the compounds that were found 

to be cytotoxic. The data represent a primary drug screen carried out by Dr Bernardo Barrios Crispi under the 
supervision of Rafael A. Badell-Grau. Drugs outlined by red boxes were cytotoxic and drugs that outlined by green 

boxes were selected for further screening. N = 2.  
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4.4 Discussion 

 

This chapter aimed to first confirm the presence of NPC1 cellular phenotypes in the 

Npc1-/- glia model and then examine the optimal phenotype that should be used for 

drug screening. The Npc1-/- glia model characterisation was completed by confirming 

increased lysosomal volume, increased and mis-localised ganglioside GM1, increased 

autophagic compartments and have ER stress (Figure 4.1 – 4.4). Once the presence 

of NPC1 phenotypes were confirmed, this Chapter demonstrated that lysosomal 

volume made a more appropriate phenotype for drug screening than cholesterol. The 

dangers of choosing the incorrect method of standardisation was also shown which 

could lead to drug hits being missed.  

Additionally, this Chapter determined the optimal working concentration of 

arimoclomol as well as confirmed that arimoclomol treatment not only increases 

HSP70 expression but also has a different effect on the I1061T NPC1 mutation as 

proposed previously. The optimised method was then used to screen compounds with 

similar properties to arimoclomol which successfully identified 4 compounds that have 

been taken forward for further screening demonstrating how proper drug screening 

design can lead to the identification of compounds that may be of benefit to LSDs. 

 

4.4.1 Confirmation of NPC1 disease phenotypes in Npc1-/- glia  

Lysosomal staining was clearly increased in Npc1-/- glia, as has been previously 

reported in NPC1 disease due to lysosomal storage (Lloyd-Evans 2006). Furthermore, 

ganglioside GM1 storage, which is characteristic of NPC1 disease (Lachmann et al. 

2004), is indicative of endo-lysosomal trafficking dysfunction (Sugimoto et al. 2001) 

and was also confirmed in our Npc1-/- glia cell model (Figure 4.2). Defects in autophagy 

have been reported in NPC1 disease (Xu et al. 2010; Wheeler and Sillence 2019), 

which were confirmed in the Npc1-/- glia (Figure 4.3). Similarly, reports of ER stress in 

NPC1 disease pathogenesis were also confirmed (Figure 4.4) in the Npc1-/- glia.  

Confirming the presence of these phenotypes in the Npc1-/- glia suggests that this 

cell line can be used as robust quantifiable phenotypes for drug screening. 

Additionally, glia cells are fast growing brain derived cells which makes them a great 

model for high-throughput drug screening of LSDs. The presence of robust 
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phenotypes in the cell model also allows for multiple phenotypes to be used for further 

drug confirmations. Having multiple cellular phenotypes for screening allows 

prospective drugs to be screened against a variety of cellular dysfunctions, leading to 

the identification of better hits since drugs that are of benefit to multiple cellular 

phenotypes are more likely to be clinically translated (Chandrachud et al. 2015; Jang 

et al. 2016; Szabo et al. 2017).  

These cellular phenotypes confirmed in the Npc1-/- glia are not only important and 

useful for drug screening to find compounds that may be of benefit to NPC1 disease 

(Sano et al. 2009; Annunziata et al. 2018) and other lysosomal storage diseases 

exhibiting these phenotypes. For example, lysosomal storage, measured using 

LysoTracker, is a consistent and reproducible phenotype seen across most LSDs 

independent of the type of accumulated material (Xu et al. 2014; Alshehri 2019). 

Similarly, autophagy defects (Thelen et al. 2012; Chandrachud et al. 2015), lipid 

storage (Hermansson et al. 2005; Lloyd-Evans and Platt 2010; Platt et al. 2012) and 

ER-stress (Tessitore et al. 2004) are present in the pathology of many LSDs.  

Although there have been many drug screens in for LSDs (Chen et al. 1999; Zheng 

et al. 2007; Motabar et al. 2010; Geng et al. 2011; Ribbens et al. 2013; Xu et al. 2014; 

Jang et al. 2016; Pugach et al. 2018) few have gone through to clinic which highlights 

not only the difficulty of drug screening in LSDs but the importance of designing robust 

drug screen that may be more likely to find drugs that could make it to patients. 

Therefore, once cellular phenotypes have been determined it is important that the drug 

screening conditions such as the phenotypes used, standardising method and length 

of treatment need to be properly determined in order to identify more appropriate 

potential therapies. 

 

4.4.2 Selecting appropriate phenotypes for drug screening  

Having confirmed the presence of NPC1 cellular phenotypes in the Npc1-/- glia, it 

was important to then select the correct phenotypes for screening and implement 

appropriate standardisation. In selecting the correct phenotype for drug screening, an 

understanding of the cellular mechanisms involved in the pathogenesis of disease is 

critical.  
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In this case, given that the drugs would be screened across LSDs, it is important to 

understand and select appropriate phenotypes that could be screened for, such as 

those outlined in Table 4.2. In NPC disease, for example, cholesterol storage and mis-

localisation in lysosomes is well-known and extensively characterised (Karten et al. 

2002; te Vruchte et al. 2004; Ioannou 2005; Vanier 2010). Although cholesterol 

storage has been reported to be by far the most prominent lipid store in peripheral 

tissues it does not seem to respond to the only currently EMA approved therapy for 

NPC1 disease which is miglustat (te Vruchte et al. 2004; Stein et al. 2012; Yu et al. 

2014).  

On the other hand, LysoTracker does respond to miglustat treatment as it provides 

a better overview of storage in LSDs such as NPC1 disease (Xu et al. 2014). 

Glycosphingolipids are a smaller component of the lipid storage seen in NPC1 disease 

when compared to cholesterol; however, glycosphingolipids reduction following 

miglustat treatment can be measured by the use of LysoTracker (te Vruchte et al. 

2004) indicating that there is a good signal to noise and is a good phenotype to use 

for drug screening.  

Also, as can be seen in this chapter miglustat takes 3-5 days to have an effect, 

some cellular drug screens currently are carried out in 24 hours which would also lead 

to potential drug that may be of benefit to a disease being missed (Yu et al. 2014). It 

is important not only to select the appropriate phenotype to use in a drug screen but 

also to use the appropriate length of treatment in order to make sure that compounds 

that may be of benefit to a disease such as miglustat or better than miglustat are 

identified.  

Nevertheless, even though LysoTracker seems to provide a great overview of 

lysosomal storage and a potential drug screening method there are some cases where 

LysoTracker may not be appropriate. This is because LysoTracker is a pH sensitive 

probe which means that in LSDs where there is a defect in lysosomal pH, LysoTracker 

signal may appear to be lower than the control which may be confused with less 

lysosomal volume when in fact in these diseases there is lysosomal accumulation 

(Coen et al. 2012; Guha et al. 2014). In most LSDs, however, this is not an issue and 

LysoTracker remains among the best phenotypic assay that can be used in drug 

screening (Xu et al. 2014).  
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Furthermore, LysoTracker has been reported to not alter cellular function and is not 

cytotoxic with a relatively well understood mechanism (Duvvuri et al. 2004; 

Pierzyńska-Mach et al. 2014). Lysotracker has been used as a clinical monitoring tool 

due to the fact that it has a single wavelength emission meaning increases in 

fluorescence are due to changes in lysosomal number and size (Rahman et al. 2016). 

Moreover, LysoTracker has been used in clinical monitoring of NPC1 patient following 

miglustat treatment which revealed that miglustat reduced lysosomal storage to near 

normal levels in peripheral blood C lymphocyte from NPC1 patients confirmed by a 

reduction in ganglioside GM1 measure by CtxB (Lachmann et al. 2004; te Vruchte et 

al. 2004). Therefore, the results in this Chapter along with the literature led this study 

to select LysoTracker as a robust tool for drug screening in LSDs. 

After selecting an appropriate cellular phenotype for the initial drug screen, it is 

important to select a suitable method for standardising screening (Figure 4.6). The 

most robust and common phenotype across the LSDs is lysosomal area increase and 

can be used in plate assay (Xu et al. 2014). Although a clear increase in lysosomal 

staining was seen by lysosomal staining via microscopy, this was not seen when 

standardising LysoTracker plate assay to nuclear staining. Nuclear staining was 

variable across several of the LSDs (Figure 4.6), making this method of 

standardisation inappropriate for LSD drug screening. This may be due to the fact that 

there are alterations in gene expression profiles in LSDs (Mazzoccoli et al. 2013; 

Richardson et al. 2016; Vallim et al. 2019; Brokowska et al. 2020) that might cause 

the nuclear structure to be altered. Variable nuclear staining meant that its use for 

standardisation would preclude detection of differences such as that observe in 

lysosomal area in the Npc1-/- glia. Therefore, if the assay does not detect the well-

known lysosomal storage in NPC1 also seen in this study (Figure 4.1), then that assay 

would not be appropriate to detect compounds that may be of benefit to this cellular 

dysfunction.  

Similarly, other standardisation methods, such as protein assay preclude detection 

of differences in lysosomal volume due to the reported changes in gene expression in 

LSDs such as Hunter syndrome, Mucopolysaccharidosis, Fabyr and Sandhoff 

(Mazzoccoli et al. 2013; Richardson et al. 2016; Vallim et al. 2019; Brokowska et al. 

2020). Using protein concentration produces similar results because NPC1 cells may 

have increased ER stress (Klein et al. 2011), leading to changes in protein expression 
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when compared to a control. This potential ER stress was also confirmed in this 

Chapter (Figure 4.4), further indicating that protein expression is not a viable 

standardisation method for the LysoTracker plate assay. Furthermore, some drug 

compounds being screened may increase protein expression such as arimoclomol 

(Kirkegaard et al. 2010; Kirkegaard et al. 2016) which may affect the results of a drug 

screen using protein expression as standardisation method leading to potential 

beneficial compounds being missed.  

During this study, it was also determined that cell number could be used as a 

standardisation method for the LysoTracker plate assay. It was found that the optimal 

cell number was 60,000 as it was the point at which the greatest statistical significance 

began as well as being the point before saturation and before the cell begin to grow 

on top of each other which could lead to issues with the signal.  

The LysoTracker plate assay with Npc1-/- glia and cell number standardisation as 

outlined in this Chapter were, used by another project alongside this study for drug 

screening of novel arimoclomol-like compounds for NPC1 disease in order to identify 

novel compounds that may be better than arimoclomol for NPC1 disease and 

potentially other LSDs. As mentioned above, these compounds were identified by a 

pharmaceutical company to be compounds that had similar structure and similar 

properties to miglustat or arimoclomol. Therefore, these compounds may also have 

similar beneficial effects to LSDs, and some may even work at lower concentrations. 

Compounds that act at lower concentrations tend to be more likely to be beneficial to 

patients as they are more likely to reach these lower concentrations in vivo (Hughes 

et al. 2011).  

 

4.4.3 Arimoclomol in NPC1 disease  

Once the cellular phenotypes in the Npc1-/- glia were confirmed and the appropriate 

screen method was determined, this study explored the effects of arimoclomol, a drug 

previously reported to be beneficial for NPC1 disease (Ingemann and Kirkegaard 

2014), and more recently, Gaucher disease (Fog et al. 2018), and other 

neurodegenerative diseases (Penke et al. 2018; Shukla and Tekwani 2020). In fact, 

an official regulatory submission has recently been made to the US Food and Drug 

Administration for arimoclomol in NPC1 disease (Orphazyme 2020).  
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The exact mechanisms of action of arimoclomol in NPC1 disease are not fully 

understood. Arimoclomol has been previously reported to increase HSP70 levels in 

cells (Hesselink 2017) and this study ratifies these findings (Figure 4.11). Npc1-/- glia 

were shown to have higher levels of HSP70 following arimoclomol treatment. It has 

been suggested that arimoclomol may act as a chaperone for misfolded proteins 

(Hesselink 2017; Fog et al. 2018) such as some mutant NPC1 protein in certain patient 

mutations.  

This study found that arimoclomol potentially has a beneficial effect on lysosomal 

storage in Npc1-/- glia (Figure 4.8). An interesting tri-phasic response was observed in 

cells treated with arimoclomol, showing that arimoclomol had a beneficial effect on 

lysosomal volume at a concentration of 200 µM and not any lower or higher. The tri-

phasic effect observed following arimoclomol treatment (Figure 4.8) could, however, 

be specific to the NPC null glia model used and further studies should investigate 

whether this effect is seen in patient cells with mutant protein that may have enhanced 

expression due to the HDAC inhibition properties of arimoclomol. The fact that 

arimoclomol only works at one concentration has been previously reported by another 

group at a conference but has not yet been published; however, the reason behind 

this is not understood and may complicate its use in patients as the working 

concentration needs to be exact. Nonetheless, the reduction in lysosomal area seen 

in Npc1-/- glia was robust which indicates that there is a clear beneficial lysosomal 

reduction following arimoclomol treatment in vitro (Figure 4.8). 

There was no change in cholesterol accumulation in Npc1-/- glia (Figure 4.9); 

however, a decrease in cholesterol accumulation was seen in NPC1 patient HF 

(Figure 4.10). This suggests that arimoclomol may only have a beneficial effect on 

cholesterol storage through the increase of mutant NPC1 protein expression in cells 

or via chaperoning of misfolded NPC1 protein that is known to result from the I1061T 

patient mutation (Schultz et al. 2016). The decrease in cholesterol in response to 

arimoclomol is therefore not seen in the glia model as there is no NPC1 for 

arimoclomol to chaperone or increase the expression of. These data are the first to 

demonstrate that arimoclomol therefore has two beneficial effects, first as a chaperone 

and second as a stabilizer of lysosomal function via increased expression of HSP70 

as was originally suggested (Kirkegaard et al. 2010; Kirkegaard et al. 2016). 
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Nevertheless, there was a beneficial effect on lysosomal accumulation following 

arimoclomol treatment in Npc1-/- glia, suggesting a benefit beyond NPC1 chaperoning 

of arimoclomol in LSDs. The increase in HSP70 is thought to stabilise the interaction 

between acid sphingomyelinase (ASM), which has reduced activity in NPC1 disease, 

and other proteins which may be beneficial to diseases with secondary defects such 

as NPC1 (Penke et al. 2018). Arimoclomol therefore acts not only by trafficking NPC1, 

but also by stabilising protein interaction in lysosomes, thus the knockout Npc1-/- glia 

will only exhibit the benefit of HSP70 and not the chaperoning of misfolded proteins.  

The use of patient cells for drug screening seems more appropriate given the better 

representation of the disease being screened. Nonetheless, there are difficulties 

associated with patient fibroblast growth, such as the time and labour required to 

accumulate cultures with enough cells to perform the primary drug screen. For 

example, to carry out the LysoTracker plate assay for CLN8 in Chapter 3 using HFs, 

could take over 2 weeks to grow enough cells to do one N; whereas, using the glia 

cells could take as little as 3 days. This further shows how the Npc1-/- glia, which is a 

fast-growing cell line, can be used for primary screens to detect potential therapies for 

further screening and confirmation in patient cells.  

