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Abstract 

Batten disease (BD), also known as neuronal ceroid lipofuscinoses (NCLs), is a collective group 

of inherited neurodegenerative disorders. NCLs are the most prevalent cause of dementia in 

children, and they are distinguished by a common symptomatology that includes epileptic seizures, 

visual impairment, and a progressive decline in cognitive and physical function that results in early 

mortality. There are currently 12 different NCLs genetically identified in humans (CLN1-CLN8, 

CLN10-CLN13), with four newly identified genes (CLN9, CLN14, CLCN6, and SGSH). This 

study specifically focused on the variant late-infantile NCL (vLINCL) CLN7, which is caused 

primarily by homozygous mutations in CLN7/MFSD8, a major facilitator superfamily gene. 

MFSD8 encodes a multispanning integral lysosomal membrane protein with 12 transmembrane 

domains and has recently been described as a potential chloride channel on endosomes and 

lysosomes. However, there is still no cure or treatment available for CLN7 disease. 

Additionally, there is strong evidence demonstrating that MFSD8 is involved in the pathogenesis 

and pathobiology of other adult dementias, such as amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD), as well as maculopathies and retinopathies, which share common 

disease-causing mutations in a heterozygosity manner. 

Considering the emerging relevance of the use of induced pluripotent stem cells (iPSCs) as a model 

for the investigation of neurodegenerative diseases, in this thesis, I studied CLN7 disease 

employing CLN7 patient-derived iPSCs. Specifically, two iPS cell lines were utilised, which were 

derived from a female patient diagnosed at the age of 2.5 years, who exhibited homozygosity for 

the common missense mutation p.T294K and a male patient diagnosed at the age of 4.5 years, 

who was also homozygous for a more severe missense mutation corresponding to p.R465W. These 

iPS cell lines were further differentiated into Neural Progenitor Cells (NPCs), constituting a novel 

approach to study the variant late-infantile NCL CLN7 and providing an opportunity to examine 

the disease using cell types that could more closely resemble those affected in vivo. 

In light of previous proteomic studies conducted in CLN7 patient-derived NPCs by our group, 

resulting in a downregulation of several nuclear proteins and, consistent with the observation of 

other studies, we identify the localisation of MFSD8 in the nucleus. These findings provide 

evidence of the potential existence of several co-existing MFSD8 variants within the cells, 

suggesting that MFSD8 might exert different functions depending on the different isoform 

expressed and its localisation. Additionally, this work also reveals an impairment in the autophagy-

lysosomal pathway and mitochondria produced by disease-causing mutations in NPCs and the 
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improvement of these phenotypes with the use of existing compounds. Furthermore, through the 

study of the post-translational modifications of MFSD8 and different protein stability assays, this 

work also provides more evidence of the intricacy of this protein. Therefore, further studies on 

the potential protein binding partners of MFSD8 were conducted to gain a deeper understanding 

of novel signalling pathways or molecular mechanisms in which MFSD8 might be involved.  

In summary, this thesis provides significant insights into the cellular and molecular biology of 

MFSD8 through the use of a clinically relevant model, which sheds new light on future directions 

for the study of CLN7 disease. These findings can contribute to the development of significant 

therapeutic strategies to ameliorate CLN7 disease and, as a consequence, improve other adult 

neurodegenerative diseases which share the same disease-causing mutations as CLN7 disease. 
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Chapter 1 

Introduction 

 

1.1 Batten disease 

Batten disease (BD), also known as neuronal ceroid lipofuscinoses (NCLs), is a collective group 

of inherited neurodegenerative disorders. NCLs are the most prevalent cause of dementia in 

children, and they are distinguished by a common symptomatology that includes epileptic seizures, 

visual impairment, and a progressive decline in cognitive and physical function that results in early 

mortality (Haltia, 2003). Although the age at disease onset can range from birth to adulthood, 

NCLs typically appear in childhood. In adulthood, NCLs are predominantly presented clinically as 

dementia (Haltia, 2003). The global incidence of NCL diagnoses is 1:100,000, while the incidence 

in the USA and Scandinavia is 1:12,500, classifying this condition as an ultra-rare disease (Brudvig 

and Weimer, 2022; Santavuori, 1988). At a molecular level, NCLs are characterised by the 

accumulation of a lipofuscin-like lipopigment – an autofluorescent pigment stored in lysosomes – 

in a variety of cell types, including neurons, which leads to ongoing selective neuronal death.  

NCL was first described by Otto Christian Stengel as a juvenile onset of vision loss and dementia. 

It was not until 1903 when Batten disease was similarly described by Frederick Batten, from whom 

the infant form of the disorder received the current name, Batten disease, as a result of this 

neuropathology study (Batten and Mayou, 1915). Subsequently, other medical researchers, such as 

Spielmeyer and Vogt, described the same neurodegeneration with a juvenile onset. Janský and 

Bielschowsky reported a late-infantile onset form and Kufs defined an adult-onset disorder with 

related pathological features. Almost 50 years later, Haltia and Saltavuori characterised the classic 

infantile (or congenital) NCL (Haltia et al., 1973; Santavuori et al., 1973). The five distinct forms 

of NCLs are now classified as different variants according to the age of onset: congenital (prenatal 

and perinatal), infantile (INCL) (6-24 months), late infantile (LINCL) (1.5-4 years), juvenile (JNCL) 

(5-7 years) and adult (ANCL) (more than 16 years of age) (Goebel, 1995).  
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Up to now, disease-causing mutations have been identified in 12 genes resulting in NCL (Arsov et 

al., 2011; Bras et al., 2012; Jalanko and Braulke, 2009; Kousi et al., 2012; Nosková et al., 2011a; 

Smith et al., 2012, 2013; Staropoli et al., 2012). These genes are CLN1/PPT1, CLN2/TPP1, CLN3, 

CLN4/DNAJC5, CLN5, CLN6, CLN7/MFSD8, CLN8, CLN10/CTSD, CLN11/GRN, 

CLN12/ATP13A2, CLN13/CTSF (https://www.ucl.ac.uk/ncl-disease/) (Table 1.1). 

Additionally, there are other four phenotypes described as more recent candidate genes belonging 

to the NCL diseases. These genes are the following: CLN9, CLN14/KCTD7, CLCN6 (Pressey et 

al., 2010), and SGSH (https://www.ucl.ac.uk/ncl-disease/) (Table 1.1). The majority of NCLs are 

recessively inherited, and the disease-causing mutations are biallelic. However, there are two 

exceptions, including the NCL caused by mutations in CLN4/DNAJC5, which is a rare dominant 

adult type (Nosková et al., 2011b), and the homozygous inherited deletion in CLN8 caused by a 

maternal isodisomy of chromosome 8 (Vantaggiato et al., 2009).  

NCLs are typically described as lysosomal storage disorders (LSDs), however, for the majority of 

them, the specific underlying mechanisms remain unknown. In NCLs, the lysosomes accumulate 

ceroid lipopigments and many of the NCL proteins reside there, which is similar to what happens 

in LSDs (Futerman and van Meer, 2004; Kyttälä et al., 2006). In typical LSDs, an enzyme or 

transporter deficiency/dysfunction results in the accumulation of substrates or metabolites in 

lysosomes. Nonetheless, the central storage material in the subunit c of mitochondrial ATP 

synthase (SCMAS) or sphingolipid activator proteins (SAPs) A and D in NCLs is not 

mechanistically linked to disease (Elleder et al., 1997; Tyynelä et al., 1993). The SCMAS is a 75 aa 

short peptide that is highly hydrophobic and localises as a transmembrane α-helical hairpin in the 

mitochondrial inner membrane. Depending on the species, this hairpin assembles into oligomers 

of 8-16 units. The c-ring, which is the main structural element of the rotor, is formed by the 

SCMAS oligomers, which are a crucial component of the F0 complex of the ATP synthase (Walker, 

2013). The SCMAS can be found in cytosolic compartments and the plasma membrane when it 

accumulates uncontrollably in ceroid-lipofuscinoses (LSDs or NCLs) (Palmer, 2015; Palmer et al., 

1992). Small, enzymatically inactive glycoproteins known as SAPs (or saposins) are widely 

distributed in lysosomes and function as co-factors to promote interactions between membrane-

bound hydrophobic sphingolipids and water-soluble lysosomal hydrolases. There are five known 

SAPs, which are called SAP A, B, C, and D (or saposins A-D) and the fifth protein is called GM2 

activator protein (GM2AP), which participates in the degradation of gangliosides GM1 and GM2. 

Prosaposin (pSAP) is a precursor protein that generates the highly homologous SAPs A-D, 

promotes neurite outgrowth, inhibits programmed cell death of neuronal cells in vitro, and protects 

neurons in vivo (Fürst, Machleidt and Sandhoff, 1988; Nakano et al., 1989; Hiraiwa et al., 1993, 1997; 
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Sano et al., 1994). Although the precise role of the various SAPs in vivo is still unclear, it is known 

that they stimulate the lysosomal degradation of various sphingolipids (Schnabel et al., 1992). 

Almost all the NCL genes encode proteins that are found in the endo/lysosomal pathways. Most 

of them include lysosomal enzymes and a soluble lysosomal protein (CLN1/PPT1, CLN2/TPP1, 

CLN5, CLN10/CTSD, CLN13/CTSF), as well as lysosomal transmembrane proteins (CLN3, 

CLN7/MFSD8, CLN12/ATP13A2) (Table 1.1). Other transmembrane proteins include CLN6 

and CLN8, which are found in the endoplasmic reticulum (ER), and CLN11/GRN (progranulin), 

which reside in the secretory pathway (Ryan et al., 2009). The proteins that CLN4/DNAJC5 and 

CLN14/KCTD7 encode are both cytoplasmic and associated with cellular membranes (Table 1.1). 

However, the primary roles of the majority of the membrane proteins, as well as the specific 

substrates for the soluble lysosomal enzymes, are yet unknown.  

For the majority of NCL genes, there is a common disease phenotype that causes a complete 

absence of function. Nevertheless, for some NCLs, certain phenotypes that result from mutations 

with a lower impact on gene function manifest at a later age of onset. Additionally, there are 

instances of different mutations in the same gene that lead to entirely diverse diseases. Studies on 

patients with mutations in multiple NCL genes have also been conducted. For instance, one patient 

was found to be heterozygous for mutations in CLN5 and also to carry a single mutation in CLN6 

(Mole and Cotman, 2015). These examples show the NCL genes’ high degree of heterogeneity and 

variability, which can cause one gene to exacerbate or ameliorate the phenotype of the disease.  
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Table 1. 1. NCL gene/protein names, functions, and NCL clinical phenotypes.  

 

Gene Protein 
 

NCL type (Clinical phenotype) Main storage material  

CLN1/PPT1 PPT1, palmitoyl protein thioesterase, lysosomal enzyme 
 

Infantile, late infantile, juvenile, 
and adult 

Saposins A and D 

CLN2/TPP1 TPP1, tripeptidyl peptidase 1, lysosomal 
Enzyme 
 

Late infantile Subunit c of ATP synthase 

CLN3 CLN3, lysosomal transmembrane protein 
 

Juvenile Subunit c of ATP synthase 

CLN4/DNAJC5 DNAJC5, DnaJ Heat Shock Protein Family (Hsp40) Member C5 
 

Adult Subunit c of ATP synthase 

CLN5 CLN5, soluble lysosomal protein 
 

Late infantile Subunit c of ATP synthase 

CLN6 CLN6, transmembrane protein of ER 
 

Late infantile and adult Subunit c of ATP synthase 

CLN7/MFSD8 MFSD8, lysosomal transmembrane protein of MFS facilitator family 
 

Late infantile Subunit c of ATP synthase 

CLN8 CLN8, transmembrane protein of ER 
 

Late infantile Subunit c of ATP synthase 

CLN9 Not known. CLN9 is used for an NCL disease subtype with onset in the 
juvenile range. 

Juvenile (Schulz et al., 2004) Subunit c of ATP synthase 

CLN10/CTSD CTSD, cathepsin D, lysosomal protein with multiple functions 
 

Congenital, late infantile, and 
juvenile 

Saposins A and D 

CLN11/GRN GRN, progranulin 
 

Adult  

CLN12/ATP13A2 ATP13A2, ATPase cation transporting 13A2 
 

Juvenile  

CLN13/CTSF CTSF. cathepsin F 
 

Adult  

CLN14/KCTD7 KCTD7, potassium channel tetramerization domain containing 7 
 

Infantile   

CLCN6 CLCN6, chloride voltage-gated channel 6 
 

Late-onset (Poët et al., 2006)  

SGSH SGSH, N-sulfoglucosamine sulfohydrolase 
 

Late-infantile and adult  
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1.1.1 NCLs classification 

Research has provided evidence indicating that NCL diseases exhibit a greater degree of genetic 

heterogeneity than initially believed. This is due to the fact that mutations occurring in the same 

gene can result in varying patterns of disease progression (Kousi et al., 2012; Lebrun et al., 2011). 

Initially, NCL diseases were classified according to the age of onset (congenital, infantile, late 

infantile, juvenile, and adult). Alternatively, these diseases were also categorised based on the 

researchers who made significant contributions in their study, such as Hatia-Santavuori, Jansky-

Bielschowsky, Batten, Spielmeyer-Vogt, or Kufs. In certain instances, NCLs were additionally 

classified as “Finnish” or “Turkish” variants when they were discovered among those particular 

populations. However, it is important to note that mutations in the genes associated with NCLs 

can manifest and be observed globally, and are not exclusive to those described populations 

(Lebrun et al., 2009). Consequently, a novel comprehensive nomenclature for NCL has been 

developed. The updated terminology recognizes each NCL from a combined genetic and clinical 

perspective; it provides information on the specific gene mutated as well the age at disease onset 

(Williams and Mole, 2012).  

1.1.1.1 Congenital NCL 

Individuals affected with any form of NCL present an initial period of healthy development, with 

the exception of congenital NCL, which significantly impacts patients from birth and ultimately 

results in premature mortality in early childhood. The observed symptoms encompass epileptic 

seizures occurring either during foetal development or immediately after birth, in addition to 

microcephaly. It is important to note that the only congenital form of NCL is known as CLN10 

disease. This disease is associated with the deficit of the lysosomal enzyme known as cathepsin D, 

and it is caused by a mutation in CLN10 (Siintola et al., 2006). 

1.1.1.2 Infantile NCLs 

The aetiology of infantile-onset NCL can be attributed to genetic disruptions involving CLN1, 

CLN14, or CLCN6.  

Symptoms of the infantile CLN1 disease often manifest in affected patients between the ages of 6 

to 24 months. In the initial stages, there is a noticeable decrease in tone and social interaction, 

accompanied by a subsequent and rapid deterioration of psychomotor abilities. This is further 

characterised by the presence of myoclonus (abrupt, transient, and involuntary contraction or 

trembling of a muscle or group of muscles), seizures, and visual loss. The disorder is caused by 

mutations in CLN1, resulting in a deficit of the lysosomal enzyme known as palmitoyl protein 

thioesterase 1 (PPT1) (Autti et al., 2011; Santavuori et al., 1993). 
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Infantile CLN14 disease is characterised by clinical manifestations such as myoclonus, 

developmental degeneration, and visual impairment. The aetiology of this condition can be 

attributed to a genetic mutation in CLN14/KCTD7, which encodes for a potassium channel 

(Staropoli et al., 2012). 

Individuals diagnosed with CLCN6 exhibit a gradual deterioration of the cerebral cortex, 

significant delays in development, reduced muscle tone, sensory peripheral neuropathy, loss of 

vision due to cortical impairment, and respiratory insufficiency often occurring between 18 and 23 

months of age (Polovitskaya et al., 2020). 

1.1.1.3 Late-infantile NCLs 

Mutations in CLN2 are responsible for the majority of cases of late-infantile NCL. However, there 

are other genes, including CLN1, CLN5, CLN6, CLN7, CLN8, CLN10, and SGSH, which can 

also result in the late-infantile onset of this condition. 

Individuals diagnosed with the classic late infantile NCL (CLN2) present a gradual deterioration 

in their developmental and psychomotor abilities, typically observed between the ages of 2 and 3 

years. Additionally, the onset of epilepsy is commonly observed within the age range of 2 to 4 

years. These symptoms are thereafter accompanied by vision failure, primarily observed in the 

macula region (Chang et al., 2011). The aetiology of this condition can be attributed to genetic 

mutations occurring in CLN2, leading to a deficient lysosomal enzyme tripeptidyl peptidase 1 

(TPP1) (Chang et al., 2011). 

The CLN5 disease with late-infantile onset often manifests between the ages of 4 and 17 years. It 

has been previously referred to as the “Finish variant”, but it has been observed to occur 

worldwide (Lebrun et al., 2009). This disease is clinically characterised by a loss of psychomotor 

abilities, ataxia, epileptic spasms, and visual impairment (Åberg et al., 2011b). 

The onset of CLN6 disease typically occurs between 18 months and 8 years of age, and it is 

clinically associated with motor regression, dysarthria, ataxia, visual impairment, and seizures 

(Alroy et al., 2011). 

The age of onset for CLN7 disease spans from 2 to 7 years, and it has been previously designated 

as the “Turkish variant”. However, it is important to note that this condition can manifest globally. 

This disorder is characterised by the occurrence of seizures, followed by a progressive impairment 

in motor function, myoclonus, cognitive decline, and visual loss (Elleder et al., 2011).  

There are two different manifestations of the CLN8 disease: the late-infantile form and the variant 

commonly referred to as “Northern Epilepsy”. The late-infantile variant of CLN8 exhibits 
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symptoms such as visual impairment, myoclonic seizures, progressive deterioration of motor and 

cognitive functions, and premature mortality, typically occurring between the ages of 5 and 10. 

The “Northern Epilepsy” form is characterised by the presence of progressive myoclonus epilepsy; 

however, it does not exhibit any correlation with visual impairment. 

The late-infantile variant of CLN10 has been observed in one patient from Germany, who 

presented visual impairment and ataxia, followed by continuous psychomotor decline. The 

presence of two heterozygous missense mutations in CLN10 resulted in residual CTSD activity at 

the genetic level (Steinfeld et al., 2006).  

The occurrence of mucopolysaccharidosis type IIIA (MPSIIIA), a disease with symptoms typically 

appearing in late infancy, is mostly attributed to mutations in SSGH (Sleat et al., 2009). 

1.1.1.4 Juvenile NCLs 

The classic juvenile NCL is caused by mutations in CLN3, and is the most prevalent NCL. 

However, it is worth noting that mutations in CLN1 and CLN12 can also lead to the juvenile NCL 

phenotype. 

The manifestation of CLN3 disease often occurs in children aged 4 to 7 years, characterised by the 

development of blindness resulting from retinal regression. This is then accompanied by a gradual 

deterioration in cognitive function and the emergence of behavioural problems. Patients with 

CLN3 experience seizures as the disease progresses, typically controlled with the administration 

of medication. The CLN3 disease has been associated with the presence of parkinsonian traits, a 

movement disorder. In certain cases, the administration of L-DOPA has shown potential as a 

treatment for this condition. Individuals with CLN3 disease experience the onset of a characteristic 

acute dysarthria, typically around the age of 10. Affected individuals living into their twenties, can 

also develop a cardiac impairment, leading to death within the third decade of life (Åberg et al., 

2011a). 

The juvenile-onset NCL, which is caused by mutations in CLN1, typically manifests between the 

ages of 5 and 10. This condition is characterised by a high incidence of cognitive decline, seizures, 

and motor regression. Blindness often occurs during the latter stages of development, generally 

between the ages of 10 and 14 years. 

CLN12 disease is characterised by juvenile-onset and is presented with progressive development 

of spinocerebellar ataxia, bulbar syndrome (including dysarthria, dysphagia, and dysphonia), 

myoclonus, rigidity, impairment of speech, and intellectual deterioration, among other symptoms 

(Mukherjee et al., 2019).  
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1.1.1.5 Adult NCLs 

The aetiology of the classic adult NCL, also referred to as Kufs disease, can be attributed to genetic 

mutations in CLN4. However, alternative NCL genes have also been implicated in the 

manifestation of this particular form of adult onset NCL. These genes include CLN1, CLN6, 

CLN11, CLN13, and SGSH.   

CLN4 disease is associated with mutations occurring in the DNAJC5 gene. Notably, it is the only 

autosomal dominant form of NCL. Patients present various symptoms, such as ataxia, progressive 

dementia, seizures, and myoclonus, after 30 years (Nosková et al., 2011a). 

The adult onset CLN1 disease is manifested after reaching 18 years of age. This is characterised 

by the start of cognitive impairment and depression, which is then followed by ataxia, 

parkinsonism, and vision loss (Ramadan et al., 2007). 

The adult-onset CLN6 disease is associated with the Kufs A type variant. This NCL form often 

begins to emerge around the age of 30, presenting with increasing myoclonic epilepsy. This is then 

followed by the development of dementia, ataxia, and significant dysarthria (Alroy et al., 2011; 

Berkovic et al., 1988).  