 

4.4.4 Future work 

There are no clear antibodies that can be used to detect CLN8 protein in CLN8 

disease, despite four being tested in this study. It would be of interest to examine 

whether arimoclomol may have beneficial effects in CLN8 disease either via 

increasing protein expression changes, by chaperoning misfolded proteins or by 

increasing HSP70 which may lead to an increase in the ASM activity defect seen in 

Chapter 3 (Figure 3.11). This complicates testing of the effects of arimoclomol on 

CLN8. Additionally, the variability observed in CLN8 phenotypes in Chapter 3 also 

meant that it is more complicated to screen drugs in CLN8 disease. Nonetheless, this 

study had planned to carry out arimoclomol drug screens in CLN8 disease and 

possibly other NCLs but this was not possible as obtaining a CLN8 knockout cell line 

was beyond the budget of this project. Furthermore, it was not possible to do the 

arimoclomol screening with few phenotypes identified in CLN8 534 HF as the project 
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was ended early due to the pandemic which meant there was no time for this to be 

done (further outlined in Chapter 6).  
 

4.5 Conclusion 

This Chapter confirmed the presence of NPC1 cellular phenotypes in the fast-

growing Npc1-/- glia, allowing these to be used as a cellular model for drug screening 

for the identification of drugs of benefit to these cellular phenotypes. These 

phenotypes may further facilitate the identification of compounds beneficial to many 

other LSDs and other diseases that exhibit lysosomal dysfunctions.  

Arimoclomol has a beneficial effect on lysosomal storage in NPC1 disease, not only 

by affecting the mutant NPC1 protein in patient cells but also via another mechanisms. 

This may provide a potential therapy for lysosomal storage, thus the effects of 

arimoclomol on other lysosomal storage diseases should be explored further.  
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Chapter 5 Drug repurposing for lysosomal storage 
diseases 

 

5.1 Introduction 

 

Once therapeutic targets are identified in lysosomal diseases, such as those 

outlined in Chapter 3 and Chapter 4, high-throughput drug screening can be 

undertaken to ascertain potential therapeutic interventions. To date, with the exception 

of CLN2 and NPC1, the LSDs investigated in this thesis lack any approved or effective 

treatments, and the enzyme replacement therapy (ERT) identified for CLN2 is deemed 

too expensive for clinical use in some countries as was initially the case in the United 

Kingdom were it is currently costed at over £500,000 per patient per year (Smith 2019). 

Given the immense detriment posed to patients by LSDs the identification of novel 

therapies would satisfy an urgent unmet medical need.  

 

5.1.1 Drug repurposing 

Drug development of novel therapies is an extremely arduous, slow and expensive 

process, and as such repurposing of known drugs for a new application, or to treat 

another disease, has recently become more and more common (Pushpakom et al. 

2019). The repurposing of known compounds for new diseases also offers a pathway 

to drug discovery with potentially lower development costs and faster development 

timelines (Pushpakom et al. 2019). Furthermore, repurposing drugs that have already 

been tested in patients means that there is safety information already available for 

these drugs increasing the likelihood of them reaching patients and reducing the 

development costs (Pushpakom et al. 2019). An example of successful drug 

repurposing for LSDs is miglustat, a drug originally developed for HIV, to treat NPC1 

disease and Gaucher disease (Cox et al. 2000; Patterson et al. 2007).  
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5.1.2 Enzyme assay high-throughput drug screening 

High-throughput drug (HTS) screening enables testing of a large number of 

compounds to act as inhibitors, activators and stabilising chaperones of target 

proteins. One of the main advantages of HTS is that it provides a method that generally 

leads to the identification of potential therapies faster than conventional methods 

(Pereira and Williams 2007). HTS is a process that can be utilised to identify small 

molecule drugs that may be of benefit to a disease from large compound drug libraries 

using miniaturised assays that allow for large number of compounds to be screened 

thus decreasing the costs of drug screening (Pereira and Williams 2007). Previous 

studies have successfully identified potential pharmacological compounds for several 

LSDs such as Gaucher, CLN3, Fabry disease and others (Maegawa et al. 2009; 

Marugan et al. 2010; Motabar et al. 2010; Goldin et al. 2012; Ribbens et al. 2013; 

Chandrachud et al. 2015; Jang et al. 2016). To date, however, no compounds 

identified this way have been approved as a therapy for patients. Nonetheless, the 

glucosylceramidase chaperone ambroxol, identified by HTS (Maegawa et al. 2009), is 

being tested in clinical trials for Gaucher disease (NCT01463215, NTC03950050 & 

NTC04388969). 

Previous studies have found that levels of lipids such as galactosylceramide 

(GalCer) the primary component of myelin, are altered in CLN8 patient post-mortem 

brains (Hermansson et al. 2005). GalCer is catabolised by the enzyme 

galactosylceramidase (GALC) and mutation in GALC are known to give rise to the 

LSDs Globoid cell leukodystrophy also known as Krabbe disease (Ribbens et al. 2013; 

Berardi et al. 2014; Sprately et al. 2016). Therefore, screening compounds that 

increase or stabilise GALC activity may be of benefit to Krabbe disease as well as 

CLN8 disease. A GALC enzyme assay can be used for HTS to screen large drug 

libraries to detect compounds that can act as activators, inhibitors or chaperones to 

de-stabilised enzymes. 

 

5.1.3 Miglustat repurposing  

As outlined in Chapter 1 (Section 1.3.5) miglustat (N-butyl-1-deoxnojirimycin) is an 

imino sugar analogue of D-glucose and a small molecule therapy that is orally 

available. It is a blood brain barrier permeant drug that reduces glycolipid biosynthesis 
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leading to lipid storage reduction (Lachmann et al. 2004). Miglustat is currently the 

only FDA approved therapy for the LSD Gaucher disease and is the only EMA 

approved therapy for the treatment of NPC1 and Gaucher disease. Additionally, 

miglustat has been shown to improve lysosomal dysfunction both in vitro and in vivo 

(Lachmann et al. 2004; Patterson et al. 2007; Pollock et al. 2008; Stein et al. 2012). 

Therefore, miglustat is already an approved therapy for two LSDs and is a prime 

example of drug repurposing (Cox et al. 2000; Lachmann et al. 2004; Badell-Grau 

2016). 

Miglustat acts by inhibiting the enzyme glucosylceramide synthase (Figure 5.1) 

resulting in the biosynthesis of glycosphingolipids being partially inhibited and 

ultimately causing a reduction in lysosomal lipid storage that alleviates cellular 

dysfunction (Platt et al. 1994; Lachmann et al. 2004; Badell-Grau 2016). Miglustat has 

been reported to not only reduce storage but also lead to improvements in trafficking 

defects, such as trafficking in ganglioside GM1, and increase Purkinje neuron function 

and survival in NPC1 disease (Lachmann et al. 2004; Patterson et al. 2007; Elliot-

Smith et al. 2008; Stein et al. 2012). 

Miglustat treatment has been reported to be beneficial to diseases that have 

glycosphingolipid storage which is a common storage molecule across the LSDs 

(Sugimoto et al. 2001; Lachmann et al. 2004). Glycosphingolipid storage has been 

identified in several NCLs including CLN8 disease, as such it may be of interest to 

examine the potential effects of miglustat treatment on some NCLs (Hermansson et 

al. 2005; Kollman et al. 2013). Furthermore, miglustat was reported to have beneficial 

effects in CLN5 disease cell models leading to it being given to two CLN5 patients in 

the UK under compassionate use (Shipley 2019). 
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Figure 5.1: Sphingolipid biosynthesis pathway and miglustat mechanism of action. Outline of the 
sphingolipid synthesis pathway with the enzymes involved.  The red line indicates the point in the 

pathway at which miglustat acts. Miglustat partially inhibits the glucosylceramide synthase and thus 

reduces the productions of the lipids after this point in the pathway.  

 

5.1.4 Curcumin neutraceuticals 

As outlined in Chapter 1, neutraceuticals such as curcumin have been reported to 

be beneficial for LSDs like NPC1 (Lloyd-Evans et al. 2008). Curcumin has been 

reported to have beneficial effects in a wide range of diseases across thousands of 

publications and is thought to be of benefit for NPC1 disease due to its ability to 

modulate Ca2+ levels (Lloyd-Evans et al. 2008; Monroy et al. 2013; Shanmugam et al. 

2015). Some lysosomal storage diseases such as NPC1 are known to have reduced 

lysosomal Ca2+ content which contributes to disease pathogenesis (Lloyd-Evans et al. 

2008). Curcumin has been shown to be a weak SERCA inhibitor (Bilmen et al. 2001) 

which leads to ER Ca2+ leak which increases cytosolic Ca2+ and consequently rescues 
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endo-lysosomal trafficking and fusion defects in LSDs like NPC1 (Lloyd-Evans et al. 

2008). 

The beneficial effects of curcumin on NPC1 disease were first reported in a study 

by Lloyd-Evans et al. (2008) in which they treated Npc1-/- knockout mouse glial cells 

with 30 µM curcumin and found that treatment restored sphingolipid trafficking due to 

the ability of curcumin to increase cytosolic Ca2+. Lloyd-Evans et al. (2008) also 

reported that curcumin treatment (150 mg/kg per day from the first day post-weaning) 

in the Npc1-/- mouse led to improved mouse coat condition, increased weight, reduced 

tremor and increased activity compared to the untreated illustrating a beneficial effect 

of curcumin treatment in the Npc1-/- mouse. Similarly, Borbon et al. (2012) reported 

that the Npc1-/- mouse treated with curcumin had ∼16% increase in lifespan compared 

to the untreated mouse. Following these reports other studies have further confirmed 

the beneficial effects of curcumin in both in vivo and in vitro NPC1 (Efthymiou et al. 

2014; Williams et al. 2014).  

Curcumin is an easily available compound that is the colouring in the common food 

flavouring turmeric and is known to cross the blood brain barrier (Tsai et al. 2011) 

which makes this an attractive possible compound to treat LSDs. Following the reports 

that curcumin may be of benefit to NPC1 disease many NPC1 patients started taking 

different curcumin neutraceuticals (Vockley 2009). Curcumin nanoformulations have 

been developed as neutraceutical due to the reported beneficial effect of curcumin. 

This is because curcumin needs to be combined in a lipid vehicle nanoformulations in 

order to allow for curcumin to better cross the blood gut barrier but the impact of these 

nanoformulations is often ignored (Bi et al. 2017). Some reports have shown that some 

lipidated nanoformulations of curcumin do not provide benefit to NPC1 disease 

(Borbon et al. 2012). The effects of two nanoformulations on LSDs were explored in 

several LSDs.  

 

5.1.5 Chapter aims 

The overall aim of this chapter was to identify potential drugs that may be 

repurposed for other LSDs. This was done by performing HTS enzymatic drug screens 

to identify potential modulators of GALC, which may be of benefit to diseases with 

defects in GALC activity such as Krabbe disease or CLN8 as mentioned above. 
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Furthermore, in this Chapter the potential of miglustat to ameliorate cellular 

dysfunction in the NCLs CLN2, CLN7 and CLN8 was tested. Finally, the chapter also 

explores the mechanisms by which curcumin may be of benefit to several LSDs, 

namely, NPC1, CLN7, CLN8 and CLN10.  

 

Table 5.1: Outline of the patient cell lines used in Chapter 5.  

Cell line Description Mutation 

Control 1 HF Apparently healthy control 1 (GM05399) cell line N/A 

Control 2 HF Apparently healthy control 2 (GM05400) cell line N/A 

CLN8 462 HF CLN8 patient cell line c.543 + 1G>A homozygous 

CLN8 533 HF CLN8 patient cell line Q194R/c.66delG 

CLN8 534 HF CLN8 patient cell line A30P homozygous 

CLN8 535 HF CLN8 patient cell line Y158C/c.66delG 

CLN7 474 HF CLN7 patient cell line c.1393C>T,p.Arg465Trp 
homozygous 

CLN2 HF CLN2 patient (GM16486) cell line R127Q & IVS5-1G>C 

NPC1 HF NPC1 patient (GM03123) cell line I1061T/P23S 

NPA HF NPA patient (GM00112) cell line L302P/L302P 

Npc1+/+ glia Apparently healthy control glia cell line N/A 

Npc1-/- glia Npc1 knockout glia cell line Npc1-/- 

 

5.2 Summary of Methods 

 

The cells used in this chapter are outlined in Table 5.1 and were cultured as outlined 

in Section 2.1. The GALC enzyme assay optimisation, as well as the screens, were 

carried out as outlined in Chapter 2 Section 2.7. 

For the exploration of the effects of miglustat treatment on CLN2 HF, CLN7 HF and 

CLN8 HF, cells were treated with miglustat as outlined in Section 2.1.3. The effects of 

miglustat treatment on cellular phenotypes were explored by looking at lysosomal area 

using LysoTracker (Section 2.3.2), autophagic vacuole area using CytoID (Section 

2.3.4), ganglioside GM1 levels were examined using Cholera toxin B subunit with a 

FITC tag (CtxB-FITC; Section 2.2.4) and mitochondrial Ca2+ levels as well as ER Ca2+ 

levels were examined using Fura 2,AM with CCCP and ryanodine respectively to 
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release Ca2+ as outlined in Section 2.3.7. The effects of miglustat on lysosomal area 

on CLN8 patient cells treated miglustat as outlined in Section 2.1.3 was explored using 

LysoTracker as a microplate assay as stated in Section 2.3.3.  

The Ca2+ levels in the ER in control 1, NPC1, Niemann-Pick Type A (NPA), CLN3, 

CLN7 474, CLN8 534 and CLN10 HFs (Table 5.1) were explored in Section 5.2.9 

below using Fura 2,AM with 2 µM ionomycin and 1 µM thapsigargin to release Ca2+, 

as outlined in Section 2.3.7. Similarly, the relative amount of Ca2+ in the lysosome in 

Control 1, NPC1, NPA, CLN3, CLN7 474, CLN8 534 and CLN10 HFs (Table 5.1) was 

explored with Fura 2,AM using 500 µM GPN, after emptying other Ca2+ stores with 2 

µM ionomycin, to release lysosomal Ca2+ as explained in Section 2.3.7. For Control 1 

HF and NPC1 HF (Table 5.1) treated with different curcumin nanoformulations as 

outlined in Sections 2.1.5 the levels of mitochondrial Ca2+ were examined using 5 µM 

antimycin / 5 µM oligomycin as explained in Section 2.3.8. The levels of Ca2+ inside 

the mitochondria was further visualised in Npc1+/+ and Npc1-/- glia treated with 

curcumin nanoformulations, as delineated in Section 2.1.5, by using the Ca2+ probe 

Rhod-2,AM which loads into and is then retained by mitochondria as outlined in 

Section 2.3.9.  

To explore the effects of the curcumin nanoformulations on lysosomal and 

cholesterol area LysoTracker (Section 2.3.2) and filipin (Section 2.2.3) respectively 

were used in Control 1, NPC1, NPA, CLN3, CLN7 474, CLN8 534 and CLN10 HFs 

(Table 5.1) previously treated with the curcumin nanoformulations as outlined in 

Section 2.1.5. 

The staining mentioned above were all imaged using the inverted Colibri widefield 

fluorescence microscope (Section 2.4.1) and analysed using Image J (Section 2.4.2). 