The CLN13 disease, sometimes referred to as the Kufs type B variant, exhibits symptoms similar 

to dementia shown in type A. Kufs type B differs from type A based on the absence of epilepsy 

and dysarthria (Arsov et al., 2011; Berkovic et al., 1988). This adult-onset NCL is caused by a 

deficiency of the lysosomal enzyme known as cathepsin F. 

CLN11 disease results from mutations in GRN, and is characterised by recurrent seizures 

(epilepsy), vision loss, cerebellar ataxia, and intellectual deterioration. Individuals affected with this 

condition present symptoms in adolescence or early adulthood 

(https://medlineplus.gov/genetics/condition/cln11-disease/). 

A mutation in SGSH was identified in a single patient diagnosed with adult-onset NCL (Gardner 

and Mole, 2021).  

 

1.1.2 Variant late-infantile NCL CLN7 

In this project, research will be focused on the variant late-infantile-onset NCL (vLINCL) CLN7. 

According to clinical data, the vLINCL CLN7 often manifests between the ages of 2 to 7 years 

and is characterised by epileptic seizures, progressive cognitive and motor decline, vision loss, and 

early mortality (Haltia, 2003). According to magnetic resonance imaging (MRI), patients with the 

vLINCL CLN7 at different stages of the disease progression, typically exhibit cerebral and 
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cerebellar atrophy at variable degrees, along with alterations in the cerebral white matter on the 

periventricular regions. Additionally, electroretinogram analyses are frequently found to be 

abnormal in these patients (Kousi et al., 2009a). 

Although this condition can occur anywhere in the globe, CLN7, also known as Major Facilitator 

Superfamily (MFS) Domain 8 (MFSD8), was first identified in Turkish patients, hence the name 

of the “Turkish variant”. However, a fraction of Turkish patients with vLINCL was shown to also 

have four different mutations in CLN8 and two different mutations in CLN6, indicating genetic 

heterogeneity in the “Turkish variant” NCL (Ranta et al., 2004; Siintola et al., 2005). A few years 

later, a novel gene for the Turkish vLINCL CLN7 was identified and characterised. This gene is 

the MFSD8, which was described after homozygosity mapping of 10 families (Siintola et al., 2007). 

After this finding, MFSD8 was identified as the gene responsible for the vLINCL CLN7 

phenotype.  

1.1.2.1 MFSD8 gene and protein 

MFSD8 is located on chromosome 4q28.2 and has 13 exons and 12 introns 

(https://databases.lovd.nl/shared/refseq/MFSD8_NM_152778.2_table.html), with a transcript 

length of 4,516 bps. It is predicted to encode a 518-aa protein of 57.63 kDa with 12 

transmembrane-spanning domains (Figure 1.1). MFSD8 is evolutionarily conserved in different 

species, having a single orthologue in each vertebrate species. Mouse and zebrafish orthologues 

are ~82% and ~61% exact to the human MFSD8, respectively (Siintola et al., 2007).  
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A number of lysosomal proteins, including lysosome-associated membrane protein 1 (LAMP1), 

cathepsin D (CTSD), and lysobisphophatidic acid (LBPA), have been shown to specifically co-

localise with MFSD8 in previous studies (Sharifi et al., 2010; Siintola et al., 2007; Steenhuis et al., 

2012, 2010). LAMP1 is a lysosomal membrane glycoprotein that plays a crucial role in lysosomal 

biogenesis and autophagy (Cheng et al., 2018). The lysosomal-dependent protein homeostasis in 

the brain, particularly in neurons, is maintained by CTSD, a crucial protease involved in the 

degradation of a variety of substrates in the lysosomes (Hossain et al., 2021). In vertebrates, late 

endosomes and lysosomes contain LBPA, also known as bis(monoacylglycero)phosphate (BMP), 

a phospholipid that is essential for the breakdown of sphingolipids and regulation of endosomal 

cholesterol (Antonny et al., 2018; Gallala and Sandhoff, 2011; Goldstein and Brown, 1977; Schulze 

and Sandhoff, 2014). This lysosomal co-localisation of MFSD8 with lysosomal proteins indicates 

that MFSD8 might be an integral lysosomal membrane protein, as it is most frequently described 

in the literature (Sharifi et al., 2010; Siintola et al., 2007; Steenhuis et al., 2012, 2010). Similarly, the 

majority of the other identified NCL proteins present lysosomal localisation – CLN1/PPT1, 

Figure 1. 1. Schematic representation of MFSD8. MFSD8 is described as a lysosomal transmembrane protein of 

518 aa (~57.63 kDa) with 12 transmembrane domains and 11 loops (L1-L11) on the luminal and cytoplasmic surfaces. 

The N-terminus and the C-terminus face the cytoplasm within the cell. MFSD8 presents two predicted N-

glycosylation sites at the 371 and 376 aa position which reside in the luminal loop L9 connecting the transmembrane 

domains 9 and 10. Figure based on Khan et al. (2017) and Sharifi et al. (2010). 
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CLN2/TPP1 and CLN10/CTSD are soluble lysosomal enzymes (Hellsten et al., 1996; Press et al., 

1960; Sleat et al., 1997; Verkruyse and Hofmann, 1996; Vesa et al., 1995), whereas CLN3 and 

CLN5 encode for lysosomal proteins, which function remains unknown (Järvelä et al., 1998; 

Savukoski et al., 1998; Isosomppi et al., 2002). Conversely, CLN6 localises exclusively to the ER, 

while CLN8 localises to both the ER and the ER-Golgi compartment (Heine et al., 2004; Lonka 

et al., 2000; Mole et al., 2004).  

MFSD8 is conserved in vertebrates and ubiquitously expressed in the organism (Siintola et al., 

2007). MFSD8 is a member of the MFS protein family, which is one of the largest families of 

membrane solute transporters that reside ubiquitously in all types of organisms (Pao et al., 1998). 

These transporters are single-polypeptide carriers that only enable the transport of small solutes 

as a response to chemiosmotic ion gradients. Specifically, the solutes transported by the MFS 

permeases include monosaccharides, oligosaccharides, inositols, drugs, amino acids, nucleosides, 

organophosphate esters, Krebs cycle metabolites, and various organic and inorganic anions and 

cations (Pao et al., 1998). The MFS permeases are composed of 17 different phylogenetic 

subfamilies correlating with their function, each of which transports a specific type of substrate. 

All the MFS permeases have either 12 or 14 spanning transmembrane domains, similar to MFSD8 

(Pao et al., 1998). In humans, the most alike proteins to MFSD8 are the MFS domain containing 

9 (MFSD9 or MGC11332), tetracycline transporter-like protein (TETRAN), solute carrier family 

18 member 2 (SLC18A2 or VMAT2), and solute carrier family 22 member 18 (SLC22A18 or 

ORCTL2). The MFSD9 and TETRAN proteins are predicted to present tetracycline-transporter 

activities. SLC18A2 translocates monoamines from the cytosol to synaptic vesicles, while the 

SLC22A18 is involved in the transport of organic cations (Liu and Edwards, 1997; Reece et al., 

1998).  

Invertebrates have also been found to contain MFSD8-like proteins. For instance, the proteins 

that are most comparable to MFSD8 in Saccharomyces cerevisiae are Jen1p, Git1p, Ykr105co, and 

Ycr023cp, all of which are members of the MFS (Casal et al., 1999; Fisher et al., 2005; Patton-Vogt 

and Henry, 1998; SOARES-SILVA et al., 2003). In Drosophila melanogaster, DmeI/Cln7 is the 

orthologue of MFSD8 (FlyBase) (https://flybase.org/reports/FBhh0000687.html). The proteins 

CG8596-PA and CG5760-PA, which are both members of the MFS, are also similar to MFSD8 

in D. melanogaster. In Caenorhabditis elegans, there are various proteins like MFSD8, most of which 

are part of the MFS and also present protein domains involved in transport (Siintola et al., 2007). 
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1.1.2.2 MFSD8 mutations 

Disease-causing mutations in MFSD8 are predominantly observed in homozygous forms, with 

two exceptions of heterozygosity, as described thereafter. The identified mutations are distributed 

across several regions of MFSD8, meaning that there is not a region more affected that could lead 

to a specific type of protein disruption.  

The homozygous missense mutation c.881C>A is the most commonly observed mutation in 

individuals with CLN7 disease. This particular mutation has been predominantly detected in 

patients of Roma descent from the Czech Republic (https://www.ucl.ac.uk/ncl-disease). This 

single nucleotide change results in a substitution of threonine (Thr, T) with lysine (Lys, L) at 

position 294 (p.Thr294Lys; T294K) situated in the predicted seventh luminal loop of MFSD8 

(Kousi et al., 2009a). The missense mutation c.1361T>C (p.Met454Thr; M454T) has been 

observed as the second most common mutation. It has been found in homozygous form in 

patients from India, Iran, and Turkey (Khan et al., 2017; Zare-Abdollahi et al., 2019). Additionally, 

this mutation has been identified in patients of Indian descent in a heterozygous form, along with 

another missense mutation c.1219T>C (p.Trp407Arg; W407R) (Patiño et al., 2014). The residues 

at positions 407 and 454, specifically tryptophan (Trp, W) and methionine (Met, M), exhibit strict 

conservation among vertebrates. This observation is supported by several protein alignment 

studies, indicating that mutations in these residues may potentially lead to a decrease in the stability 

of MFSD8 protein structure (Patiño et al., 2014). The W407R mutation is situated within a 

sequence of amino acids that is highly conserved, specifically between the ninth and tenth 

transmembrane domains. On the other hand, the p.M454T mutation is found in the eleventh 

transmembrane domain of MFSD8. The homozygous splice-site mutation c.754+2T>A, which 

specifically affects the donor-splice site of intron 8 and leads to an altered splicing pattern, is 

identified as the third most commonly occurring mutation (Siintola et al., 2007). The presence of 

this mutation has also been observed in a patient diagnosed with CLN7, who exhibited compound 

heterozygosity together with the c.1102-2delA mutation. This mutation involves the deletion of 

an adenine at the second-to-last nucleotide of intron 11, resulting in a splicing defect (Kousi et al., 

2009). Other homozygous mutations have been identified in CLN7 patients, including the 

p.Arg233Gly, p.Tyr298*, p.Gly310Asp, p.Asp368His, p.Gly429Asp, p.Arg35*, c.1103-2del, 

p.Arg139His, p.Ala157Pro, c.863+1G>C, p.Met209Ilefs*3, c.863+3_863+4insT, p.Gly52Arg, 

p.Glu381*, p.Arg482*, p.Met1Thr, p.Pro447Leu, p.Tyr121Cys, p.Pro412Leu, c.63-4delC, and 

c.554-1G>C variants. These mutations can be classified as missense, nonsense, or splice-site 

mutations (Figure 1.2, Table 1.2).  
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Figure 1. 2. Schematic representation of the CLN7 disease-causing mutations. The MFSD8 protein is described 

as a lysosomal transmembrane protein of 518 aa (57.63 kDa) with 12 transmembrane domains and 11 loops (L1-L11) 

on the luminal and cytoplasmic surfaces. The N-terminus and the C-terminus face the cytoplasm within the cell. The 

MFSD8 protein presents two predicted N-glycosylation sites at the 371 and 376 aa position which reside in the luminal 

loop L9 connecting the transmembrane domains 9 and 10. The coloured dots represent mutations in MFSD8 that 

cause the vLINCL CLN7 with their approximate location within the MFSD8 protein. Each colour describes a 

different type of mutation: red refers to missense mutations, black represents nonsense mutations, green refers to 

frameshift mutations, and yellow corresponds to splicing mutations (only splicing mutations affecting exons are 

represented). Figure based on Khan et al. (2017) and Sharifi et al. (2010).  
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Table 1. 2. Mutations in CLN7/MFSD8. Adapted from the NCL Mutations Database (UCL) (https://www.ucl.ac.uk/ncl-disease).  

Mutation (amino acid 
change) 

Nucleotide change 
Location in 
the MFSD8 
gene 

Type of mutation 
Location in the MFSD8 
protein 

Reference 

p.Arg233Gly c.697A>G 
 

Exon 7 Substitution (missense; generation of an 
exonic ESS site) 

L6 Siintola et al., 2007 

- c.754+2T>A Intron 8 Substitution (alteration of the WT 
donor site) 

- Kousi et al., Brain, 2009 

p.Tyr298* c.894T>G Exon 10 Substitution (nonsense) L7 Siintola et al., 2007 
p.Gly310Asp c.929G>A 

 
Exon 10 Substitution (missense) TM8 Siintola et al., 2007 

p.Asp368His c.1102G>C Exon 11 Substitution (alteration of the WT 
donor site; alteration of an exonic ESE 
site) 

L9 Siintola et al., 2007 

p.Gly429Asp c.1286G>A 
 

Exon 12 Substitution (missense) TM10 Siintola et al., 2007 

p.Arg35* c.103C>T 
 

Exon 3 Substitution (nonsense) N-terminal Aiello et al., 2009 

p.Thr294Lys c.881C>A Exon 10 Substitution (missense) L7 Aiello et al., 2009 
p.Arg465Trp c.1393C>T Exon 13 Substitution (missense) TM11 Kousi et al., Brain, 2009 
p.Gly52Arg c.154G>A Exon 3 Substitution (missense) TM1 Aiello et al., 2009 
- c.863+3_863+4insT Intron 9 Insertion (alteration of the WT donor 

site) 
- Aiello et al., 2009 

p.Glu381* c.1141G>T Exon 12 Substitution (nonsense) L9 Aiello et al., 2009 
p.Arg482* c.1444C>T Exon 13 Substitution (nonsense) L11 Aiello et al., 2009 
- c.2T>C Exon 2 Substitution (missense) - Aiello et al., 2009 
- c.863+1G>C Intron 9 Substitution (alteration of the WT 

donor site) 
- Aiello et al., 2009 

p.Met209Ilefs*3 c.627_643del Exon 7 Deletion (frameshift) L5 Aiello et al., 2009 
p.Arg139His c.416G>A Exon 5 Substitution (missense) TM4 Kousi et al., Brain, 2009 
p.Ala157Pro c.468_469delinsCC Exon 6 Deletion insertion (missense) L4 Kousi et al., Brain, 2009 
- c.1103-2del Intron 11 Deletion (alteration of the WT acceptor 

site) 
- Kousi et al., Brain, 2009 

p.Gln87* c.259C>T Exon 5 Substitution (nonsense) TM2 Kousi et al., 2012 
p.Tyr121Cys c.362A>G Exon 5 Substitution (missense) TM3 Stogmann et al., 2009 
p.Pro447Leu c.1340C>T Exon 12 Substitution (missense) L10 Aiello et al., 2009 
- c.63-4del Intron 2 Deletion (no significant splicing motif 

alteration detected) 
- Kousi et al., 2009 

p.Pro412Leu c.1235C>T Exon 12 Substitution (missense) L9 Aldahmesh et al., 2009 
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Mutation (amino acid 
change) 

Nucleotide change 
Location in 
MFSD8 gene 

Type of mutation 
Location in MFSD8 
protein 

Reference 

p.Thr160Asn c.479C>A Exon 6 Substitution (missense) L4 Kousi et al., 2012 
p.Thr160Ile c.479C>T Exon 6 Substitution (missense) L4 Kousi et al., 2012 
- c.554-1G>C Exon 6 Substitution (alteration of the WT 

donor site) 
- Kousi et al., 2012 

- c.754+1G>A Intron 8 Substitution (alteration of the WT 
donor site) 

- Kousi et al., 2012 

p.Thr458Lys c.1373C>A Exon 13 Substitution (missense) TM11 Kousi et al., 2012 
p.Met470Val c.1408A>G Exon 13 Substitution (missense) TM11 Kousi et al., 2012 
p.Arg465Gln c.1394G>A Exon 13 Substitution (missense) TM11 Kousi et al., 2012 
p.Gln474* c.1420C>T Exon 13 Substitution (nonsense) L11 Kousi et al., 2012 
p.Glu336Gln c.1006G>C Exon 11 Substitution (missense) L8 Roosing et al., 2014 
p.Gly158Ser c.472G>A Exon 6 Substitution (missense) L4 Mandel et al., 2014 
- c.863+2dup Intron 9 Duplication (alteration of the WT 

donor site; activation of an intronic 
cryptic donor site) 

- https://www.ucl.ac.uk/ncl-
disease/ 

p.Trp407Arg c.1219T>C Exon 12 Substitution (missense) L9 Patino et al., 2015 
p.Met454Thr c.1361T>C Exon 13 Substitution (missense) TM11 Patino et al., 2015 
p.Trp456* c.1367G>A Exon 13 Substitution (nonsense) TM11 https://www.ucl.ac.uk/ncl-

disease/ 
p.Trp78* c.233G>A Exon 5 Substitution (nonsense) TM2 Khan et al., 2017 
- c.63-1G>A Intron 2 Substitution (alteration of the WT 

acceptor site) 
- https://www.ucl.ac.uk/ncl-

disease/ 
- c.554-5A>G Intron 6 Substitution (activation of intronic 

cryptic acceptor site) 
- Ren, XT. et al., 2019 

p.Cys175* c.525T > A Exon 6 Substitution (nonsense) TM5 Kozina et al., 2018 

p.Val109_Ile113del c.325_339del Exon 5 Deletion (frameshift) TM3 Bereshneh and Garshasbi, 
2018 

p.Gly197Valfs*2 c.590del Exon 7 Deletion (frameshift) L5 Bauwens et al., 2019 
p.Ile67Glufs*3 c.493+3A>C Intron 5 Substitution (frameshift) L1 Bauwens et al., 2019 
p.Met46fs c.136_137del Exon 3 Deletion (frameshift) TM1 Qiao et al., 2022 
p.Pro213Gln c.638C>A Exon 7 Substitution (missense) TM6 https://www.ucl.ac.uk/ncl-

disease/ 
p.Gly241* c.721G>T Exon 8 Substitution (nonsense) L6 Kose et al., 2021 
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Mutation (amino acid 
change) 

Nucleotide change 
Location in 
the MFSD8 
gene 

Type of mutation 
Location in the MFSD8 
protein 

Reference 

p.Gln365* c.1093C>T Exon 11 Substitution (nonsense) L9 Kose et al., 2021 
 

p.Arg482Pro c.1445G>C Exon 13 Substitution (missense) L11 Birtel et al., 2018 
 

p.Ser437Tyr c.1310C>A Exon 12 Substitution (missense) L10 https://www.ucl.ac.uk/ncl-
disease/ 

p.Gly427Arg c.1279G>A Exon 12 Substitution (missense) TM10 https://www.ucl.ac.uk/ncl-
disease/ 

p.Glu250Glu c.750A>G Exon 8 Substitution (alteration of auxiliary 
sequences: significant alteration of 
ESE/ESS motifs ratio, new acceptor 
splice site: activation of a cryptic 
acceptor site) 

L6 Reith et al., 2022 
 

- c.755-
2726_998+1981delinsGTA 

Intron 8 – 
Intron 10 

Deletion insertion - Poncet et al., 2022 
 

p.Glu336Lys c.1006G>A Exon 11 Substitution (missense) L8 Poncet et al., 2022 
 

p.Arg337Cys c.1009C>T Exon 11 Substitution (missense) L8 Poncet et al., 2022 
p.Arg35Gln c.104G>A Exon 3 Substitution (missense) N-terminal Poncet et al., 2022 
p.Pro356Ser c.1066C>T Exon 11 Substitution (missense) TM9 Xiang et al., 2021 
- c.1102+2T>C Intron 11 Substitution (broken WT donor site: 

alteration of the WT donor site) 
- Xiang et al., 2021 

p.Ser422* c.1265C>A Exon 12 Substitution (nonsense) TM10 Poncet et al., 2022 
 

p.Gly52Ala c.155G>C Exon 4 Substitution (missense) TM1 Poncet et al., 2022 
 

- c.998+1669A>G Intron 10 Substitution (new donor splice site: 
activation of a cryptic donor site) 

- Poncet et al., 2022 
 

      
Abbreviations: L, loop; TM, transmembrane domain. 
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1.1.2.3 MFSD8 mutations in other neurodegenerative disorders 

Recent advances in the field of genome sequencing have revealed that MFSD8, along with several 

other genes, plays a role in various neurodegenerative disorders that affect adults, including 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), macular dystrophies 

(maculopathies), retinal dystrophies (retinopathies), and retinitis pigmentosa (RP). However, 

MFSD8 mutations have also been identified in childhood neurodevelopmental diseases like autism 

spectrum disorder (ASD). In the context of these diseases, it has been observed that MFSD8 

mutations are often manifested in a heterozygous manner. 

 

1.1.2.3.1 MFSD8-associated retinopathies 

Inherited maculopathies and cone diseases, including achromatopsia (ACHM), cone dystrophy 

(COD), and cone-rod dystrophy (CRD), are estimated to have a global prevalence ranging from 1 

in 30,000 to 1 in 40,000 individuals (Hamel, 2007; Michaelides et al., 2004). Isolated maculopathies 

are characterised by the progressive degeneration of the central inner retina (Bauwens et al., 2020). 