All the statistical analysis were carried out in Prism 8 as mentioned in Chapter 2 

Sections 2.8. 
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5.3 Results  

 

5.3.1 Galactosylceramidase (GALC) enzyme assay optimisation  

As mentioned above, alterations in levels of GalCer in CLN8 patients have been 

previously reported (Hermansson et al. 2005) and as such a GALC enzyme assay 

may be used to find compounds that may be of benefit to CLN8 and other LSDs with 

GALC activity defects such as Krabbe disease (Jang et al. 2016). The fluorescent 

substrate 4-methylumbelliferone (4MU) b-galactoside was used and is considered as 

being a specific substrate for GALC when used in conjunction with 11 mM AgNO3 

which abolishes b-galactosidase activity (Martino et al. 2009). Adding 0.5 mg/ml 

sodium taurocholate (TCNa; Figure 5.2A) also further increased the activity of GALC 

(Wiederschain et al. 1992; Kiyokawa et al. 2004; Ribbens et al. 2013). Although 

previous separate studies have reported the use of AgNO3 to generate a specific 

GALC assay and the use of TCNa to enhance GALC activity, these have not been 

tested together before. A clear increase of ~75% in GALC enzyme activity was 

observed when TCNa was added (Figure 5.2A). The length of the assay was then 

examined and was found that fluorescence from the 4MU substrate increased linearly 

over the incubation period (Figure 5.2B).  
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Figure 5.2: GALC enzyme assay optimisation. A: GALC 4-methylumbelliferone (4MU) fluorescent 

plate assay optimisation using control 1 HF homogenate. The graph represents data from N = 3. Error bars 

represent SEM. *p ≤ 0.05, two-tailed t-test B: Emergence of 4MU fluorescence overtime in GALC assay 

in control 1 HF. Baseline fluorescence of heat-inactivate samples was subtracted at easy time point. 

Graph represents data from data from N = 5 and error bars indicate SEM.  

 

5.3.2 GALC enzyme based high throughput drug screen 

The GALC assay was used to carry out a drug screen of 635 small molecules from 

a stratified National Institute of Health FDA approved library. The primary screen was 

carried out at a concentration of 1 µM using homogenates of the control 1 HFs. Prior 

to carrying out the primary screen the autofluorescence of the compounds was 

established within the plate in order to subtract any background. The primary screen 

of the 635 small molecules found that 549 of these compounds decreased, to varying 

extent, GALC activity; whereas, 86 of the small molecule compounds increased 

enzyme activity. These data have been represented as heat maps (Figure 5.3) which 

also indicate that there is no bias with regard to the positioning of the hits on the plates. 
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Figure 5.3: Heatmaps of GALC primary drug screen. Heatmaps illustrates effect of 1 µM small 

molecule compounds on GALC activity normalised relative to intraplate DMSO vehicle only control. 

Activators, displaying an increase in enzyme activity, are indicated in red; whereas, inhibitors, displaying 
a decrease in enzyme activity, are indicated in blue. No change in GALC activity is depicted in white. 

All vehicle only DMSO control wells are denotes with an ‘X’.  

1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 1

-100%

-50%

0%

50%

100%

150%
1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 2

-100%

-50%

0%

50%

100%

150%

1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 3

-100%

-50%

0%

50%

100%

150%
1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 4

-100%

-50%

0%

50%

100%

150%

1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 5

-100%

-50%

0%

50%

100%

150%
1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 6

-100%

-50%

0%

50%

100%

150%

1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 7

-100%

-50%

0%

50%

100%

150%
1 2 3 4 5 6 7 8 9 10 11 12

A
B
C
D
E
F
G
H

Plate 8

-100%

-50%

0%

50%

100%

150%



 

   151 

Following the primary screen, it was important to check whether the screen carried 

out was statistically robust by calculating the Z-factor which was done as outlined by 

Zhang et al. (1999). The Z-factor was calculated from the standard deviation of the 

sample and the negative (DMSO only) control readings. The primary screen was found 

to be statistically robust with Z>0.0 for all drug plates and even with most Z>0.5 (Figure 

5.4). Hits from plates 8 and 10 which had particularly low Z-values of around Z=0.1 

and Z=0.2 respectively, were eliminated. 

 

 

Figure 5.4: Statistical quality control of the GALC primary drug screen. Z-factor scores were 

calculated for the 96-well plates from the vehicle-only DMSO controls (Zhang et al. 1999). The dotted 

line indicates Z-factor of 0.0 to clearly see Z>0 to easily identify z-factors that were statistically robust. 

The dashed line indicates a Z-factor of 0.5 to which helps see the most robust plates that had a Z>0.5.  

 

In order to properly select the compounds that would be taken forward for further 

screening, a threshold was set of -42% and +50% inhibition and activation respectively 

(Figure 5.5). This threshold led to 44 compounds being selected for further screening 

(Figure 5.5). As well as the compounds that passed the set threshold, ambroxol, 

mycophenolate mofetil and valproic acid were also taken forward for further screening 

(Figure 5.5), as these drugs have been identified in other studies as potential therapies 

for LSDs (Maegawa et al. 2009; Seehafer et al. 2011; Ambrosi et al. 2015; Magalhaes 

et al. 2018; Augustine et al. 2019). Ambroxol was chosen as it was previously identified 

as a chaperone for misfolded GALC (Narita et al. 2016) via pH-dependent inhibitory 

stabilisation of residues near the active site (Maegawa et al. 2009). Mycophenolate 
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mofetil was taken forwards as it was being investigated in clinical trial for inborn error 

of metabolism (NCT00383448) and a clinical trial for inherited metabolic disorders 

(NCT01043640). Valproic acid was taken further as it has been reported to have 

neuroprotective and antioxidant effects as well as possible beneficial effects for the 

LSD Gaucher disease (Terbach and Williams 2009; Fourcade et al. 2010; Hayashi et 

al. 2014). As a result of both the thresholding and the literature 47 compounds were 

taken forward for further screening.  

 

 

Figure 5.5: Determination of thresholding for the selection of activating and inhibiting 
compounds of GALC. Small molecules compounds ranked by % effect on GALC activity relative to 
the vehicle-only DMSO controls. The red denotes the upper threshold of an increase of +50% GALC 

activity used to choose hit compounds (those that fall above the line) that would be explored further. 

The blue line denotes the lower threshold set of -42% GALC activity that that was used to choose 

compounds (those below the line) that would be taken further. Ambroxol, mycophenolate mofetil and 

valproic acid are outlined in the graph as there were selected for further investigation even though they 

did not reach the threshold due to previous reports of other beneficial characteristics.  

 

5.3.2 Secondary GALC enzyme screen to confirm the hits 

The next step in the enzymatic drug screen was to carry out a secondary screen to 

confirm the hits and also identify which of the compounds had any effect on GALC at 

a lower concentration of 0.1 μM. This would potentially allow for better and more potent 

drugs being identified that have an effect on enzyme activity at a lower concentration 

(Figure 5.6). The second screen was also important to check the reproducibility of the 
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primary screen and found that of the 47 small molecules taken forward 7 displayed 

consistent changes in enzyme activity at both 1 μM and 0.1 μM (Figure 5.6) which 

were ambroxol, rantidine HCL, neostigmine Br, ouabain, quinpirole HCL, ibudilast and 

mycophenolate mofetil. 

 

 

Figure 5.6: Heatmaps of GALC secondary drug screen. Heatmaps illustrate effect of 10 µM and 0.1 

µM small molecules compounds on GALC activity normalised relative to intraplate DMSO vehicle only 

control.  Activators, displaying an increase in enzyme activity, are indicated in red; whereas, inhibitors, 
displaying a decrease in enzyme activity, are indicated in blue. No change in GALC activity is depicted 

in white. All vehicle only DMSO control wells are denotes with an ‘X’. The secondary screen had robust 

statistical parameters with a mean Z-factor of 0.62. SEM of ± 0.11.  

 

As part of the secondary screen, the 47 compounds selected were also screened 

at 0.1 μM for their effects against temperature destabilised GALC. The GALC enzyme 

was destabilised by freeze/thaw cycles which destabilises protein structure and 

decreases enzyme activity (Bhatnagar et al. 2007). Screening against destabilised 

enzyme may identify compounds, normally those identified as inhibitors, which can 

also act as molecular chaperones that stabilise enzyme conformation, such as 

ambroxol, ibudilast and mycophenolate mofetil, which in the act of stabilising the 

enzyme structure now appear as activators (Figure 5.7).  
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Figure 5.7: Secondary screen on destabilised GALC. Change in GALC activity as a percentage of 
untreated homogenate following freeze/thaw cycles for destabilisation of GALC.  

 

5.3.3 Selecting modulators of GALC for cell-based screening 

The secondary screens against destabilised GALC allowed for around 40 small 

molecule chaperones to be identified. Of these potential small molecule chaperones, 

7 small molecules that had an effect at lower concentrations (Figure 5.6) were 

identified. Based on a combination of the results of the primary screen, the secondary 

screen and their favourable physiochemistry outlined in Table 5.2 (Lipinski et al. 2001), 

3 compounds were selected for progressing to testing in cells. These 3 hit compounds 

were further explored in Krabbe disease patient cells in a final year project and will be 

further explore in other LSD patient cells by the ELE lab.  
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Table 5.2: Physical and chemical properties of compounds that activated destabilised GALC 
and were chosen for subsequent cell-based screening. Compounds in bold denote the compounds 

that where selected for further screening. Underlined text indicates the characteristic that led these 

compounds to be excluded from further screening.  

Compounds Molecular 
Mass H acceptor H donor xLogP3: Target 

Ambroxol 378.108 3 3 2.6 Secrolytic agent 

Ibudilast 230.311 2 0 3.36 Phosphodiesterase 
inhibitor 

Mycophenolate 
mofetil 433.501 8 1 3.2 IMPDH inhibitor 

Rantidine HCL 350.865 7 3 0.2 H2 receptor 
antagonist 

Neostigime Br 303.2 3 0 -1.6 Acetylcholinestaerase 
inhibitor 

Quabain 584.659 12 8 -1.7 Na+/K+ ATPase 
inhibitor 

Quiniprole HCL 255.659 12 2 2-7 Dopamine receptor 
agonist 

 

 

Figure 5.8: Structure of compounds taken further for cell-based screening. Chemical structures 
of the selected small molecules (A) ambroxol (CID:2132), (B) ibudilast (CID:3671) and (C) 

mycophenolate mofetil (CID:5281078). Structures were adapted from PubChem (PubChem CID 2132 

; PubChem CID 3671 ; PubChem CID 5281078). 
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5.3.4 Repurposing miglustat for CLN2, CLN7 and CLN8 

Miglustat, an approved therapy for the LSD Gaucher disease and NPC1 (Bennett 

and Mohan 2013), has been suggested to be of benefit to other LSDs such as Fabry 

disease and CLN5 disease (Heare et al. 2007). As a result of this, the effects of 

miglustat on CLN2, CLN7 and CLN8 patient cells was explored starting with its effects 

on lysosomal area (measured in live cells using LysoTracker green as outlined in 

Section 5.2). All three, NCLs explored in this section display a significant increase in 

lysosomal staining area when compared to the control with a more than 3-fold increase 

in CLN2 HF, more than 2-fold increase in CLN7 474 HF and a 3-fold increase in CLN8 

534 HF (Figure 5.9). Of the three diseases, CLN2 HF was the only one that showed a 

significant 1.5-fold decrease in lysosomal area between the untreated and the 

miglustat treated cells (Figure 5.9 B). The treated CLN7 474 HF and CLN8 354 HF 

were no longer significantly higher than the untreated controls indicating that a 

reduction in lysosomal volume (of 1.3-fold and 1.6-fold respectively) was seen 

following treatment.  
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Figure 5.9: Effect of miglustat on lysosomal area in CLN2, CLN7 and CLN8 patient cells. A: 

Representative images of lysosomal staining (LysoTracker, greyscale) quantified in B-D with a 

Hoescht33342 nuclear counter stain pseudo coloured red. Scale bar = 10 µm. Quantitative analysis of 

lysosomal area in control, CLN2 (B), CLN7 (C) and CLN8 (D) patient fibroblasts. The graph represents 
data N = 4. Error bars indicate SEM. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, two-way ANOVA with post-

hoc Tukey.  

 

5.3.5 Effect of miglustat on autophagy in CLN2, CLN7 and CLN8 

As a decrease in the lysosomal area was seen in CLN2 HF, CLN7 474 HF and 

CLN8 534 HF the effects of miglustat treatment on further cellular phenotypes was 

examined. The next cellular phenotype that was examined was autophagic vacuole 

accumulation (Figure 5.10). As seen in Figure 5.10, untreated CLN7 474 HF had 

significantly more autophagic vacuole staining, using CytoID, compared to the 

untreated control; whereas, the miglustat treated CLN7 474 HF was no longer 

significantly higher than the untreated control (Figure 5.10 B). Miglustat has no effect 

on the area of autophagic vacuole staining in CLN2 HF as both the treated and 

untreated were significantly higher than the control 1 HF (Figure 5.10 B). There was a 
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large amount of variability seen in CLN8 534 HF (as seen in Chapter 3) which means 

that there was no significant difference seen in either the untreated or the treated 

CLN8 534 HF (Figure 5.10 D).  

 

 

Figure 5.10: Autophagic compartment area in CLN2, CLN7 and CLN8 patient cells following 
miglustat treatment. A: Representative images of autophagic compartment staining (Cyto-ID, 

greyscale) quantified in B, with a Hoescht33342 nuclear counter stain pseudo coloured red. Scale bar 

= 10 µm. B: Quantitative analysis of autophagic compartment area in control, CLN2, CLN7 and CLN8 

patient fibroblasts. The graph represents data from N = 3. The error bars indicate SEM. *p ≤ 0.05, **p 
≤ 0.01, two-way ANOVA with post-hoc Tukey. 

 

5.3.6 Effect of miglustat on ganglioside GM1 in CLN2, CLN7 and CLN8 

Another classical phenotype seen in many LSDs is endo-lysosomal (Lachmann et 

al. 2004) trafficking and accumulation of ganglioside GM1 and thus the localisation of 

ganglioside GM1 was measured using CtxB-FITC. An increase in miss localised 

ganglioside GM1 in puncta is indicative of endo-lysosomal defect and of accumulation 
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of the ganglioside GM1 lipid (Sugimoto et al. 2001). Miglustat has previously been 

shown beneficial to the endo-lysosomal trafficking and storage of ganglioside GM1 

which led this study to test this in the NCLs CLN2, CLN7 and CLN8 (Figure 5.11). All 

CLN2 HF, CLN7 474 HF and CLN8 534 HF showed a significant increase in punctate 

distribution of ganglioside GM1 (Figure 5.11). Following miglustat treatment the 

localisation of punctate ganglioside GM1 is significantly reduced in CLN2 HF 

compared to the untreated indicating that miglustat may be of benefit to this cellular 

phenotype in CLN2 disease (Figure 5.11 A & B). CLN7 474 HF and CLN8 534 HF do 

not show a significant decrease in punctate ganglioside GM1 following miglustat 

treatment; however, the treated CLN7 474 HF and CLN8 534 HF no longer have 

significantly higher percentage of cells with punctate ganglioside GM1 (Figure 5.11 A, 

C & D) potentially suggesting an improvement in the localisation of ganglioside GM1.  
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Figure 5.11: Effect of miglustat on ganglioside GM1 punctate distribution in CLN2, CLN7 and 
CLN8 patient fibroblasts. A: Representative images of ganglioside GM1 (CtxB-FITC, greyscale) 

quantified in B-D, with a Hoescht33342 nuclear counter stain pseudo coloured red. Scale bar = 10 µm. 