The symptoms associated with ACHM typically manifest shortly after birth and encompass 

diminished visual acuity, sensitivity to light, inherited pendular nystagmus, and compromised 

colour perception. In these instances, the use of full-field electroretinography (ERG) is commonly 

employed to assess the lack or decline of cone responses (Kohl et al., 2000; Thiadens et al., 2009). 

Furthermore, the application of optical coherence tomography (OCT) is employed for the 

evaluation of the degeneration of inner and outer cone segments, which manifests as a disruption 

of the ciliary layer and a reduction in cell number inside the cone photoreceptor layer. The retinal 

pigment epithelium (RPE) experiences a decline as age-related macular degeneration (ACHM) 

advances during the second decade of life. This decline is accompanied by a continuous loss of 

cones and the subsequent development of central visual impairment (Thiadens et al., 2010). Both 

COD and CRD are primarily inherited in an autosomal recessive manner, however, they can 

manifest in other Mendelian inheritance patterns. There are a total of eight different genes that are 

responsible for autosomal recessive COD, with three of these genes being specifically associated 

with ACHM, a condition that can progress to COD. In the context of autosomal recessive CRD, 

a total of 18 genes have been linked to its manifestation. Among those genes, the ATP binding 

cassette subfamily A member 4 gene (ABCA4) is the most prevalent (Bauwens et al., 2020). In 

recent years, the use of linkage analysis and next-generation sequencing techniques has resulted in 

the discovery of previously unknown genes responsible for autosomal recessive maculopathies 

(Audo et al., 2012; Roosing et al., 2013; Zeitz et al., 2013). Roosing et al. (2013) reported the 

identification of two patients exhibiting compound heterozygosity for mutations in MFSD8. One 
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individual carried the genetic variations p.Glu381* (c.1141G>T) and p.Glu336Gln. The second 

individual exhibited heterozygosity for the identical missense variant (p.Glu336Gln; c.1006G>C) 

previously detected, as well as for the variant c.1102G>C, which is predicted to lead to the 

production of a truncated protein (p.Lys333Lysfs*3) (Roosing et al., 2015) (Figure 1.3). The 

aforementioned mutations resulted in the development of nonsyndromic macular dystrophy 

characterised by central cone impairment, which can be attributed to the presence of MFSD8 

genetic variants.  

 

Similarly, Khan et al. (2017) identified six cases of isolated macular disease characterised by 

compound heterozygous alleles of MFSD8, consistently noting the prevalence of the c.1006G>C 

(p.Glu336Gln) variant. Moreover, an additional six cases were identified as having a homozygous 

mutation at position c.1361T>C (p.Met454Thr), and these individuals presented symptoms of a 

generalized retinopathy. In this particular instance, the patients were exhibited homozygosity with 

respect to an MFSD8 mutation that is generally regarded as mild. The individuals that carried the 

p.Glu336Gln mutation in a compound heterozygous form were identified to be in trans with either 

a loss-of-function mutation (c.103C>T, p.Arg35* or c.233G>A, p.Trp78*) or a missense mutation 

Figure 1. 3. Schematic representation of mutations in the MFSD8 gene associated with retinopathies. The 

coloured dots represent mutations in MFSD8 gene that cause retinopathies with their approximate location within  

MFSD8. Each colour describes a different type of mutation: red refers to missense mutations, black represents 

nonsense mutations, and green refers to frameshift mutations. Figure based on Khan et al. (2017) and Sharifi et al. 

(2010).  
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(c.1394G>A, p.Arg465Gln) (Figure 1.3). These patients did not exhibit any symptoms indicative 

of a neurological condition (Khan et al., 2017). The localisation of MFSD8 in the synaptic terminals 

of photoreceptors in mice retina has been observed. Additionally, it has been found that macular 

photoreceptors display a heightened sensitivity to variations in MFSD8 (Khan et al., 2017). 

Birtel et al. (2018) identified a homozygous variant (c.1445G>C, p.Arg482Pro) located in exon 13 

of MFSD8 (Figure 1.3). This variant was found to cause non-syndromic retinitis pigmentosa 

without any observable neurological disorders. This study also provided evidence of MFSD8’s role 

as a gene associated with non-syndromic retinopathy, specifically having a less severe mutation 

(Birtel et al., 2018). RP is a prevalent congenital retinal degeneration, occurring in approximately 1 

in every 4,000 individuals (Hamel, 2006). The condition is distinguished by the gradual 

deterioration of rod and cone photoreceptors, resulting in the manifestation of night blindness 

and concentric visual field loss throughout adolescence. Subsequently, individuals experience 

central visual loss later in adulthood (Salmaninejad et al., 2019). Wang et al. (2021) also documented 

novel mutations in MFSD8. The identified variant, c.998C3_998C6del, was observed in a Chinese 

prenatal instance in a compound heterozygous form. In this case, while one allele of MFSD8 was 

completely deleted, while the other allele exhibited exon 10 skipping, resulting in an impact on 

RNA and protein translation (Yihui Wang et al., 2021).   

Bauwens et al. (2020) reported the identification of two additional heterozygous MFSD8 mutations 

in a female patient who was diagnosed with atypical Stargardt disease at the age of 5. The patient 

in question has two MFSD8 variants: the c.590del (p.Gly197Valfs*2), located in exon 7, and the 

c.439+3A>C variant (Figure 1.3). Additionally, there was one heterozygous ABCA4 variant, 

specifically the c.3113C>T (p.Ala1038Val) variant (Bauwens et al., 2020). The c.439+3A>C 

(p.Ile67Glufs*3) mutation of MFSD8 leads to the exclusion of exon 5 (241 bp) during ribonucleic 

acid (RNA) processing, resulting in the production of a truncated protein. This truncated protein 

ceases expression within the second transmembrane domain (Bauwens et al., 2020).  

The aforementioned research has reported that the coexistence of hypomorphic and loss-of-

function MFSD8 alleles, or the presence of homozygous mild MFSD8 alleles, results in the 

development of isolated maculopathies or retinopathies with macular involvement or RP (Birtel 

et al., 2018; Khan et al., 2017; Roosing et al., 2015). However, in a study conducted by Zare-

Abdollahi et al. (2019), individuals with an isolated maculopathy were found to carry both 

heterozygous and homozygous missense MFSD8 variants. This finding challenges the previous 

belief that all homozygous missense mutations in MFSD8 are exclusively linked to vLINCL, 
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thereby suggesting a broader spectrum of associations for these mutations (Zare-Abdollahi et al., 

2019).  

In a recent study, Poncet et al. (2022) reported the presence of 12 different biallelic variants in 

MFSD8, which have been associated with the development of inherited retinal degeneration 

(IRD). This condition encompasses various subtypes such as macular dystrophy (MD), cone 

dystrophy (COD), and cone-rod dystrophy (CRD) (Poncet et al., 2022). Among those variants, 

there were a total of seven mutations that had not been previously documented. These mutations 

consisted of four missense mutations, one nonsense mutation, one deep intronic mutation, and 

one large deletion that encompassed two exons. A total of six patients presented isolated retinal 

degeneration, wherein each patient carried at least one missense variant. Furthermore, the 

remaining allele in these patients displayed either another missense or a predicted loss-of-function 

mutation. One of the novel missense variants identified in the study was the c.1006G>A 

(p.Glu336Lys) variant. This residue is located within the extracellular loop denoted as L9. The 

remaining three missense variants that were found are the c.104G>A (p.Arg35Gln), c.155G>C 

(p.Gly52Ala), and c.1009C>T (p.Arg337Cys) (Figure 1.3). The novel deep intronic variant 

c.998+1669A>G was identified by intron analysis. This particular variant is predicted to generate 

a splice donor site, leading to the insertion of a pseudoexon spanning 140 bp between exons 10 

and 11. Another mutation (c.750A>G; p.Arg233Serfs*5,=) was identified five nucleotides 

upstream of the 3’ end of exon 8. This mutation causes the production of two transcripts: one that 

is normal and another that lacks exon 8. Consequently, this results in the formation of a null allele. 

The nonsense mutation identified as c.1265C>A (p.Ser422*) was shown to be associated with 

COD, while the large deletion spanning exons 9 and 10, referred to as variant c.755-

2726_998+1981 delinsGTA (p.Ser253Leufs*79), was observed to cause early-onset severe retinal 

dystrophy (EOSRD) (Poncet et al., 2022) (Figure 1.3). 

Kolesnikova et al. (2023) documented the discovery of five previously unreported biallelic 

mutations in MFSD8, which were found to be associated with isolated retinal disease. One of the 

individuals, who was diagnosed with RP at the age of 19, was compound heterozygous for the 

prevalent c.1361T>C (p.Met454Thr) variant alongside with a novel mutation c.863+2 that affects 

gene splicing. The mutation c.1361T>C (p.Met454Thr) is located in the 11th transmembrane 

domain and induces alterations in protein folding. A novel instance of isolated retinal disease, 

previously linked to the syndromic vLINCL, was identified. This case involved the presence of the 

c.754+2T>A variant in combination with the c.1361T>C (p.Met454Thr) missense mutation. The 

mutation c.754+2T>A is present within intron 8 of MFSD8 and results in altered splicing 

(Kolesnikova et al., 2023). This exemplified the combination of several variants, resulting in a less 
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severe protein defect and manifesting as isolated retinal disease phenotype. In contrast, each 

variant on its own can cause a more severe pathology, which could be vLINCL disease (Khan et 

al., 2017). 

1.1.2.3.2 MFSD8 variants associated with ALS and FTD 

Amyotrophic Lateral Sclerosis (ALS; also known as Motor Neuron Disease) is an infrequent 

neurodegenerative disease that affects the lower and upper motor neurons (LMN and UMN, 

respectively). The age of onset often occurs between the ages of 50 and 60, and those affected by 

the condition typically experience pronounced respiratory failure within a span of 2 to 4 years after 

the onset of the disease (Hobson and McDermott, 2016). The initial identification of the gene 

associated with ALS occurred in 1993, with the discovery of superoxide dismutase (SOD1) (Rosen 

et al., 1993a). Nevertheless, over 130 genes have been identified with genetic variants as underlying 

contributory factors contributing to disease. For instance, Nagy et al. (2022) conducted a study 

wherein they employed whole exome sequencing (WES) to examine previously unexplored genes 

related to ALS in a cohort of 21 Hungarian patients (Nagy et al., 2022). One of the genes identified 

in the study was MFSD8, along with several others. The study reported the presence of a nonsense 

mutation (p.Q304*) in the eighth transmembrane domain of MFSD8 (or end of the L7, according 

to UniProt) (Figure 1.4). This MFSD8 variant involves the substitution of glutamine with an early 

stop codon, leading to a truncated form of the protein. This alteration has the potential to induce 

lysosomal dysfunction and affect the development of ALS (Nagy et al., 2022).   
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Frontotemporal lobar degeneration (FTLD) is a neurodegenerative disorder characterised by the 

degeneration of the frontal and temporal lobes. This degeneration leads to a diverse range of 

clinical symptoms, which are classified as FTD (Olszewska et al., 2016). FTLD constitutes around 

5-10% of all instances of dementia and exhibits a gradual deterioration of behaviour and language 

skills (Gorno-Tempini et al., 2011; Mercy et al., 2008; Onyike and Diehl-Schmid, 2013; Rascovsky 

et al., 2007). The predominant aetiology of genetic FTLD cases can be attributed to alterations in 

three specific genes: MAPT, granulin (GRN), and chromosome 9 open reading frame 72 (C9orf72). 

The application of next-generation sequencing (NGS) has enabled the discovery of novel genetic 

risk factors for FTLD. For instance, Geier et al. (2019) identified some uncommon mutations 

(E336Q and G385R) in MFSD8 among individuals diagnosed with FTLD. These mutations were 

associated with atypical protein levels of MFSD8 and notable deviations in lysosomal and 

autophagy-related markers when compared to individuals without FTLD. These findings indicate 

that MFSD8 variants  may serve as new risk factors for FTLD (Geier et al., 2019). Similarly, 

Ogonowski et al. (2023) have identified a rare coding variant in MFSD8, specifically the missense 

mutation c.1153G>C (p.Gly385Arg) (Figure 1.4), which has been found to potentially contribute 

to the pathobiology of FTLD (Ogonowski et al., 2023). 

1.1.2.3.3 MFSD8 mutations in autism spectrum disorder (ASD) 

ASD is an inherited heterogeneous developmental disorder characterised by a range of symptoms 

and aetiological factors that are not yet fully understood. It is typically initially observed in infancy 

or early childhood and is defined by impaired communication skills and behavioural abnormalities 

(Al Backer, 2015). However, ASD has been implicated in certain neurological disorders with 

known aetiologies, such as Rett syndrome, Landau-Kleffner syndrome, and Christianson 

syndrome (Al Backer, 2015; Pescosolido et al., 2014). Certain causes of regressive autism have 

been documented to involve different genetic variants that are unrelated to the aforementioned 

disorders. For instance, a female patient displaying symptoms of NCL with a Rett-like onset was 

found to have compound heterozygous variants of MFSD8 and CLN5 (Craiu et al., 2015). 

Additionally, Jin et al. (2020) reported the case of a 7-year-old male patient who carried 

heterozygous missense mutations in EHMT1 (c.1513G>A, p.Gly505Ser) and MFSD8 (c.353A>G, 

Figure 1. 4. Schematic representation of mutations in MFSD8 associated with ALS and FTLD. The coloured 

dots represent mutations in the MFSD8 gene that cause ALS or FTLD with their approximate location within MFSD8. 

Each colour describes a different type of mutation: red refers to missense mutations, and black represents nonsense 

mutations. Figure based on Khan et al. (2017) and Sharifi et al. (2010).  
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p.Asn118Ser) (Figure 1.5). This patient exhibited a decline in physical, cognitive, and verbal 

abilities, leading to a diagnosis of ASD. 

In their study, Rahman et al. (2021) described a 4-year-old male patient from Bangladesh who 

presented progressive myoclonic epilepsy (PME) and was found to carry a homozygous MFSD8 

mutation. This missense mutation was the c.850G>C (p.Ala284Pro) variant, situated within exon 

9 of MFSD8 (Rahman and Fatema, 2021). 

 

 

Collectively, the aforementioned cases and novel variants in MFSD8 exemplify the remarkable 

range of phenotypic variability associated with this gene, rendering it a captivating and crucial 

subject of investigation. The range of pathological conditions resulting from MFSD8 encompasses 

ALS and FTD, isolated macular involvement, generalized rod-cone dystrophy, and systemic 

vLINCL. Therefore, it is essential to conduct a more extensive investigation into the molecular 

biology and genetics of MFSD8 to elucidate the intricate interplay of different alleles and their 

respective and collective effects on the folding and functionality of the protein. This would 

improve understanding of the phenotypic variability, given the absence of a known genotype-

phenotype correlation or unifying mechanism.  

Figure 1. 5. Schematic representation of mutations in MFSD8 associated with ASD. The coloured dots 

represent mutations in MFSD8 that cause ASD with their approximate location within the MFSD8 protein. The red 

colour refers to missense mutations. Figure based on Khan et al. (2017) and Sharifi et al. (2010).  
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1.2 Autophagy in neurodegenerative diseases 

Autophagy is an intracellular degradation mechanism that regulates the digestion and recycling of 

impaired cellular components, damaged organelles, and protein aggregates through 

autophagosomes. Autophagosomes refer to double-membrane structures located within the cells 

that actively sequester and encapsulate cytoplasmic components that have experienced damage. 

These autophagosomes then transport the encapsulated material to lysosomes, where it undergoes 

degradation through enzymatic digestion (Mizushima et al., 2008; Tsukada and Ohsumi, 1993). 

This mechanism facilitates the generation of cellular energy, a vital process for the survival of cells 

under conditions of nutrient deprivation and serves as a fundamental component in the 

maintenance of cellular homeostasis. 

The occurrence of various human neurodegenerative disorders, including AD, ALS, Parkinson’s 

disease (PD), and Huntington’s disease (HD), can be attributed to genetic mutations resulting in 

defective or altered protein function and/or the accumulation of potentially harmful proteins, 

which disrupt the normal functioning of autophagy. Consequently, certain areas of research are 

currently focusing on the development of pharmaceuticals to facilitate the elimination of harmful 

debris or damaged organelles accumulating due to defective autophagy (Boland et al., 2018; 

Menzies et al., 2017). Furthermore, other studies have shown that autophagy has the potential to 

induce neuronal death, suggesting that targeted suppression of autophagy may also serve as a viable 

therapeutic strategy in some circumstances (Liu and Levine, 2015).  

1.2.1 Initiation of autophagy  

Autophagy involves the formation of autophagosomes through the fusion of vesicles generated 

from different membrane origins, including the plasma membrane, ER, Golgi apparatus, and 

mitochondria (Hailey et al., 2010; Hayashi-Nishino et al., 2009; Ravikumar et al., 2010; Yen et al., 

2010; Ylä-Anttila et al., 2009). The formation of these vesicles gives rise to the phagophore, a 

membranous sac that undergoes a transformation into a cup-shaped double membrane. This 

double membrane then proceeds to engulf portions of the cytoplasm as its two edges close. The 

production of autophagosomes is reliant upon the participation of several autophagy (ATG) 

proteins. Phagophore formation is a process that encompasses the involvement of the ATG5-

ATG12-ATG16L1 complex and catalytic activities, facilitated by ATG7 and ATG10 (Menzies et 

al., 2015). The phagophore membrane encloses ATG9 and the microtubule-associated protein 

1A/1B-light chain 3 (LC3), playing a crucial role in the process of autophagosome biogenesis. The 

process of LC3 cleavage involves the action of ATG4B, which results in the formation of LC3-I. 

Subsequently, LC3-I associates with phosphatidylethanolamine through the involvement of ATG7 
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and ATG3, leading to the formation of LC3-II (Kabeya et al., 2000). Upon the expansion of the 

phagophore and the subsequent convergence of its two edges for fusion, the ATG5-ATG12-

ATG16L1 complex detaches from the outer membrane. In contrast, LC3-II remains associated 

with the autophagosome that has been formed. Following the process of autophagosome closure, 

the autophagosomes are transported to the perinuclear area within the cell. Subsequently, fusion 

occurs between the autophagosomes and the lysosomes, leading to the degradation of their 

contents (Figure 1.6). Moreover, the involvement of soluble N-ethylmaleimide-sensitive factor 

activating protein receptors (SNAREs) in the process of autophagosome production and 

degradation is of utmost importance, as they facilitate the fusion of vesicles (Fader et al., 2009; 

Furuta and Amano, 2010).  

The initiation of autophagy is controlled by the ULK1/ULK2-ATG3-FIP200 complex. In 

addition, this complex participates as a sensor for upstream signalling through three crucial 

pathways: the mTOR complex 1 (mTORC1), adenosine monophosphate (AMP)-activated protein 

kinase (AMPK), and p53 pathways (Alers et al., 2012; Füllgrabe et al., 2014). Specifically, mTORC1 

inactivates the ULK1/ULK2-ATG3-FIP200 complex by phosphorylation of ULK1 or ULK2 

(Figure 1.6). On the other hand, autophagy is activated by AMPK through the phosphorylation 

of ULK1 at different sites that differ from those targeted by mTORC1. The modulation of 

autophagy by p53 occurs through transcriptional regulation, whereby p53 upregulates the 

expression of pro-autophagic proteins such as ELK1, ELK2, AMPK, and tuberous sclerosis 2 

protein (TSC2) (Füllgrabe et al., 2014). In contrast, p53 that is not actively involved in 

transcriptional processes and is located in the cytoplasm interacts with FIP200 to exert a negative 

regulatory effect on autophagy. This leads to the inhibition of the development of the ULK 

complex (Morselli et al., 2011). 

The ULK1/ULK2-ATG3-FIP200 complex modulates the initiation of autophagy through the 

PI3K complex, which contains the vacuolar protein sorting 34 (VPS34 or PIK3C3), VPS15 (or 

PIK3R4), Beclin 1 and ATG14L (or barkor). The formation of PtdIns3P on new autophagosomes 

necessitates the presence of the VPS34 complex, which in turn enables the recruitment of 

PtdIns3P-binding proteins like WD repeat domain phosphoinositide-interacting protein 1 (WIPI1) 

and WIPI2 to the membranes of autophagosomes (Dooley et al., 2014; Menzies et al., 2015; Russell 

et al., 2013). 

Several receptor proteins, also known as adaptor proteins, have been discovered that play a crucial 

role determining substrate specificity in autophagy (Stolz et al., 2014). For instance, p62 (also 

known as sequestosome 1, SQSTM1), next to BRCA1 gene 1 protein (NBR1), nuclear domain 10 
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protein 52 (NDP52 or CALCOCO2), and optineurin have the ability to selectively bind their cargo 

for degradation (Bjørkøy et al., 2005; Kirkin et al., 2009). These proteins can recognize 

ubiquitylated proteins, which would be the cargoes, through ubiquitin-binding domains and 

afterwards attach to LC3 on autophagosomes (Pankiv et al., 2007; Rogov et al., 2014).  