Count analysis of percentage cells with ganglioside GM1 puncta present in control, CLN2 (B), CLN7 

(C) and CLN8 (D) patient fibroblast. The graph represents data from N = 4. The error bars indicate 

SEM. *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001, two-way ANOVA with post-hoc Tukey.  

 

5.3.7 Effect of miglustat on Ca2+ stores in CLN2, CLN7 and CLN8 

Lysosomal storage of glycosphingolipids has previously been shown to impact upon 

lysosomal, ER and mitochondrial Ca2+ stores and homeostasis (Lloyd-Evans et al. 

2008). The effect of miglustat treatment on Ca2+ stores was explored starting with 

CCCP which induced mitochondrial Ca2+ release as outlined in Chapter 2. This 

showed that although CLN2 HF, CLN7 474 HF and CLN8 534 HF have slightly lower 

overall CCCP mediated Ca2+ release values there was no significant difference seen 

between these and the control (Figure 5.12). There was also no significant effect of 

miglustat treatment on the levels of CCCP mediated Ca2+ release (Figure 5.12).  
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Figure 5.12: CCCP mediated mitochondrial Ca2+ release in CLN2, CLN7 and CLN8 patient 
fibroblast following miglustat treatment. A: Representative traces of the average data for CCCP 

(indicated by the red arrow) mediated mitochondrial Ca2+ quantified in (B-D). Quantified change in 

intracellular Ca2+ release following CCCP (A) in control 1 HF, CLN2 HF (B), CLN7 474 HF (C) & CLN8 

534 HF (D) with whole cells selected as the region of interest in N = 3-5. Error bars indicate SEM.  

 

Ryanodine mediated Ca2+ release from the ER ryanodine receptor and basal 

resting Ca2+ levels also showed no clear difference between the control 1 HF and 

CLN2 HF, CLN7 474 HF and CLN8 534 HF (Figure 5.13). Additionally, there was no 

significant effect of miglustat treatment on basal Ca2+ or ryanodine mediated ER Ca2+ 

release (Figure 5.13).  
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Figure 5.13: Ryanodine mediated Ca2+ release in CLN2, CLN7 and CLN8 patient fibroblast 
following miglustat treatment. A: Representative traces of the average data for ryanodine (indicated 

by the red arrow) mediated ER Ca2+ quantified in (B-D). Quantified change in intracellular Ca2+ release 

following ryanodine (A) in control 1 HF, CLN2 HF (B), CLN7 474 HF (C) & CLN8 534 HF (D). (E-G) 

Intracellular Ca2+ release in control 1 HF, CLN2 HF (E), CLN7 474 HF (F) & CLN8 534 HF (G) with 

whole cells selected as the region of interest in N = 4-5. Error bars indicate SEM. 
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5.3.8 Lysosomal volume following miglustat in CLN8 

The potential beneficial effect of miglustat in CLN8 534 HF seen above led this 

project to explore the effect of miglustat on lysosomal volume in all CLN8 patient cell 

lines using a lysotracker plate assay (Figure 5.14). As seen in Chapter 3, Figure 3.1, 

the only one of the CLN8 patient cells lines that had a significant increase in lysosomal 

volume, when measured by plate assay using LysoTracker green, was CLN8 534 HF. 

The LysoTracker following treatment with miglustat was no longer significant in the 

CLN8 534 HF compared to the untreated control 1 HF (Figure 5.14). Miglustat 

treatment has no effect on lysosomal volume on any of the other CLN8 patient cell 

lines (Figure 5.14).  

 

 

Figure 5.14: Lysotracker plate assay in CLN8 patient cells following miglustat treatment. Quantitative 

plate reader data of control 1 HF and CLN8 HF cells stained with LysoTracker following 7-day treatment 

with 50 µM miglustat. Graphs represent data from N = 2. The error bars indicate SEM. In each N 

comprised of 5 well of cells per cell line. *p ≤ 0.05, Two-way ANOVA with post-hoc Tukey. 
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5.3.9 Curcumin neutraceuticals for NPC1, NPA, CLN3, CLN7, CLN8 and CLN10 

As mentioned above, in Section 5.1.4 and in Chapter 1, curcumin has been 

proposed to have beneficial effects for NPC1 disease through its ability to modulate 

Ca2+ (Lloyd-Evans et al. 2008). Therefore, organelle Ca2+ defects in several lysosomal 

storage diseases were explored to identify LSDs that may benefited from curcumin 

neutraceuticals. This was done by starting with analysis of lysosomal Ca2+ by inducing 

lysosomal Ca2+ release into the cytoplasm of Fura 2,AM loaded cells using 500 µM 

GPN after clamping, and therefore removing, of all other Ca2+ stores with 2 µM 

ionomycin (Figure 5.15). NPC1 patient cells are used here as a control NPC1 disease 

is known to have reduced lysosomal Ca2+ (Lloyd-Evans et al. 2008).  

The reduction in lysosomal Ca2+ seen in CLN8 534 HF (Figure 3.16) was further 

confirmed in Figure 5.15. Similarly, GPN induced Ca2+ release was significantly lower 

in NPA, CLN7 474 HF, CLN8 534 HF, CLN10 HF and as expected in NPC1. On the 

other hand, CLN3 HF displayed significantly increased lysosomal Ca2+ (Figure 5.15) 

as has also been reported previously (Chandrachud et al. 2015). 
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Figure 5.15: GPN-mediated lysosomal Ca2+ is decreased in NPC1, CLN7 474, CLN8 and CLN10 but 

increased in NPA and CLN3. A: Representative traces of the average data for GPN (indicated by the red 

arrow) mediated lysosomal Ca2+ release quantified in (B-G). Quantified changes in intracellular Ca2+ 

release following GPN (A) in NPC1 HF (B), NPA HF (C), CLN3 HF (D), CLN7 474 HF (E), CLN8 534 

(F) HF, CLN10 HF (G) and control 1 HF with whole cells selected as the region of interest. N = 3-5. The 

error bars indicate SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, two tailed t-test.  
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Following the defects in lysosomal Ca2+ seen in Figure 5.15 the levels of ER Ca2+ 

were examined before treatment with curcumin nanoformulations. Thapsigargin, 

which as outlined in Chapter 2 Section 2.3.8, is a competitive inhibitor of SERCA that 

results in ER Ca2+ release via the ER Ca2+ leak channels that subsequently activates 

Ca2+ induced Ca2+ release from the ER RyR and IP3 receptors allowing for ER Ca2+ 

content to be measured (Figure 5.16).  

Thapsigargin at a concentration of 1 µM induced ER Ca2+ release, in NPC1 HF and 

CLN3 HF ER Ca2+ was the same as the control 1 HF (Figure 5.16), as previously 

reported (Lloyd-Evans et al. 2008; Chandrachud et al. 2015), suggesting no defect in 

ER Ca2+ content. NPA HF displayed a significant decrease in thapsigargin mediated 

Ca2+ release (Figure 5.16) suggesting a decrease in ER Ca2+ content, which is in 

keeping with previous data (Ginzburg and Futerman 2005). Conversely, CLN7 474 

HF, CLN8 534 HF and CLN10 HF displayed significantly higher ER Ca2+ content 

following thapsigargin mediated Ca2+ release (Figure 5.16). 
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Figure 5.16: Thapsigargin mediated Ca2+ is increased in CLN7, CLN8 and CLN10 but decreased in NPC. 

A: Representative traces of the average data for thapsigargin (indicated by the red arrow) mediated ER 

Ca2+ release quantified in (B-G). Quantified changes in intracellular Ca2+ release following thapsigargin 

(A) in NPC1 HF (B), NPA HF (C), CLN3 HF (D), CLN7 474 HF (E), CLN8 534 HF (F), CLN10 HF (G), 
and control 1 HF with whole cells selected as the region of interest. N = 4-6. The error bars indicate 

SEM. **p ≤ 0.01, two tailed t-test. 
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The levels of ER Ca2+ were also examined using ionomycin as it releases Ca2+ from 

all stores except from acidic organelles as outlined in Chapter 2 Section 2.3.8. As the 

ER is by far the biggest Ca2+ store, with mitochondrial Ca2+ and resting cytosolic Ca2+ 

levels being negligible in healthy cells as well as lysosomal Ca2+ being impermeant to 

ionomycin, a high concentration of ionomycin in the absence of extracellular Ca2+ 

mediates Ca2+ release predominantly from the ER (Figure 5.17). 

There was no difference seen in ionomycin mediated Ca2+ release in NPC1 HF, 

NPA HF, CLN3 HF, CLN7 474 and CLN8 534 HF (Figure 5.16). This suggests that ER 

Ca2+ content is similar in these cell lines compared to the control 1 HF. On the other 

hand, CLN10 HF had significantly increased ionomycin mediated Ca2+ release (Figure 

5.16). 
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Figure 5.17: Ionomycin mediated Ca2+ is significantly increased in CLN10 but not altered in NPC1, NPA, 

CLN3, CLN7 and CLN8. A: Representative traces of the average data for ionomycin (indicated by the red 

arrow) mediated ER Ca2+ released quantified in (B-G). Quantified changes in intracellular Ca2+ release 

following ionomycin (A) in NPC1 HF (B), NPA HF (C), CLN3 HF (D), CLN7 474 HF (E), CLN8 534 (F) 

HF, CLN10 HF (G) and control 1 HF with whole cells selected as the region of interest in N = 8-12. The 

error bars indicate SEM. **p ≤ 0.01, two tailed t-test. 
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Curcumin has been proposed to increase cytosolic Ca2+, and as prolonged 

elevation in cytosolic Ca2+ can be excitotoxic (Lloyd-Evans et al. 2008; D'Orsi et al. 

2015), levels of basal Ca2+ were examined which was done by simply measuring 

baseline Fura-2,AM fluorescence levels (Figure 5.18). As can be seen in Figure 5.18 

there was no difference in basal Ca2+ levels in NPC1 HF, NPA HF, CLN3, HF, CLN7 

474 HF, CLN8 534 HF and CLN10 HF compared to the control.  

 

 

Figure 5.18: Basal Ca2+ is unchanged in NPC1, NPA, CLN7 CLN8 and CLN10. Quantified intracellular Ca2+ 

levels in NPC1 HF, NPA HF, CLN3 HF, CLN7 474 HF, CLN8 534 HF, CLN10 HF and control 1 HF with 

whole cells selected as the region of interest in N = 4-5. The error bars indicate SEM. No statistical 

significance was seen by one-way ANOVA with post hoc Tukey. 

 

As curcumin has been reported to be beneficial to NPC1 potentially due to the 

decrease in lysosomal Ca2+ content (Lloyd-Evans et al. 2008) along with the decrease 

in lysosomal Ca2+ seen in NPA, CLN7 474 HF, CLN8 534 HF and CLN10 HF (Figure 

5.15) the ability of two curcumin nanoformulations (Table 5.3) at 30 µM for 4 and 24 

hours to reduce lysosomal storage in these diseases was explored. As mentioned in 

the introduction, curcumin is formulated into lipid vehicle nanoformulations in order to 

increase its ability to cross the blood brain barrier, as such when testing the effect of 
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curcumin in patient cells. It is important to test the nanoformulations and not just 

curcumin on its own as this would be representative of what patients would take (this 

was explored and is outlined in the publication Badell-Grau et al. in prep).  

 

Table 5.3: Properties of the curcumin nanoformulations screened.  

Name in 
this 

study 
Formulation Producer Reported lipid content % 

Curcuminoid 

BCM95s BCM-95 Life 
Extension 

Turmeric essential oil, 
lecithin, triglycerides, 

beeswax, sunflower oil 
93% 

SLNL Solid lipid curcumin 
particle (Longvida) Nutrivene Soy lecithin, palmitate, 

stearic acid 23% 

 

BCM95s curcumin treatment at 30 µM for 24-hours led to significantly decreased 

lysosomal volume in CLN7 474 HF and CLN8 534 HF both of which, before treatment, 

have significantly higher lysosomal volume compared to the control (Figure 5.19 Ai, D 

& E). This suggests that BCM95s may ameliorate lysosomal dysfunction in CLN7 and 

CLN8 disease. In contrast, CLN3 HF and NPA HF which also have significantly higher 

lysosomal volume compared to the control 1 HF did not display a reduction in 

lysosomal volume following treatment with BCM95s (Figure 5.19 Ai, B & C). As such, 

BCM95s does not seem to have any beneficial effect on NPA and CLN3.  

When patient cells were treated with SLNL curcumin (Figure 5.19 Aii) the cells 

appeared to shrivel, and cytotoxicity was observed with floating cells in some of the 

experimental repeats making it not possible to quantify the lysosomal area following 

treatment. The cytotoxic and possible increase in lysosomal volume seen suggests 

that SLNL curcumin may be detrimental to LSDs patients and even the control 1 HF.  
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Figure 5.19: Lysosomal area in NPA, CLN3, CLN7, CLN8 and CLN10 patient cells following curcumin 

BCM95s. Ai: Representative images of lysosomal straining (LysoTracker, greyscale) of untreated and 

BCM95s curcumin treated cells quantified in B-F, with a Hoescht33342 nuclear counter stain pseudo 

coloured red. Aii: Representative images of lysosomal straining (LysoTracker) of cells treated with SLN 

curcumin. Scale bar = 10 µm. Quantitative analysis of lysosomal area in NPA (B), CLN3 (C), CLN7 474 

(D), CLN8 534(E) and CLN10 (F) patient fibroblasts. The graph represents data from N = 3-4. The error 

bars indicate SEM. *p ≤ 0.05, **p ≤ 0.01, two-way ANOVA with post-hoc Tukey.  
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Following the potential benefits seen on lysosomal area, the effects of BCM95s 

curcumin on cholesterol puncta area (Figure 5.20) were investigated, as cholesterol is 

a common secondary storage molecule across many LSDs (Platt et al. 2012; Vanier 

and Latour 2015). All the cell lines explored, NPA HF, CLN3 HF, CLN7 474 HF, CLN8 

534 HF, CLN10 HF appeared to have increased cholesterol puncta; however, only 

NPA HF, CLN3 HF and CLN10 HF had significantly increased cholesterol puncta 

compared to the control 1 HF (Figure 5.21 A, B, C & F). There was no effect on the 

levels of cholesterol puncta area following BCM95s treatment (Figure 5.20).  
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Figure 5.20: Elevated cholesterol area in NPA, CLN3, CLN7 and CLN8 and CLN10 is not affected by 

BCM95s treatment. A: Representative images of cholesterol staining (filipin) quantified in B-F of 

untreated and BCM95s curcumin treated cells. Scale bar = 10 µm. Quantitative analysis of lysosomal 

area in NPA (B), CLN3 (C), CLN7 474 (D), CLN8 534(E) and CLN10 (F) patient fibroblasts. The graph 

represents data from N = 3-4. The error bars indicate SEM. *p ≤ 0.05, **p ≤ 0.01, two-way ANOVA with 

post-hoc Tukey.  
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During this project, and in other projects carried out in the Lloyd-Evans lab (Badell-

Grau et al. in prep), in vitro cytotoxicity was seen with some of the nanoformulations 

of curcumin, including those being taken by NPC patients. Of 7 nanoparticles tested, 

3 were found to be toxic and this could not be attributed to either the nanoparticle 

alone as it did not induce toxicity in the absence of curcumin or its ability to release 

ER Ca2+ as all were equally efficient and elevated basal Ca2+ to the same extent after 

24 hours (Badell-Grau et al. in prep).  

To determine how the combination was inducing toxicity, changes in mitochondrial 

Ca2+ levels in NPC1 patient HF were explored. This was done by treating the cells with 

two different curcumin nanoformulations, a fatty acid enriched SLNL that incurs toxicity, 

as mentioned above in Figure 5.19, and a non-fatty acid containing BCM95s, at a 

concentration of 30µM for 24 hours, loaded the cells with Fura 2,AM and stimulated 

mitochondrial Ca2+ release using 5 µM antimycin / 5 µM oligomycin (Figure 5.21) as 

explained in Chapter 2. Following treatment with both nanoformulations in NPC1 

patient and control HFs no significant reductions in mitochondrial Ca2+ release was 

observed apart from the control HF treated with SLNL which had a significant 3.5-fold 

lower mitochondrial Ca2+ (Figure 5.21) compared to the untreated control. 
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Figure 5.21: Treatment with curcumin nanoformulations decreases Antimycin / Oligomycin mediated 

mitochondria Ca2+ release in control HFs. A: Representative traces of the average data for antimycin / 

oligomycin (indicated by the red arrow) mediated mitochondrial Ca2+ released quantified in (B). B: 
Quantified changes in intracellular Ca2+ release following antimycin / oligomycin NPC1 HF and control 

1 HF with whole cells selected as the region of interest. N = 4-5. The error bars indicate SEM. **p ≤ 
0.01, two-way ANOVA with post-hoc Tukey. 

 

Having observed reduced mitochondrial Ca2+ in control cells following 24 hour 

treatment with BCM95s and SLNL curcumin nanoformulations the levels of Ca2+ in the 

mitochondria were explored using another methods of measuring Ca2+ with Rhod-

2,AM as outlined in Chapter 2. The use of Rhod-2,AM (Figure 5.22) was loaded into 

both cytoplasm and mitochondria and then following a pulse chase, it was removed 

from the cytoplasm by the multi drug efflux pumps but the Rhod-2,AM was retained in 

the mitochondria as the rhodamine dye is traped in the mitochondria. This further 

confirmed the reduction in mitochondrial Ca2+ seen in Npc1-/- glia compared to the 

Npc1+/+ control as well as a further reduction in mitochondrial Ca2+ in both cell lines 

following 24-hour treatment with the curcumin nanoformulations BCM95s and SLNL. 

The fine puncta seen when staining with Rhod-2,AM corresponds to mitochondrial 

Ca2+ stores which in the untreated cells are dispersed throughout the cytosol with the 

presence of more Ca2+ inside the wild-type mitochondria (higher peaks in the 

associated graphs).  
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After treatment with SLNL for 24 hours, however, the puncta appears to cluster in 

the perinuclear region in the control Npc1+/+ glia whilst swelling of mitochondria is 

observed in the Npc1-/- cells treated with SLNL which indicates, in both cases, the 

presence of mitochondrial stress, albeit to a greater extent in Npc1-/-. BCM95s, which 

does not cause any toxicity, also reduces the peak height of Ca2+ within mitochondria 

in both Npc1+/+ and Npc1-/-. Nonetheless, it also increases cytosolic Ca2+ via inhibition 

of ER SERCA and as such a combination of elevated cytosolic Ca2+ and reduced 

mitochondrial Ca2+ can be seen. No damage to the mitochondrial network was 

observed following BCM95s as was observed with SLNL. 

 

 

Figure 5.22: Mitochondrial Ca2+ staining in Npc1-/- and control glia following 24-hour treatment with 30 µM 

curcumin nanoformulations. Representative images with graph displaying the signal intensity of 

mitochondrial Ca2+ content with a Hoescht33342 nuclear counter stain pseudocoloured green. The 

representative images were selected from N = 3.  
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5.4 Discussion  

 

In this Chapter the aim was to identify potential drugs or neutraceuticals that could 

be repurposed as beneficial therapies for other LSDs including the CLN8 disease. 

Through HTS using an enzyme drug screen, this project has uncovered 3 small 

molecule compounds that may be of benefit to treat LSDs with deficiencies in GALC. 

This Chapter also identified that there may be other LSDs in which miglustat may have 

beneficial effects on lysosomal storage and ganglioside GM1 localisation including 

CLN2, CLN7 and CLN8. Finally, this Chapter identified the mechanism by which 

certain curcumin nanoformulations incur toxicity and that the nanoformulation BCM95s 

may be beneficial in decreasing storage in LSDs that have decreased lysosomal Ca2+.  

 

5.4.1 GALC enzyme drug screen 

It seems reasonable that recombinant protein should be used for HTS enzymatic 

drug screening; however, using recombinant protein is very expensive and has been 

previously reported to be less accurate than cellular homogenate for HTS due to the 

lack of native cofactors (Golding et al. 2012). The approach in the project was to use 

control cell homogenate rather than the mutant enzyme. Whilst initially perhaps 

counter-intuitive, this provides a method to detect compounds that can modulate 

enzyme activity in different ways. The control enzyme does not have any mutations 

which means that hits that are activators, inhibitors and chaperones may be identified 

which in turn may be effective against a wider variety of enzyme mutations in patients 

(Kollman et al. 2013). To date very few enzyme chaperones have been tested in the 

clinic (e.g. ambroxol) despite a considerable HTS approach to identify such molecules 

(Motabar et al. 2010; Geng et al. 2011; Goldin et al. 2012; Golding et al. 2012; Ribbens 

et al. 2013; Jang et al. 2016). These HTS approaches exclusively use mutant enzyme, 

as such this project utilised a different approach for the HTS screen in the project. 

Chaperones often interact directly with the target protein acting as competitive 

inhibitors which in incorrectly folded protein stabilise the enzyme structure (Berardi et 

al. 2014). This further highlights the benefit of using control cell homogenate as it 

ensures that changes in correctly folded enzyme activity are due to direct interaction 

with the target enzymes rather than modulation of other processes that may be altered 
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in the disease cells (Geng et al. 2011). Additionally, it has been pointed out in the 

literature that using control protein for HTS screening increases the assay signal and 

sensitivity (Inglese et al. 2007) as patient protein only has partial function (Deane et 

al. 2011) and may only allow for the identification of mutation specific chaperones 

(Berardi et al. 2014; Suzuki 2014).  

To date more than 147 mutations in GALC have been identified (Sprately et al. 

2016) some of which have been identified to lead to misfolded protein that is retained 

in the ER and then degraded by ER quality control machinery (Berardi et al. 2014). As 

such proteostasis inhibitors and HDAC modulators have been suggested to be 

potential treatments for LSDs. Nonetheless, clinical evidence so far suggests that long 

term upregulation of the genome is not viable as over time cells find ways to prevent 

or compensate for changes in expression and thus the benefit from these types of 

treatment may be minimal (Xu et al. 2007). On the other hand, small molecule 

compounds that act as chaperones that stabilise misfolded proteins which prevents it 

from being degraded in the ER and allows it to be transported to the lysosome are 

likely to work for longer.  

Restoring as much as 10% GALC activity in Krabbe disease has been reported, in 

principle, to be sufficient to prevent galactosylsphingosine accumulation and 

downstream oligodendrocyte cell loss (Parenti 2009). Also, for Gaucher disease, it has 

been reported that 10% activity of GBA1, the enzyme affected in this disease, is 

sufficient for restoring normal function, as such the threshold that needs to be achieved 

is low. Nonetheless, one of the main issues is whether the drug can cross the blood 

brain barrier (BBB) which is the problem with ambroxol (discussed below) a GBA1 

chaperone that was extremely promising up to clinical trials and worked in peripheral 

tissues but does not appear to cross the BBB at clinically relevant plasma 

concentrations (Weiser 2008). 

In order to carry out a specific drug screen against GALC enzyme activity it was 

first important to set up a GALC enzyme assay; this assay used the fluorescent 

substrate 4MU b-galactoside assay, which was made specific for GALC using AgNO3. 

Using AgNO3 has been reported to abolish b-galactosidase activity (Martino et al. 

2009). A literature search indicated that the use of AgNO3 makes this enzyme assay 

specific to GALC and that the addition of sodium taurocholate would further increase 
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the activity of GALC (Wiederschain et al. 1992; Kiyokawa et al. 2004; Ribbens et al. 

2013) which was confirmed (Figure 5.2).  

Nonetheless, toward the end of this project a colleague in the lab determined that 

AgNO3 does not fully reduce b-galactosidase activity in HF homogenate (Alshehri 

2019). Therefore, the results from the enzymatic drug screen outlined in this Section 

5.3 of this Chapter and those discussed below cannot be attributed with full confidence 

to GALC alone. The hits found during the enzymatic drug screen may in fact be 

modulating b-galactosidase, GALC or both. In the primary screen, however, α-

Iobeline was found to act as a weak inhibitor of the assay which has previously been 

reported as an inhibitor and chaperone of GALC (Lee et al. 2010b; Berardi et al. 2014). 

This implies that whilst the assay is not entirely specific, it does allow for some 

measurement of GALC activity; however, as some b-galactosidase activity remains it 

must be viewed as an assay of both enzymes. As such, the hits identified must in 

future be tested in fibroblasts from both GM1 gangliosidosis and Krabbe disease 

patients. 

Ambroxol was another one of the hits from the HTS that was found to act as a 

chaperone of GALC. Nonetheless, as mentioned above, it is not possible to be fully 

sure whether the small molecule hits are interacting with GALC or b-galactosidase. 

The only way to confirm whether the hit may be of benefit to diseases where GALC is 

affected would be to carry out further tests in those diseases. A final year student that 

was supervised during this project tested the hits in control 1 HF cells and Krabbe HF 

patient cells and found that ambroxol and Ibudilast had a potential beneficial effect on 

lysosomal pH in Krabbe HF cells; whereas, mycophenolate mofetil was cytotoxic 

(Brimer 2017).  

The results from this enzyme are still extremely interesting; particularly, ambroxol 

as it has previously been reported to be a chaperone for glucocerebrosidase (GBA1) 

the enzyme that is defective in Gaucher disease (Maegawa et al. 2009). Maegawa et 

al. (2009) found that ambroxol acts as a perfect chaperone as it binds to miss folded 

GBA1 in the ER which stabilises the enzyme so that it is transported to the lysosome 

and ambroxol then falls off in the lysosome due to the pH. Taken together, the findings 

in this report provide preliminary data that ambroxol may help restore lysosomal pH 

and may be beneficial to defects in GALC, b-galactosidase and GBA1. As defects in 
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GALC have been reported in CLN8 disease previously (Hermansson et al. 2005) the 

effects of ambroxol treatment should be explored in CLN8. This was going to be 

carried out during this project but due to unforeseen time constraints it was not 

possible to complete these experiments. 

The fact that the literature has already reported the potential beneficial effects of 

ambroxol in LSDs, such as being a GBA1 chaperone, along with the fact that in this 

study it was seen to be a potential chaperone of the destabilised enzyme made this 

compound the lead hit. Nonetheless, it is important to first confirm whether the drug 

hits identified in this project target GALC. This may be done by using purified GALC 

enzyme; however, this was beyond the budget of this project as sufficient purified 

enzyme for thermal denaturation or circular dichroism studies is expensive. It was part 

of the plan of this project to confirm potential beneficial effects of the drug hits in 

Krabbe HF cells and other LSDs that have defects in GALC, but there was not enough 

time to complete this. Future work should confirm the effect of ambroxol, ibudilast and 

mycophenolate mofetil on cellular dysfunction of LSD patient cells with known defects 

in GALC or b-galactosidase such as Krabbe disease patient cells and GM1 

gangliosides patient cells. 

It is not difficult, however, to see how ambroxol might target all three enzymes as 

there is evidence from imino sugar compounds for galactose and glucose that are able 

to bind the same enzymes (Giuglliani et al. 2013). Miglustat (N-butyl-1-

deoxynojirimycin), an imino sugar analogue of D-glucose, targets glucosylceramide 

synthase (Figure 5.1); however, sometimes miglustat and migalastat, the galactose 

equivalent, as well as glucose target the same enzyme. Therefore, it is possible that 

ambroxol may target both GALC and b-galactosidase as such making a pro-drug 

version via medicinal chemistry that crosses the blood brain barrier may present an 

effective treatment for CLN8, Krabbe or LSDs with b-galactosidase deficiencies such 

as GM1 gangliosidosis (Alshehri 2019). 

Interestingly, mycophenolate mofetil has been trial in CLN3 but the results did not 

show much improvement (NCT01399047). It was trailed in CLN3 due to its anti-

inflammatory properties (Sokolowski et al. 1995; Seehafer et al. 2011; Augustine et al. 

2019) as inflammation has been observed in CLN3 mouse models (Grubman et al. 

2014); however, inflammation is often a downstream phenotype in other LSDs with 
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glycosphingolipid storage. This highlights the importance of understanding disease 

events from cells to animal models and biochemical analysis of tissues. If disease 

phenotypes are well characterised, then pathogenic cascade of events can be 

determined, as has been done for NPC1 disease (Lloyd-Evans and Platt 2010), which 

increases the chances of finding a therapy that is beneficial to patients.  

 

5.4.2 Miglustat for NCLs 

Miglustat is currently being used to treat 2 different LSDs as outlined in Section 5.1 

above. It is also currently in trials to treat other lysosomal storage diseases such as 

GM2 gangliosidoses (NTC0382201). Miglustat also went through trials for MPS but 

was found to not have significant beneficial effect (Ortolano 2016). As mentioned 

above, miglustat may be beneficial in disease that have glycosphingolipid storage 

which has been reported in the NCLs (Hermansson et al. 2005; Kollman et al. 2013). 

 

5.4.2.1 Lysosomal area following miglustat treatment 

In this report CLN2 HF, CLN7 474 HF and CLN8 534 HF were all found to have 

significantly elevated lysosomal area which indicates lysosomal expansion and 

storage (Figure 5.9). Following 50 µM miglustat treatment for 7 days, CLN2 HF had 

significantly lower lysosomal area compared to the untreated CLN2 HF (Figure 5.9 A 

& B) which would indicate a decrease in lysosomal accumulation and possibly 

ameliorating lysosomal function as has been reported for NPC1 disease following 

miglustat treatment (Lachmann et al. 2004; te Vruchte et al. 2004; Patterson et al. 

2007). Similarly, CLN7 474 HF and CLN8 534 HF displayed a decrease in lysosomal 

area which was not significantly lower to the untreated but was also no longer 

significantly higher than the control 1 HF. This indicates that miglustat may also have 

a slight positive effect on lysosomal accumulation in CLN7 and CLN8, a longer 

incubation time may be necessary as glycosphingolipid turnover is slow (Skotland et 

al. 2016). 
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5.4.2.2 Autophagic compartment area following miglustat treatment 

Similar to lysosomal volume, CLN2 HF and CLN7 474 HF have significantly more 

autophagic compartment area (Figure 5.10) which indicates either accumulation of or 

a failing to clear autophagosomes. Despite a potential improvement in lysosomal 

function, there was no significant effect following miglustat treatment on autophagic 

vacuole area in any of the cell lines examined; however, CLN7 474 HF treated with 

miglustat no longer had significantly increased autophagic compartment volume 

compared to untreated control 1 HF. This may indicate that the treatment is starting to 

have an effect on the autophagic dysfunction in CLN7 cells and suggests that a longer 

treatment might ameliorate this downstream phenotype.  