 

Figure 1. 6. Autophagosome formation and autophagy regulation. Autophagosome formation occurs in multiple 

stages: initiation, nucleation, membrane expansion, closure, and fusion with lysosomes. During initiation, the ULK1/2 

complex initiates the nucleation of the phagophore under nutrient-deprived conditions. Subsequently, the class III 

phosphatidylinositol 3-kinase (PtdIns3K, PI3KC3) complex generates phosphatidylinositol 3-phosphate (PIP3) to 

recruit autophagy-related (ATG) proteins at the phagophore during the nucleation stage. The ATG12-ATG5-

ATG16L1 complex and LC3-II facilitate the expansion of the phagophore, with contributions from ATG9A vesicles 

and lipid transfer. During the closure stage, the phagophore edges close to form the autophagosome and then the 

autophagosome fuses with the lysosome, forming an autolysosome where degradation occurs. Autophagy regulation 

include the mTOR, AMPK, and PI3K-Akt pathways. The mTOR pathway inhibits autophagy by phosphorylating and 

inactivating the ULK1/2 complex under nutrient-rich conditions; suppressed during nutrient starvation, leading to 

autophagy activation. The AMPK pathway activates autophagy by phosphorylating and activating the ULK1/2 

complex under low energy conditions. The PI3K-Akt pathway negatively regulates autophagy by activating mTOR; 

inhibition of PI3K or Akt promotes autophagy by reducing mTOR activity. Figure based on Gąsiorkiewicz et al. 

(2021). 
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1.2.2 Mitophagy in neurological disorders 

Mitochondria are organelles enclosed by a double membrane that play a crucial role in various 

essential cellular processes, including the production of adenosine-5’-triphosphate (ATP), the 

synthesis and transport of phospholipids, calcium signalling, and the maintenance or iron balance 

(Raffaello et al., 2016; Spinelli and Haigis, 2018; Tamura and Endo, 2017). These organelles serve 

as sites for several processes, such as apoptosis, innate immune response, and differentiation of 

cells (Lisowski et al., 2018; Mehta et al., 2017). Due to the production of reactive oxygen species 

(ROS) on the electron transport chain, mitochondria face ongoing oxidative stress which can 

ultimately result in structural and functional deterioration (Wong et al., 2017). 

There are two forms of mitochondria in the brain: non-synaptic and synaptic. Non-synaptic 

mitochondria come from glial cells or neuronal cells, whereas synaptic mitochondria come from 

the synaptic region (Völgyi et al., 2015). Neurons rely on a significant amount of ATP to facilitate 

the synthesis of synaptic vesicle, transport substances along the axon, control ion gradients, and 

sustain the mitochondrial membrane potential (Iwata and Vanderhaeghen, 2021). Several studies 

have demonstrated that mitochondrial health has a substantial influence on the functioning of 

neurons and might potentially effect brain development and neuroplasticity through metabolic 

changes, regulation of calcium levels, programmed cell death (apoptosis), autophagy, and 

mitochondrial dynamics (Büeler, 2021; Khacho et al., 2017). Furthermore, mitochondria also have 

a significant impact on the growth of neurites, the restructuring of dendrites, and the secretion of 

neurotransmitters during the differentiation of neurons (Ozgen et al., 2022). 

The key indicators of mitochondrial dysfunction in the ageing process encompass inadequate ATP 

production, mutations in mitochondrial deoxyribonucleic acid (mtDNA), increased generation of 

mitochondrial ROS, reduced levels of antioxidant enzymes, increased release of pro-apoptotic 

factors, and oxidative damage to lipids, nucleic acids, and proteins (Mishra and Thakur, 2022; 

Navarro et al., 2008). The cellular antioxidants and enzymes that capture free radicals, such as 

catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD), eliminate most 

of the produced ROS. Nevertheless, a minor fraction of ROS manages to evade this elimination 

and can potentially cause damage to mitochondrial DNA, proteins, and lipids (Cui et al., 2011). 

Over time, the accumulation of mutations produces targeted harm to the respiratory chain 

complexes and excessive formation of ROS, finally resulting in impaired mitochondrial function. 

Additionally, dysfunction of mitochondria has been associated with several aged-related clinical 

disorders, such as AD and PD. Strong evidence indicates that the process of ageing results in 

notable changes in the structure and function of mitochondria, which ultimately leads to the death 
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of neurons (Campo et al., 2016; Mishra and Thakur, 2022). It has been hypothesised that a 

disruption in the control of normal mitochondria during ageing might be a shared pathway in age-

related neurodegenerative disorders. Consequently, to preserve mitochondrial homeostasis and 

optimal ageing, neuronal cells might have developed intricate and interrelated regulatory systems 

to control the generation of mitochondria and eliminate defective ones. Accordingly, the 

autophagic system selectively recognises and transports malfunctioning mitochondria to the 

lysosome to degrade them. The process of mitochondria degradation is a catabolic process known 

as mitophagy, which helps maintain the integrity and number of mitochondria in different cell 

types (Pickles et al., 2018). The mitochondria in tissues that require ATP, including the brain, 

skeletal muscle, heart, liver, and kidney, are highly developed to ensure an adequate balance 

between energy demand and supply. During the process of mitophagy, the fusion of 

autophagosomes and lysosomes leads to the formation of autophagolysosomes (in the general 

process of macroautophagy or autophagy), which in this case results in the degradation of 

dysfunctional mitochondria (Kubli and Gustafsson, 2012). 

1.2.3 Autophagosomes in neurons  

Autophagosome formation in neurons differs from that in other cell types due to its distinct 

spatiotemporal characteristics. While the same set of autophagy proteins is involved, the process 

occurs specifically at the distal tip of the axon and undergoes retrograde trafficking towards the 

soma (Maday et al., 2012). The proteins implicated in the process of autophagosome maturation 

in neurons include the STX17-containing SNARE complex, Rab7, EPG5, and the homotypic 

fusion and protein sorting (HOPS) complex (Bains et al., 2011; Cheng et al., 2017; Peng et al., 

2012; Takáts et al., 2013; Zhao et al., 2013). 

Several neurodegenerative diseases, including HD, PD, and ALS, present the accumulation of 

autophagic vacuoles (AVs) in affected neurons. This accumulation of AVs ultimately results in 

neuronal cell death (Nixon et al., 2008). The increase in the number of AVs can be attributed to 

the disruption of autolysosome formation and function. This disruption hinders the process of 

autophagy and disrupts the trafficking of endocytic materials, ultimately resulting in the 

impairment of a certain subset of neurons (Zhao and Zhang, 2018). 

1.2.4 Lysosomes 

Lysosomes are cellular organelles enclosed by a membrane that contain enzymes responsible for 

the degradation of many intracellular biological polymers, including proteins, nucleic acids, 

carbohydrates, and lipids. They function as the cell’s recycling centre to maintain cellular 

homeostasis. Lysosomes are involved in the degradation and breakdown of both extracellular 
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materials that have been internalised by the cell, as well as intracellular components that are deemed 

unnecessary or harmful. Lysosomes are commonly depicted as spherical vacuoles in their most 

basic form; however, their size and shape can exhibit variability depending on the nature of the 

components they contain for the purpose of digestion (Cooper, 2000).  

Over 30 different human genetic diseases, collectively referred to as LSDs, are caused by mutations 

in the genes that encode the degradative enzymes within the lysosomes (Platt et al., 2012). In 

addition, lysosome dysfunction has been implicated in a diverse range of human pathologies, 

encompassing neurodegenerative diseases (Appelqvist et al., 2013; Bajaj et al., 2019; Cox and 

Cachón-González, 2012). There are additional exceptions of mutations that result in lysosomal 

storage disorders. One such example is the deficiency in the enzyme that catalyses the attachment 

of mannose-6-phosphate to lysosomal enzymes within the Golgi apparatus. This disease leads to 

a broad defect in the integration of lysosomal enzymes into lysosomes, thereby hindering their 

ability to conduct their degradative function (Cooper, 2000). 

The enzymes found in lysosomes are classified as acidic hydrolases (e.g. cathepsins). These 

enzymes show optimal functionality within the acidic pH range 4.5-5.5, which is in contrast to the 

neutral pH of 7.2 commonly observed in the cytoplasm. Consequently, to maintain the acidic 

internal pH of the lysosomes, a proton pump in the lysosomal membrane – the vacuolar ATPase 

(V-ATPase) – actively transports H+ ions (protons) from the cytosol into the lysosome. This 

pumping activity is achieved through the consumption of energy in the form of ATP hydrolysis 

(Cooper, 2000). Lysosomes are responsible for the uptake and degradation of materials resulting 

from processes such as endocytosis, phagocytosis, and autophagy. These materials include 

cytoplasmic contents such as damaged ER, mitochondria, and other lysosomes (Bright et al., 2016; 

Chen et al., 2010; Cinque et al., 2020; Khaminets et al., 2015; Maejima et al., 2013; Pickles et al., 

2018). The number of lysosomes can fluctuate in response to cellular requirements, such as 

autophagy triggered by starvation and the distribution of lysosomes during cell division. 

Additionally, lysosomes have the ability to adjust in response to both extra- and intracellular signals 

to maintain cell homeostasis (Yang and Wang, 2021).  