Autophagic staining in CLN8 534 HF appears to be higher than the control 1 HF but 

was extremely variable as seen in Chapter 3 (Figure 3.4). The high degree of variability 

may explain the lack of significance between the CLN8 534 HF and control 1 HF in 

autophagic compartment area staining. Longer miglustat treatment may allow more 

time for the autophagic system to clear the backlog and clear defective mitochondria. 

As such future experiments with longer miglustat treatment should be carried out in 

CLN2, CLN7 and CLN8 patient cells.  

 

5.4.2.3 Ganglioside GM1 area following miglustat treatment 

Accumulation of ganglioside GM1 in lysosomes may indicate defects in the 

transport of lipids out of the lysosome, in their degradation or in endo-lysosomal 

trafficking (Lachmann et al. 2004). Endo-lysosomal trafficking defects have also been 

shown to improve following miglustat treatment in another disease with lysosomal 

dysfunction (Lachmann et al. 2004). There are several lysosomal enzymes that are 

involved in the breakdown of glycosphingolipids such as b-galactosidase which is 

affected in CLN8 534 (Chapter 3 Figure 3.11). Furthermore, the CLN8 protein has 

been suggested to be required for the transport of many lysosomal proteins to the 

lysosome (di Ronza et al. 2018). This highlights another reason why miglustat may be 

of benefit to certain CLN8 disease mutations that cause glycolipid storage.  

Therefore, the localisation of ganglioside GM1 was examined (Figure 5.11) which 

showed similar results to those seen in lysosomal volumes (Figure 5.9). All three cell 

lines examined, CLN2 HF, CLN 7 474 HF and CLN8 534 HF had a significant increase 
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in the percentage of cells with punctate ganglioside GM1 staining. Normally, 

ganglioside GM1 staining is more diffuse indicating predominantly plasma membrane 

distribution; however, when it is being accumulated in lysosomes or there is a lipid 

trafficking defect leading to lysosomal and cellular dysfunction ganglioside GM1 

staining displays clear punctate distribution (Lachmann et al. 2004; Acosta et al. 2016). 

Miglustat treatment led to a significant decrease in punctate distribution of 

ganglioside GM1 in CLN2 HF which indicates decrease in lipid storage in lysosomes 

which may be due to increase in enzyme activity or that the localisation was 

normalised due to improved lipid-trafficking as has been reported in NPC1 disease 

following miglustat treatment (Lachmann et al. 2004). Regardless, reduction in lipid 

storage is beneficial for lysosomal function and has previously been reported to lead 

to improved cellular function and increased cell survival in LSDs such as NPC1 

(Lachmann et al. 2004; Stein et al. 2012).  

 

5.4.2.4 Organelle Ca2+ following miglustat treatment 

Defects in Ca2+ levels in different cellular compartments and the effect of miglustat 

treatment on these were explored in CLN2 HF, CLN7 474 HF and CLN8 534 HF. 

Ryanodine mediated ER Ca2+ release showed no significant alteration in ER Ca2+ in 

any of these three cell lines (Figure 5.13). CCCP mediates Ca2+ release from the 

mitochondria, however, was seen to be lower in all three cell lines. Nonetheless, 

miglustat treatment had no effect on CCCP mediated Ca2+ release.  

The CCCP mediated Ca2+ release appears to be faster in the CLN2 HF, CLN7 474 

HF and CLN8 534 HFs than the control regardless of treatment which may be due to 

the membranes in the patient cells being depolarised leading to a faster Ca2+ 

response. In fact, mitochondrial membrane depolarisation has been reported 

previously in LSDs such as Pompe disease and Gaucher disease (Raben et al. 2012; 

Cleeter et al. 2013). Additionally, previous work has also found mitochondria Ca2+ 

defects in the CLN8mnd mouse (Kolikova et al. 2011). Mitochondrial membrane 

depolarisation can be measured using the cationic fluorescent probes (Facompré et 

al. 2000) which could be used in future studies to investigate mitochondrial membrane 

depolarisation in CLN2, CLN7 and CLN8. 
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In this study, lysosomal Ca2+ was found to be lower in CLN7 474 HF and CLN8 534 

HF (Figure 5.15 A, E & F). It may be of interest to examine the effects of miglustat 

treatment on lysosomal Ca2+ in CLN2, CLN7 and CLN8 as previous studies have 

shown that miglustat treatment improves the lysosomal Ca2+ defects in NPC1 (Fineran 

et al. 2016). Additionally, miglustat has been shown to correct the SERCA Ca2+ uptake 

defect in the Sandhoff disease Hexb-/- mouse model (Pelled et al. 2003). 

Therefore, the potential improvements that were seen on ganglioside GM1 

distribution following miglustat treatment along with the literature suggests that it may 

be the case that miglustat rescues the lysosomal Ca2+ defect in CLN7 474 HF and 

CLN8 534 HF and as such this should be explored. Nonetheless, the effects of 

miglustat treatment on lysosomal Ca2+ and lysosomal Ca2+ levels in CLN2 HF were 

not explored due to the pandemic (Chapter 6 Table 6.1). Future experiments should 

be carried out to first determine whether there is a lysosomal Ca2+ defect in CLN2 HF 

and whether miglustat is able to rescue this defect in CLN7 474 HF, CLN8 534 HF 

and, if present, in CLN2 HF.  

 

5.4.2.5 Effect of miglustat on lysosomal area in other CLN8 patient cells 

Following the potential decrease in lysosomal area seen in CLN8 534 HF after 

miglustat treatment the effects of miglustat on lysosome area measured via 

fluorescence plate assay was examined across the other CLN8 patient cell lines 

(Figure 5.14). As seen in Chapter 3 (Figure 3.1), only CLN8 534 HF had significantly 

higher lysosome staining which was no longer significant following miglustat 

treatment. There was not much change seen in the other CLN8 patient cell lines after 

miglustat treatment which may be due to the variability in cellular phenotypes observed 

in CLN8 patient cells in Chapter 3.  

It is important to note that CLN8 disease is an extremely variable disease within 

and between patients as described and discussed in Chapter 3. This means that any 

improvement seen in CLN8 534 HF needs to be rigorously validated due to variability 

in disease phenotype. Additionally, any possible compounds that show benefit in 

CLN8 should be explored in many different patient mutations in order to ascertain 

whether they may be of benefit to all CLN8 patient mutations or if they are only 

beneficial to certain mutations.  
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5.4.2.6 Miglustat treatment overview 

Miglustat, which is the available disease modifying treatment for NPC1, has been 

shown to not decrease cholesterol accumulation in Npc1-/- mouse model (te Vruchte 

et al. 2004). Miglustat treatment in NPC1 has not only been shown to reduce 

lysosomal storage but also has been found to ameliorate endo-lysosomal trafficking 

defects and rescue Purkinje neurons functions and survival (Lachmann et al. 2004; 

Patterson et al. 2007; Stein et al. 2012). This indicates that although a small molecule 

therapy does not ameliorate all cellular dysfunction it may still be a disease modifying 

therapy.  

Overall, the more phenotypes a drug therapy is able to improve, the better the drug 

is and the more likely it is to be clinically applicable (Kolter and Sandhoff 2005; Szabo 

et al. 2017). Nonetheless, this is not always the case for example, cyclodextrin reduces 

all storage in NPC1 disease but clinical trials found it caused hearing loss (Crumling 

et al. 2017) leading to the trail being halted in Europe. Therefore, even if a drug 

appears to ameliorate more phenotypes in a drug screen several factors need to be 

weighed up when selecting which drug to take forward, such as, effectiveness, toxicity 

and the ability to cross blood brain barrier (Kolter and Sandhoff 2005). 

It is important, however, that the results be taken with relative caution as the effect 

of miglustat treatment, although potentially beneficial, still needs to be further validated 

and explored in animal models. Future work into the potential benefit of miglustat for 

certain NCLs would allow to uncover whether miglustat may lead to beneficial effects 

in patients.  

That being said, the fact that it showed some potential benefit, particularly in CLN2, 

after further validation, may provide a possible therapy that could improve patient 

quality of life and disease. Furthermore, miglustat has extensive safety background, 

as it underwent clinical trial studies for HIV (Pollock et al. 2008), NPC1 disease 

(Lachmann et al. 2004), Gaucher Disease (Bennett and Mohan 2013) and as a 

potential male contraceptive (van der Spoel et al. 2002). The metabolism of miglustat 

is well understood and is known to be removed from the body in the urine with minimal 

and manageable side effects. Therefore, miglustat represents a drug that could be 

repurposed with relative ease.  
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5.4.3 Curcumin for LSD with Ca2+ defects 

Previous reports of the beneficial effects of unformulated curcumin in LSDs such as 

NPC1 (Lloyd-Evans et al. 2008; Efthymiou et al. 2014; Williams et al. 2014) as well as 

work in the Lloyd-Evans lab have shown that the beneficial effects following curcumin 

treatment results from the ability of curcumin to modulate Ca2+ levels, rather than 

antioxidant effects (Badell-Grau et al. in prep). This study thus explored the possible 

benefits of two different curcumin nanoformulations in several LSDs that have ER and 

lysosomal Ca2+ defects (Figure 5.15, 5.16, 5.17 & 5.19).  

Curcumin is commonly formulated into lipid vectors as this improves delivery of 

curcumin across the blood gut barrier, leading to higher concentrations of curcumin 

reaching the blood as well as decreased renal clearance (Bi et al. 2017). These 

curcumin nanoformulations will therefore facilitate therapeutic concentrations of 

curcumin in the blood; however, evidence from other LSDs such as NPC disease 

indicates that the use of curcumin nanoformulations may be dangerous given the 

aforementioned toxicity (Badell-Grau et al. in prep). It is therefore important, that the 

toxicity as well as the beneficial effects of these curcumin nanoformulations is properly 

explored in other LSDs to mitigate that issues, such as those seen in NPC, do not 

occur in other LSDs. 

Of the two curcumin nanoformulations tested, only BCM95s led to a decrease in 

lysosomal area in LSDs with decreased GPN-mediated lysosomal Ca2+ release 

(Figure 5.16 & 5.19). BCM95s did not have any beneficial effect on lysosomal area 

(Figure 5.19) on NPA, which has low ER Ca2+ (Figure 5.16 & 5.17), presumably due 

to a lack of ER Ca2+ for release to increase cytosolic Ca2+. Additionally, lowering ER 

Ca2+ further in LSDs with low ER Ca2, such as NPA, may be detrimental.  

That NPA showed significantly decreased ER Ca2+ (Figure 5.16) when measured 

using thapsigargin and not ionomycin is noteworthy. Changes in ER Ca2+ incurred by 

thapsigargin are due to alterations in ER channels, leading to ER Ca2+ release as 

described by (Ginzburg and Futerman 2005). Ionomycin conversely releases Ca2+ 

form all non-acidic Ca2+ stores and is thus not fully specific to ER Ca2+. 

Of the cell lines with decreased lysosomal Ca2+, CLN10 exhibited the least change 

following BCM95s treatment. In fact, BCM95s treatment might lead to a slight increase 

in lysosomal volume, but not significantly so. That CLN10 has decreased lysosomal 
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area when using the LysoTracker probe (Figure 5.19) is currently poorly understood 

but may be due to a defect in lysosomal pH in CLN10 (Kirkham 2020), as LysoTracker 

is a pH-dependant probe (Xu et al. 2014).  

An increase in cytosolic Ca2+ facilitates fusion of lysosomes with the plasma 

membrane for exocytosis, and fusion with other endo-lysosomal vesicles. Therefore, 

the capacity of curcumin to increase cytosolic Ca2+ increases lysosomal fusion events, 

further reducing lysosomal storage as vesicle machinery fusion is Ca2+ dependant 

(Lloyd-Evans et al. 2008). This is particularly true in LSDs with decreased lysosomal 

Ca2+ as the curcumin-mediated increase in Ca2+ compensates for this reduced 

lysosomal Ca2+ (Lloyd-Evans et al. 2008). 

The reduced lysosomal Ca2+ in these LSDs can be produced by many factors. It is 

possible that the contact points between the ER and the lysosome are affected in the 

NCLs, leading to higher ER Ca2+ and lower lysosomal Ca2+ (Garrity et al. 2016; Atakpa 

et al. 2018). Possible defects in ER-lysosomal contact points have been reported 

previously in CLN8 disease as CLN8 may interact with proteins such as VAPA which 

are involved in ER-lysosomal contact points (Passantino et al. 2013). This is clearly 

not the case in CLN3 which has elevated lysosomal Ca2+ and no change in ER Ca2+. 

CLN3 does not have decreased lysosomal Ca2+ and is thus not benefited by curcumin-

mediated increased cytosolic Ca2+. 

SLNL curcumin was seen to not be beneficial to any of the LSDs tested in the 

Chapter (Figure 5.19). Furthermore, other work in the ELE lab showed that SLNL 

curcumin could detriment to NPC1 disease. This was particularly true in NPC1 in vivo 

fish models which were negatively affected by SLNL curcumin treatment (Badell-Grau 

et al. in prep). It was not possible to fully quantify the effects of SLNL treatment in the 

LSDs tested as it was cytotoxic in many cases. As Borbon et al. (2012) reported, 

curcumin formulated into lipidated vectors such as SLNL have little to no benefit in 

NPC1. It is feasible that the SLNL lipid content may also lead to increased lysosomal 

storage which is detrimental to LSDs that already have lysosomal storage. 

SLNL detriments lysosomal storage phenotypes through toxicity from a combination 

of the nanoparticle fatty acid lipid mix in conjunction with curcumin, and its effect on 

the mitochondria (Figure 5.21 & Figure 5.22; Badell-Grau et al. in prep). Previous 

publications have suggested that some approved formulations may actually modulate 
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physiologically relevant targets (Pottel et al. 2020) which may be the case with the 

fatty acid mixed with curcumin in neutraceuticals such as SLNL. As outlined in Chapter 

1, the mitochondria act as a Ca2+ buffer, maintaining low cytosolic Ca2+. Mitochondrial 

defects that affect its ability to buffer Ca2+ have been linked to neurodegeneration in 

LSDs like CLN8 (Kolikova et al. 2011). SLNL may therefore be producing cytotoxicity 

by affecting mitochondrial Ca2+, leading to further cell stress in LSD patient cells.  

Although BCM95s reduced lysosomal storage in CLN7 474 HF and CLN8 534 HF, 

and potentially rescued the CLN10 pH defect (Figure 5.19), no benefit was observed 

to lysosomal cholesterol mis-localisation and storage following BCM95s treatment. 

Curcumin treatment has been previously reported to decrease cholesterol storage in 

NPC1 (Lloyd-Evans et al. 2008); this is not the case in the NCLs which may be due to 

the activity of enzymes involved in the processing of cholesterol, such as acid lipase 

(Dudland and Francis 2015) being affected in the NCLs and not in NPC1. While no 

changes in acid lipase activity were observed in CLN8 in this study (Chapter 3 Figure 

3.11), other enzymes involved in cholesterol processing may be defective or the 

variability in CLN8 may have obscured defects in acid lipase. Therefore, BCM95s may 

be of benefit to lysosomal storage in CLN7 474 HF, CLN8 534 HF and lysosomal pH 

defects in CLN10 but does not ameliorate cholesterol storage in these diseases. The 

effects of BCM95s on further cellular phenotypes in these diseases and other NCLs 

and LSDs should be explored in future. 

Badell-Grau et al. (in prep) and this report identified and elucidated the detrimental 

effects of certain curcumin nanoformulations to LSDs. A comprehensive 

understanding of compounds under consideration for therapeutic benefit to any 

disease, and how their formulations affect diseases such as LSDs is therefore critical. 

The consideration of nutraceuticals for novel therapies is an important frontier in 

medical science, but these findings illustrate that unforeseen negative effects may 

mitigate any benefits and that it is imperative to clinically test formulations of these 

drugs prior to condoning their use by the public. 
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5.5 Conclusion 

 

The HTS identified 3 compounds ambroxol, mycophenolate mofetil and ibudilast as 

possible chaperones for GALC or b-galactosidase. These results present 3 

compounds with the potential benefit for diseases such as Krabbe disease, GM1 

gangliosidosis and CLN8 disease. Further research should confirm the potential 

benefits of these compounds as they represent a possible way to repurpose FDA 

approved drugs for these LSDs that currently have no therapy.  

In this Chapter, miglustat was also identified to have potential beneficial effects in 

CLN2, CLN7 and CLN8 which presents a possible drug that may be quickly developed 

as it is already approved for other diseases with extensive safety data. Nonetheless, 

further work is required in order to confirm the benefits to these diseases such as 

exploring the effects of miglustat on other cellular phenotypes like lysosomal Ca2+, 

mitochondrial depolarisation using MitoTracker CMXRos and endo-lysosomal 

trafficking using a live pulse-chase CtxB-FITC assay.  

As most LSDs are lipid storage diseases, the use of lipidated vehicles for treatment 

may not be the most appropriate approach as the lipids in the treatment may increase 

the load on an already strained lysosomal network. It is also extremely important to 

take care when formulating or considering the use of compounds that may have 

benefit to LSDs with other compounds that may lead to unforeseen toxic effects which 

may cause the end formulation to in fact be detrimental instead of beneficial to the 

disease. 
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Chapter 6 Overall Discussion & Conclusions 
 

6.1 Summary of findings 

 

There is a dearth of knowledge in the cellular mechanisms behind CLN8 disease. 

This thesis aimed to investigate the cellular phenotypes in CLN8 disease and use 

these phenotypes for drug screening and drug repurposing for LSDs.  

The results in Chapter 3 showed a high amount of phenotypic variability in the 

cellular phenotypes in CLN8 disease patient fibroblasts making most of them 

unsuitable for drug screening. These results revealed that the variability in cellular 

phenotypes in CLN8 disease was not only between patient cell lines but also within 

the patient cell lines. Nonetheless, certain phenotypes, such as Ca2+ dyshomeostasis 

and lysosomal enzyme activity deficiencies, were robust enough that they may be 

used for drug screening, particularly in the CLN8 patient cell line CLN8 534 HF.  

Chapter 4 confirmed the presence of classical NPC1 phenotypes in a fast-growing 

glia cell model that are robust and can be used for drug screening for compounds that 

may be beneficial to LSD common phenotypes. In this Chapter the use of this LSDs 

glia model in a drug screen was confirmed by screening arimoclomol-like compounds 

that may have beneficial effects on the cellular dysfunction in several LSDs with 

mutation that may have partial protein function, including CLN8 disease. Furthermore, 

in Chapter 4 arimoclomol was found to be beneficial in reducing lysosomal storage in 

NPC1 disease by two mechanisms, one is by directly affecting mutant NPC1 protein 

in patient cells and a second undetermined mechanism, likely by stabilisation of 

lysosomal function by HSP70 (Kirkegaard et al. 2010), that also reduces lysosomal 

storage in the absence of NPC1 protein.  

Arimoclomol may be beneficial to CLN8, especially the cell lines with variable 

phenotypes, as residual functional protein may be increased. Additionally, the 

stabilisation of lysosomal function, especially lysosomal enzymes, by arimoclomol 

induced elevation of lysosomal enzyme activity may also prove beneficial for CLN8 

considering the changes in enzyme activity observed in this project and reported in 

the literature (di Ronza et al. 2018; Bajaj et al. 2020). Unfortunately, due to the closure 
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of the lab during the pandemic it was not possible to carry out the test of arimoclomol 

in CLN8 cells as was planned.  

Chapter 5 focused on drug repurposing for LSDs, which, through high-throughput 

drug screening against the activity of GALC, found 3 compounds that may be of benefit 

to GALC or b-galactosidase or both. The next step is to test their impact on Krabbe, 

GM1 gangliosidosis and CLN8 cells, this was planned but was also impacted by the 

pandemic (Table 6.1). In Chapter 5 the effects of miglustat on several cellular 

phenotypes of CLN2, CLN7 and CLN8 patients’ cells, such as lysosomal accumulation 

and ganglioside GM1 storage, suggest that miglustat may be beneficial for these 

diseases. Finally, work in this chapter found that some curcumin nanoformulations 

may be beneficial to LSDs with decreased lysosomal Ca2+ or elevated ER Ca2+ 

content; whilst, some curcumin nanoformulations may in fact be detrimental to LSDs 

owing to the lipid content of their formulation. This work highlights the care that needs 

to be taken by patients and families when considering the use of neutraceuticals and 

that clearly more work is required here to understand the potential impact of non-

standard drug formulation materials upon lysosomal storage disorder cellular and 

tissue phenotypes. 

 

6.2 Discussion 

 

6.2.1 CLN8 phenotypic variability 

It is important to note that rare diseases by their nature make it more difficult to 

obtain samples which makes it harder to overcome obstacles such as the high degree 

of variability seen in CLN8 patient cell lines during this project. Rare disease research 

often lacks statistical power due to the low number of patient samples. In fact, there 

have been calls for a decrease in the dependence on statistical significance when it 

comes to rare disease research due to the difficulty to obtain statistical power (Mitani 

and Haneuse 2020). Additionally, the variability in CLN8 patient cells makes it more 

difficult to achieve statistical significance requiring a vast number of Ns which makes 

HTS unfeasible. It is important to note that the phenotypic variability seen in CLN8 is 

specific to CLN8 and does not arise from any of the methods used as can be seen by 

the far lower degree of variability observed in CLN2, CLN7 (Chapter 5 Figure 5.9 & 
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5.10), Npc-/- glia (Chapter 4 Figure 4.1 – 4.4) and in other LSDs (Lloyd-Evans et al. 

2008; Chandrachud et al. 2015; Vanier and Latour 2015) including the NPC1 HF as 

shown by Alshehri and Lloyd-Evans (data not shown). 

Due to the variability observed in CLN8 throughout this project meant that CLN8 

patient cells were not the most suitable for drug screening. The variability means that 

higher repeat numbers are needed to obtain significance making drug screens of large 

number of compounds harder and more expensive. Alternative models for CLN8 

disease such as knockout cell lines were explored but the cost and time to obtain these 

were not within the remit of this project. Furthermore, there is a mouse model of CLN8 

disease (Kuronen et al. 2012) but it was not available during this project making its 

use impossible. Nonetheless, the phenotypes observed in CLN8 patient HFs merit 

further investigation and different approaches to increase our understanding of the 

underlining disease mechanism. 

The absence of a full knockout cell line or mouse material meant it was not possible 

to determine a baseline of these phenotypes. A knockout would elucidate whether the 

phenotypes are truly due to the production of residual mutant CLN8 protein as if the 

knockout has different phenotypes than the CLN8 patient HF this would demonstrate 

that mutant protein is functioning in some way. Nonetheless a knockout may show that 

even without the presence of CLN8 the variability is present which could indicate that 

there may be modifying proteins that impact CLN8 pathways. During the project the 

use of siRNA was also considered; however, the lack of a CLN8 antibody and the fact 

that the half-life of the CLN8 protein is not known means that testing for silencing was 

not possible. After having worked on the cellular phenotypes of CLN8 for two years 

trying to understand the variability it became apparent that no more time could be lost 

which led this study to explore alternatives for HTS.  

 

6.2.2 LSD drug screening model  

Having spent over half of the length of this project attempting to record and 

understand the cellular phenotypes and the variability of these in CLN8 disease patient 

cells it became clear that these may not be appropriate for HTS. Consequently, it was 

decided to report and document why robust cellular screening phenotypes are critical. 

In order for this, NPC1 disease was used mainly due to the fact that the cells have 
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robust phenotypes (Lloyd-Evans et al. 2008), there are existing approved treatments 

(Lachmann et al. 2004; Patterson et al. 2007; Stein et al. 2012) allowing for the 

screens to be validated and there has been some HTS screening carried out 

previously although none that have had great success.  

Chapter 4 demonstrates that LysoTracker, one of the phenotypes that could be 

used for CLN8 534 HF, was a robust HTS screening tool for NPC1 disease allowing 

the identification of miglustat and arimoclomol. Previous studies that focused on 

cholesterol as a screening tool alongside short incubation times typical of HTS meant 

that approved drugs like miglustat were being missed (Yu et al. 2014).  

The Npc1-/- glia cell line not only had robust phenotypes but also was a fast-growing 

cell line which facilitates drug screening of large number of compounds increasing the 

likelihood of finding compounds that may be of benefit to a disease (Sofroniew and 

Vinter 2010). It is important to choose the correct system for drug screening with robust 

phenotypes which increases the likelihood of finding compounds that actually 

ameliorate the cellular dysfunction which in turn increases the likelihood of identifying 

compounds that may be of benefit to the disease (Zheng et al. 2015; Coorper et al. 

2018).  

The use of this cell model during this project enabled the identification of multiple 

arimoclomol like compounds which were of benefit to phenotypes in the glia cells. This 

showed that the use of knockout models with correct choice of phenotypes that have 

a dynamic range can accurately identify drugs that may be of benefit to LSDs. 

Nonetheless, knockout models may not always be the best model as sometimes it 

may be beneficial to screen against the mutant protein as shown in Chapter 4 with the 

effect of arimoclomol on mutant NPC1 observed. Ultimately, LSD patients are not 

knockout, so the best cell type to use is mutant patient cells but with a robust 

phenotype such as LysoTracker. Thus, for CLN8 this was a problem as the 

phenotypes are not robust and are variable within experiments as discussed above. 

Overall, the development of the Npc1-/- glia screening model provided a platform for 

other projects to perform drug screens to further identify other compounds that may 

be of benefit to NPC1 disease and other LSDs. Therefore, a robust model as the one 

shown in Chapter 4 provides a strong first step for the identification of compounds that 

should be tested further in the search for LSD therapies.  
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6.2.3 LSD drug screening 

It is important to note that this project focused on drug repurposing instead of 

screening completely novel compounds. As mentioned in Chapter 5 drug development 

of novel compounds is a long, expensive and complicated process with an extremely 

high failure rate (Szabo et al. 2017; Pushpakom et al. 2019). Therefore, drug 

repurposing has become more and more popular as known compounds have been 

found to have new application in treating other diseases (Pushpakom et al. 2019) as 

repurposing offer pathways to drug developing using drugs that have already been 

studied and are known to be safe, decreasing development costs and increase 

development timelines. Additionally, the use of cellular phenotype-based drug 

screening is widely used in drug discovery (Silverman et al. 1998; Chandrachud et al. 

2015; Huang et al. 2020).  

The absence of many robust phenotypes in the CLN8 patient cell lines led this study 

to choose drug HTS via the use of enzyme assay as was shown in Chapter 5. As 

mentioned previously, CLN8 has been reported to act as a chaperone of certain 

lysosomal enzymes (di Ronza et al. 2018; Bajaj et al. 2020) which may explain the 

defects in lysosomal enzyme activities observed during this study (Chapter 3 Figure 

3.11). Therefore, compounds that stabilise lysosomal enzymes and act as chaperones 

may be of benefit in CLN8 disease as it may help overcome the deficiency in CLN8 

function. Alternatively, a compound like arimoclomol that stabilises lysosomes, acts 

as a chaperone and is a genome upregulator may also be beneficial to CLN8 patients. 

Although, there may be less lysosome enzymes reaching the lysosome the residual 

enzyme activity in lysosomes might be boosted by stabilisation effect of increased 

HSP70 on lysosomal LBPA (Kirkegaard et al. 2010). Additionally, the upregulation of 

their biosynthesis might result in more production and perhaps some might make their 

way out of the ER in absence of functional CLN8. Nonetheless, this report managed 

to create a drug screen that found compounds independent of the variable CLN8 cells 

that may have a potential to treat CLN8 through repurposing.  

Furthermore, some drugs were tested such as miglustat and curcumin 

nanoformulations using the CLN8 cellular phenotypes, but the variability ultimately 

meant that screening large numbers of compounds was not possible. The variability 

also meant that the number of phenotypes that were examined was limited and as 
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mentioned in Chapter 4 the more cellular phenotypes used in drug screening the 

higher the likelihood of successful candidates being identified (Szabo et al. 2017).  

Drug repurposing has been previously successful in LSDs with the development of 

miglustat a drug initially believed to act as an anti-retroviral and anti-HIV drug which 

failed, as it does not enter the ER at a high enough concentration to have a significant 

effect in HIV patients in clinical trial (Dedera et al. 1990; Tierney et al. 1995; Ficicioglu 

2008). Therefore, by the time the drug was explored as a treatment for storage 

diseases such as Gaucher disease and NPC1 disease, due to the fact that it inhibits 

glycosphingolipid biosynthesis, there was already some safety data in patients making 

it more likely to be approved and less likely to fail due to safety concerns. This 

highlights not only the advantages of repurposing drugs but more importantly the 

success of doing so in LSDs.  

Therefore, drug repurposing offers a proven route to drug development for LSDs as 

such this project focused on screen drugs that may be repurposed for LSDs such as 

those outlined in Chapter 5. For example, the drugs identified in the HTS in Chapter 5 

such as ambroxol show potential to treat LSDs such as CLN8 with deficiencies in 

GALC and/or b-galactosidase as well as already having known safety data from trials 

in Gaucher disease, Parkinson disease and acute cough (NCT01463215, 

NCT02941822 & NCT03415269). Unfortunately, ambroxol was reported to not be able 

to cross the blood brain barrier (Weiser 2008); however, the potential beneficial result 

of ambroxol in Chapter 5 warrant drugs with similar structure and properties to be 

explored in order to identify candidates that may be beneficial to LSDs in a similar or 

better manner with the ability to cross the BBB as was carried out for arimoclomol-like 

compounds during this study (Chapter 4 Figure 4.12). 

Another example of drug repurposing carried out during this project was the screen 

of compounds with similar structure and similar properties to arimoclomol in Chapter 

4 when confirming the NPC1 cellular model as a robust model for drug screening for 

LSDs. This showed some compounds that have potential to reduce storage in LSDs, 

particularly, NPC1 but potential others and further experiments are currently being 

carried out in the Lloyd-Evans lab to further explore the potential of these compounds 

as LSD therapies.  
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A further example is the potential use of miglustat to treat CLN2, CLN7 and CLN8 

as NCLs have been reported to stored glycosphingolipids (Jabs et al. 2008; Kang et 

al. 2014). The results seen during this project offer at the least preliminary data that 

suggest that miglustat may be of benefit to these diseases and, if further confirmed, 

offers a pathway for a therapy for these diseases that would be faster than developing 

novel drugs, ultimately helping patients of these diseases with an unmet medical need.  

Neutracutical compounds that may be of benefit to certain LSDs were identified and 

explored in Chapter 5 with one curcumin nanoformulation being identified to be 

beneficial to LSDs with decrease lysosome Ca2+. Nonetheless, there is a potential 

danger with the use of neutraceuticals due to the toxicity observed from the lipid 

delivery vehicle added to the curcumin formulation. This danger associated with the 

inactive ingredients have recently been reported with some being shown to potentially 

directly modulate physiologically relevant targets (Pottel et al. 2020). Therefore, 

although curcumin may be of benefit to LSDs with lysosomal Ca2+ defects, care must 

be taken with these off the counter treatment.  

 

6.3 Future direction 

 

As mentioned above throughout this project several compounds were identified to 

have potential therapeutic benefits to LSDs and as such additional cellular based and 

potentially animal based experiments should explore the potential of these to be used 

as therapies in LSDs. It is important to explore the effect of the compounds like 

miglustat, ambroxol and the compounds identified in Chapter 4 in more cellular 

phenotypes and possibly LSD animal models in order to confirm whether these may 

in fact be beneficial to these diseases.  

An example of this is exploring the effects of the compounds identified in Chapter 4 

on ganglioside levels and localisation as well as the ability of these drugs to increase 

the levels of NPC1 transport to the lysosome. These experiments were in fact planned 

and started during this project but were not completed due to unforeseen time 

constraints (Table 3.1).  
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Table 6.1 Experiments impacted due to lab closure. This table outlines experiment that were set up 

or planned but were not carried out due to the closure of the lab during the pandemic and how these 

may be mitigated for publications.  

Experiments impacted What was going to be done How to mitigate  

Dexamethasone impact on 
CLN8 expression, to confirm 
impact of altered CLN8 levels 

as cause of variability 

In absence of antibody test for 
CLN8 expression in cells 

treated with dexamethasone 
using qPCR 

Based on the preliminary result 
in Chapter 3 showing an 

increase in CLN8 in control 
cells this experiment will be 

repeated by a post doc in the 
ELE lab 

Arimoclomol-like screen hits 
further validation 

The effects of the Arimoclomol-
like screen hits on ganglioside 

GM1 using CtxB and NPC1 
transport to the lysosome using 

NPC1 antibody  

Glycolipid shown to be reduced 
in the knockout (data not 

shown). The cholesterol data 
that shows changes in the 

NPC1 mutant but not knockout 
(Chapter 4) indicates that this 
must be due to residual NPC1 

function. Furthermore, as 
HSP70 levels are increased in 

knockout and there is no 
impact cholesterol it is not that 
changes in HSP70 responsible 
for this leaving mutant NPC1  

Arimoclomol screening in 
CLN8 HFs 

The effects of 200 µM 
arimoclomol treatment for 3 

days on CLN8 534 HF 
phenotypes (e.g. LysoTracker) 

were going to be explored 

Dexamethasone data in 
Chapter 3 provides evidence 
gene expression modulators 
may be of benefit to CLN8 

disease 

Ambroxol screening in CLN8 
HFs 

The effects of ambroxol 
treatments on CLN8 534 HF 

phenotypes (e.g. LysoTracker) 
were going to be explored 

There is preliminary data of 
improved function in Krabbe 

cells (final year project of 
Brimer supervised by me). 
Additionally, post doc in the 
ELE lab will continue this 

project through to patenting 
and publication 

Miglustat further screening in 
CLN2, CLN7 and CLN8 HFs 

The effects of 50 µM miglustat 
treatment for 5 days on CLN2, 
CLN7 and CLN8 HFs in further 
phenotypes such as lysosomal 
Ca2+ were going to be carried 

out 

ELE lab is currently developing 
an improved alternative to 
miglustat which a post doc 

funded on that project will test 
across the NCLs 

 

The effects of miglustat treatment on CLN2, CLN7 and CLN8 on further cellular 

phenotypes such as lysosomal Ca2+ should be explored as miglustat has been 

reported to ameliorate lysosomal Ca2+ defect in NPC1 (Fineran et al. 2016). Therefore, 

the effect of miglustat treatment on lysosomal Ca2+ in CLN2, CLN7 and CLN8 should 

be carried out to determine whether miglustat corrects lysosomal Ca2+ defects in these 
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diseases. Similarly, the effects of miglustat on other cellular phenotypes such as 

cellular excitotoxity should be carried out in future. 

The effects of arimoclomol treatment on CLN8 phenotypes and CLN8 protein 

expression should also be explored further. Future experiments with CLN8 patient 

cells treated with arimoclomol should explore, if possible, the protein levels of CLN8 

by western blotting. Moreover, as there have been reports linking the CLN8 expression 

levels and Gaucher disease severity, if drugs that alter CLN8 expression are identified 

their effects on Gaucher disease should be explored and potentially other LSDs which 

may be benefited by increased CLN8 expression. CLN8 has been shown to be 

involved in the transport of lysosomal enzyme (di Ronza et al. 2018; Bajaj et al. 2020) 

thus increasing its expression my lead to increased transport of lysosomal enzyme to 

the lysosome potentially alleviating lysosomal storage in LSDs.  

Ultimately, it is important that drugs that may be of benefit to diseases are 

developed through to patients as such future direction should determine which drugs 

of the hits outlined above are taken further. Miglustat is a good option for repurposing 

and has been successful in the past in LSDs due to the safety data available; however, 

it is now a generic compound which unfortunately means that it may be difficult to find 

finance for the trials.  

On the other hand, novel compounds such as arimoclomol would need to be tested 

further in not only mutant cells but then in animal models followed by testing in patients 

to determine the drug properties such as pharmacokinetics and pharmacodynamics. 

In the case of arimoclomol some of the data has already been acquired by Orphazyme 

in their trials of arimoclomol treatment for NPC1 (Orphazyme 2020) but has not been 

disclosed. Although the drugs outlined in this report have shown some preliminary 

promise for the treatment of some LSDs it is important that they are not only taken 

further in the lab but also that they are taken forward by companies that can provide 

funding and help take these molecules from benchside to patient to improve their 

quality of life.  
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6.4 Conclusions  

 

Through the synthesis of these Chapters the understanding and knowledge of the 

cellular phenotypes behind CLN8 disease began to be uncovered. Although due to 

the extremely variable nature seen, which in itself is a phenotype of the disease, 

further work is required to fully understand the mechanisms of cellular pathogenesis 

underlying this devastating neurodegenerative disease. This, however, adds to the 

current understanding of CLN8 disease and suggests a path for further interrogation 

of the molecular reasons underlying the variability and the disease (as discussed in 

Chapter 3).  

In the absence of a robust CLN8 cellular model, this report validated and used two 

NPC1 cellular models, a knockout and a patient mutation model, as a classical 

example of a well characterised LSDs. These cells were used to generate and 

demonstrate the most appropriate method to screen for compounds that may be of 

benefit to LSDs. Using this platform, the greater effect of arimoclomol in NPC1 I1061T 

patient cells compared to knockout glia was identified. This suggests a mutation 

specific chaperone effect for arimoclomol. A new HTS approach by screening 

compounds that mimic arimoclomol identified more potent approved molecules for 

repurposing. These compounds, and arimoclomol, may be of use to CLN8 disease 

where the variability may be explained by residual protein function. 

 Furthermore, an enzymatic screen in control cells identified potential chaperones 

that could overcome defect in lysosomal enzymatic activity that has been reported as 

a result of direct loss of function in CLN8. Ultimately, this thesis has shown that an 

absence of appropriate phenotypes is not necessarily a restriction to HTS as 

alternative approaches can be utilised and that perhaps the most important point when 

designing any screen is to understand the underlying cell biology of the disease. In 

the case of this project, the variability is a component of the disease, which presumably 

occurs via the different CLN8 mutant proteins which may most likely treated by 

chaperones. Understanding the variability and identifying chaperones that may be of 

benefit to mutant CLN8 should be the focus of future drug discovery for CLN8 disease.  
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Appendix 

 

A3.1 Lysosomal enzyme assays in CLN8 patient fibroblasts 

 

 

Figure A3.1: α-Galactosidase enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme α-galactosidase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. * p ≤ 0.05, One-way ANOVA.  

 

 

Figure A3.2: α-Glucosidase enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 
enzyme α-glucosidase as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

Contro
l 1

 H
F 

Hea
t in

ac
tiv

ate
d

CLN8 4
62

 H
F

CLN8 5
33

 H
F

CLN8 5
34

 H
F

CLN8 5
35

 H
F

0

50

100

150

200

250

P
er

ce
n

ta
g

e 
en

zy
m

e 
ac

ti
vi

ty

∝-Galactosidase N1

N2 

N3
✱

Contro
l 1

 H
F 

Hea
t in

ac
tiv

ate
d

CLN8 4
62

 H
F

CLN8 5
33

 H
F

CLN8 5
34

 H
F

CLN8 5
35

 H
F

0

50

100

150

P
er

ce
n

ta
g

e 
en

zy
m

e 
ac

ti
vi

ty

∝-Glucosidase N1

N2 
N3

N4

✱✱✱✱

✱✱✱✱



 

   234 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. ****p < 0.001, One-way ANOVA. 

 

 
Figure A3.3: α-Mannosidase enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme α-mannosidase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. 

 

 

Figure A3.4: Acid lipase enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 
enzyme acid lipase as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. 
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Figure A3.5: Acid phosphatase enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme acid phosphatase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. **p < 0.01, One-way ANOVA. 

 

 

Figure A3.6: Aspartylglucosaminidase enzyme activity in CLN8 patient cells. Enzyme activity of 
the lysosomal enzyme Aspartylglucosaminidase as a % of control 1 HF where control 1 HF enzyme 

activity was 100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates 

a different technical repeat and the black line indicate the mean. *p ≤ 0.05, **p < 0.01, One-way ANOVA. 
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Figure A3.7: Acid sphingomyelinase enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme acid sphingomyelinase as a % of control 1 HF where control 1 HF enzyme activity 

was 100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a 

different technical repeat and the black line indicate the mean.  **p < 0.01, ****p < 0.001, One-way 

ANOVA. 

 

 

Figure A3.8: β-Galactosidase enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme β-galactosidase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. **p < 0.01, One-way ANOVA. 
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Figure A3.9: β-Glucosidase enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 

enzyme β-glucosidase as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. 

 

 

Figure A3.10: β-Glucuronidase enzyme activity in CLN8 patient cells. Enzyme activity of the 
lysosomal enzyme β-glucuronidase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. *p ≤ 0.05, **p < 0.01, One-way ANOVA.  
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Figure A3.11: Hexosaminidase B enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme β-hexosaminidase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. *p ≤ 0.05, One-way ANOVA. 

 

 

Figure A3.12: Cathepsin L enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 
enzyme Cathepsin L as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. *p ≤ 0.05, One-way ANOVA. 
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Figure A3.13: Cathepsin B enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 

enzyme Cathepsin B as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. *p ≤ 0.05, One-way ANOVA. 

 

 

Figure A3.14: Cathepsin D & E enzyme activity in CLN8 patient cells. Enzyme activity of the 
lysosomal enzyme β-glucuronidase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. 
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Figure A3.15: Dipeptidyl peptidase-4 inhibitor enzyme activity in CLN8 patient cells. Enzyme 

activity of the lysosomal enzyme dipeptidyl peptidase-4 inhibitor as a % of control 1 HF where control 

1 HF enzyme activity was 100%. The black dotted line indicates the mean activity of control 1 HF. Each 

point indicates a different technical repeat and the black line indicate the mean. 

 

 

Figure A3.16: Fucosidase enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 
enzyme fucosidase as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. *p ≤ 0.05, **p < 0.01, ***p < 0.001, One-way ANOVA. 

 

Contro
l 1

 H
F 

Hea
t in

ac
tiv

ate
d

CLN8 4
62

 H
F

CLN8 5
33

 H
F

CLN8 5
34

 H
F

CLN8 5
35

 H
F

0

50

100

150

200

250

P
er

ce
n

ta
g

e 
en

zy
m

e 
ac

ti
vi

ty

Dipetidyl peptidase-4 inhibitor N1
N2 

N3

Contro
l 1

 H
F 

Hea
t in

ac
tiv

ate
d

CLN8 4
62

 H
F

CLN8 5
33

 H
F

CLN8 5
34

 H
F

CLN8 5
35

 H
F

0

50

100

150

200

250

P
er

ce
n

ta
g

e 
en

zy
m

e 
ac

ti
vi

ty

Fucosidase N1
N2 

N3

✱✱

✱

✱✱✱



 

   241 

 

Figure A3.17: Total Hexosaminidase enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme hexosaminidase as a % of control 1 HF where control 1 HF enzyme activity was 

100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a different 

technical repeat and the black line indicate the mean. *p ≤ 0.05, One-way ANOVA.  

 

 

Figure A3.18: Iduronidase enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 
enzyme iduronidase as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. *p ≤ 0.05, **p < 0.01, One-way ANOVA. 
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Figure A3.19: α-N-Acetylgalactosaminidase enzyme activity in CLN8 patient cells. Enzyme 

activity of the lysosomal enzyme α-N-Acetylgalactosaminidase as a % of control 1 HF where control 1 

HF enzyme activity was 100%. The black dotted line indicates the mean activity of control 1 HF. Each 

point indicates a different technical repeat and the black line indicate the mean. **p < 0.01, One-way 

ANOVA. 

 

 

Figure A3.20: Palmitoyl-Protein Thioesterase 1 enzyme activity in CLN8 patient cells. Enzyme 

activity of the lysosomal enzyme Palmitoyl-Protein Thioesterase 1 as a % of control 1 HF where control 

1 HF enzyme activity was 100%. The black dotted line indicates the mean activity of control 1 HF. Each 

point indicates a different technical repeat and the black line indicate the mean. **p < 0.01, ***p < 0.001, 

One-way ANOVA. 
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Figure A3.21: Sialidase enzyme activity in CLN8 patient cells. Enzyme activity of the lysosomal 

enzyme sialidase as a % of control 1 HF where control 1 HF enzyme activity was 100%. The black 

dotted line indicates the mean activity of control 1 HF. Each point indicates a different technical repeat 

and the black line indicate the mean. 

 

 

Figure A3.22: Tripeptidyl peptidase 1 enzyme activity in CLN8 patient cells. Enzyme activity of the 
lysosomal enzyme tripeptidyl peptidase 1 as a % of control 1 HF where control 1 HF enzyme activity 

was 100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a 

different technical repeat and the black line indicate the mean.  
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Figure A3.22: Hexosaminidase A enzyme activity in CLN8 patient cells. Enzyme activity of the 

lysosomal enzyme tripeptidyl peptidase 1 as a % of control 1 HF where control 1 HF enzyme activity 

was 100%. The black dotted line indicates the mean activity of control 1 HF. Each point indicates a 

different technical repeat and the black line indicate the mean.  
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