1.2.4.1 Lysosome biogenesis 

The formation of the lysosomes requires the simultaneous production of lysosomal proteins and 

the transport from endosomes to lysosomes. This process starts in the ER, where lysosomal 

hydrolases are synthesised and modified through the addition of oligosaccharides. Subsequently, 

the hydrolases are transported to the Golgi apparatus, where the process of phosphorylation 

occurs on the mannose residues of the majority of lysosomal hydrolases (Figure 1.7). The 
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mannose 6-phosphate receptor (MPR) recognizes these phosphorylated hydrolases and the 

hydrolase-MPR complex is encompassed by clathrin-coated vesicles at the trans-Golgi network 

(TGN), which are then delivered to early-endosomes. Some hydrolases do not require the MPR 

for transportation to endosomes (Braulke and Bonifacino, 2009; Luzio et al., 2014). Lysosomal 

membrane proteins are delivered to the lysosomes through two different pathways: the direct and 

the indirect pathway. In the direct pathway, lysosomal membrane proteins are initially synthesized 

at the TGN and subsequently transported directly to endosomes. Conversely, in the indirect 

pathway, these proteins are first delivered to the plasma membrane before undergoing endocytosis 

to reach the early endosomes (Braulke and Bonifacino, 2009; Luzio et al., 2014; Saftig and 

Klumperman, 2009; Yang and Wang, 2021). The trafficking of endosomal proteins to lysosomes 

relies on the transformation of early endosomes into late endosomes. In this process, the early 

endosome-specific Rab5 and phosphatidylinositol 3-phosphate (PtdIns3P, PI3P) are replaced by 

Rab7 protein specific to late endosomes and phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2, 

PI(3,5)P2) (Gillooly et al., 2000; Huotari and Helenius, 2011; Schink et al., 2016). The endosomal 

proteins that are not intended for transport to the lysosomes undergo recycling by either the 

retromer-dependent and retromer-independent pathways (McNally and Cullen, 2018). The process 

of late endosome-lysosome fusion involves the participation of several key proteins, including the 

Rab7 small GTPase, the HOPS multi-subunit tethering complex, and SNARE proteins (Lürick et 

al., 2018; Luzio et al., 2010).  
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Rab proteins are members of the Ras-like GTPases superfamily and are crucial for various 

processes related to membrane trafficking. These processes include the production of vesicles and 

the transportation of vesicles in endocytosis, exocytosis, and autophagy (Agola et al., 2011; Chua 

et al., 2011; Tanida, 2011). GTPases shuttle between two distinct states: the GDP-bound state, 

which is characterised by inactivation, and the GTP-bound state, which is associated with 

Figure 1. 7. Lysosome biogenesis and cellular localisation of the NCL proteins. Lysosome take proteins and 

cargos from many pathways. During endocytosis, endocytic vesicles are formed in the plasma membrane. Receptors 

that are not intended for lysosomes undergo recycling and are returned to either the plasma membrane or the Golgi 

apparatus. Early endosomes, which contain the protein Rab5, are transformed into late endosomes, characterised by 

the protein Rab7, which subsequently merge with lysosomes. Lysosomal hydrolases are produced and altered through 

the attachment of oligosaccharides in the ER and then transferred to the Golgi apparatus. Once the mannose residues 

in the oligosaccharide chain are identified by the mannose-6-phosphate receptor (MPR), the complexes formed by 

the hydrolase and MPR are transported to endolysosomes.  In the case of macroautophagy (also referred to as 

autophagy), autophagic cargoes are transported to lysosomes through the fusion of autophagosomes and lysosomes. 

Lysosomes are generated from digestive lysosomes (endo-, phago-, and autolysoosmes) through the process of 

tubulation and scission, resulting in the formation of protolysosomes, which then develop into functional lysosomes 

(Yang and Wang, 2021). The majority of the NCL proteins are comprised in some of the cellular compartments that 

participate in this process. Specifically, CLN1, CLN2, CLN5, CLN10, and CLN13 are soluble lysosomal proteins, 

whereas CLN3, CLN7, and CLN10 are lysosomal transmembrane proteins. Additionally, CLN6 and CLN8 are 

described as transmembrane ER proteins, while CLN4 and CLN14 are cytoplasmic.  
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activation. This transition depends on the binding and subsequent hydrolysis of GTP (Cherfils and 

Zeghouf, 2013). There are different Rab proteins, each of which is localised to certain intracellular 

compartments and interacts with different proteins to regulate specific steps of vesicular trafficking 

(Zerial and McBride, 2001). In the case of Rab5 protein, it is found in early endosomes and recruits 

effector proteins to regulate the formation of endocytic vesicles, the generation of PI3P, the 

homotypic fusion of early endosomes, their motility on actin and microtubules, and the activation 

of downstream signalling pathways specifically within early endosomes (Bucci et al., n.d.; Gorvel 

et al., 1991; Miaczynska et al., 2004; Nielsen et al., 1999). Rab4 is also present in early endosomes, 

where modulates the exit of recycling cargoes back to the plasma membrane or to recycling 

endosomes (Sheff et al., 1999). Rab11 controls recycling to the plasma membrane in early 

endosomes (Jovic et al., 2010). Rab7a and Rab7b are two distinct Rab7 proteins present in 

mammals, which are localised in different cellular compartments and control different steps. 

Rab7a, usually referred to as Rab7, primarily localises to late endosomes and modulates the 

transport of molecules to late endocytic compartments. Specifically, it facilitates the movement of 

molecules from early endosomes to late endosomes and from late endosomes to lysosomes (Bucci 

et al., 2000). This cellular process is responsible for regulating the progression of early endosomes 

into late endosomes, facilitating the transportation of substances from late endosomes to 

lysosomes, promoting lysosome biogenesis and facilitating the fusion of late endosomes and 

lysosomes in the perinuclear region of the cytoplasm (Girard et al., 2014; Jovic et al., 2010). 

Furthermore, Rab7a is involved in multiple physiological processes, such as apoptosis (Edinger et 

al., 2003), neurotrophin trafficking and signalling, neurite outgrowth (Deinhardt et al., 2006; 

Saxena et al., 2005), phagocytosis (Harrison et al., 2003), as well as autophagy and mitophagy 

(Hyttinen et al., 2013; Yamano et al., 2014). In contrast, Rab7b is located within the TGN and late 

endosomes, and its primary function involves the regulation of transport from endosomes to the 

Golgi apparatus (Progida et al., 2012, 2010). 

The HOPS multi-subunit complex, responsible for vacuolar/lysosomal homotypic fusion and 

protein sorting, exhibits a flexible structure like that of a seahorse, measuring between 28 to 35 nm 

in length. Notably, this complex possesses two Rab-binding sites located at opposite ends (Bröcker 

et al., 2012). The interaction between the HOPS and Rab7 GTPase Ypt7 via the subunits Vps41 

and Vsp39 of HOPS (Ostrowicz et al., 2010) enables the fusion of late endosomes, AP-3 vesicles 

and autophagosomes with vacuoles, and homotypic fusion (Bröcker et al., 2010; Nickerson et al., 

2009).  In addition, inside the HOPS structure, the larger side is comprised of Vps33, which is 

responsible for interacting with SNARE proteins.  
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SNARE proteins are a type of membrane-associated proteins that contain specific domains of ~60 

amino acids. These domains are predicted to create coiled-coil structures (Duman and Forte, 

2003). SNAREs play a pivotal role in the fusion process of membranes in eukaryotic cells, 

including the fusion of synaptic vesicles with the plasma membrane (Han et al., 2017). 

Lysosomes can also be generated through the process of phagocytosis, wherein phagosomes 

containing apoptotic cell remains or other molecules follow a maturation process characterised by 

the recycling of phagocytic receptors and alterations in phagosomal lipids and proteins. This 

process enables the fusion of phagosomes with lysosomes for the degradation of phagosomal 

contents (Wang and Yang, 2016). Similarly, lysosomes can also arise from autophagosomes that 

undergo a process of maturation to fuse with late endosomes/lysosomes This fusion process 

involves the action of proteins such as Rab7, HOPS, and SNARE, as it happens in the 

abovementioned endosome-lysosomes fusion (Yang and Wang, 2021). In this case, incipient 

autophagosomes and vesicles originating from the endosomal compartments fuse to generate 

degradative autolysosomes. These autolysosomes serve as the structures that contain both 

autophagic and lysosome components, including hydrolases responsible for content degradation 

(Eskelinen, 2005). 

1.2.5 MFSD8 as a lysosomal transmembrane protein 

The NCLs have been classified as LSDs, and CLN7/MFSD8 is associated with the vLINCL 

subtype. Some studies have shown that MFSD8, when overexpressed, co-localises with lysosomal 

markers, suggesting its potential role in facilitating transport across the lysosomal membrane 

(Siintola et al., 2007) (Figure 1.1). Additionally, native untagged MFSD8 has been found to localise 

to the lysosomes and late endosomes. This localisation was determined by studying its co-

localisation with the late endosomal/lysosomal marker LAMP1 (Sharifi et al., 2010). These 

findings indicate the existence of lysosomal targeting motifs within the MFSD8 sequence. These 

motifs, such as dileucine- or tyrosine-based motifs, are typically found in the cytosolic tails of 

lysosomal membrane proteins (Bonifacino and Traub, 2003). The N-terminal region of the human 

MFSD8 protein encompasses a [DE]XXXL[IL]-type dileucine motif (9-EQEPLL-14). This motif 

is conserved in vertebrates and is considered as a crucial factor in determining the localisation of 

the protein to lysosomes. The 22-EWDIL-26 motif can be also considered another dileucine-type 

motif, even though it is neither canonical nor conserved among vertebrates. The C-terminal region 

encloses two tyrosine-based motifs (503-YKRL-506 and 513-YGRI-516) that are conserved to 

varying degrees among vertebrates. The fifth cytosolic loop of MFSD8 contains an additional 

tyrosine-based, specifically at residues 441 to 445, denoted as 441-YSKIL-445 (Sharifi et al., 2010).  
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MFSD8 has been recently described to encode for a transmembrane lysosomal protein 

potentially functioning as a chloride channel, which regulates the transport of chloride ions from 

the lysosome to the cytosol (Yayu Wang et al., 2021). However, there is a limited understanding 

of its molecular biology. The mechanistic explanation for the loss of MFSD8 protein function at 

the lysosomes, and its subsequent impact on disease, has not been elucidated, hence hindering our 

comprehension of the underlying link between cause and effect. Therefore, the lack of insights 

and knowledge regarding the underlying mechanism of vLINCL caused by mutations in MFSD8 

requires further study based on the molecular biology of MFSD8. For that reason, this study aims 

to assess and characterise MFSD8 at both cellular and molecular levels to enhance comprehension 

of the underlying molecular mechanisms contributing to the development of the disease, as the 

vast majority of the work on CLN7 disease has been conducted in cells that are not directly related 

to neurological diseases. 

1.3 Studies on the variant late-infantile NCL CLN7 

Several studies have been conducted in naturally occurring or genetically modified animal models 

of CLN7 disease, including Drosophila melanogaster, mice, Chihuahua dogs, and macaques (Brudvig 

and Weimer, 2022; Chen et al., 2020; Connolly et al., 2019; Faller et al., 2016; McBride et al., 2018a; 

Rowe et al., 2022). Some of these studies employing different animal models were established to 

improve the understanding of the molecular pathogenicity; the gene expression and protein 

function, or investigation of a potential gene therapy for CLN7 (Brudvig and Weimer, 2022; Chen 

et al., 2022, 2020). Although CLN7 disease has been identified as a promising candidate for gene 

therapies that target the brain, it is important to note that there is currently no cure or treatment 

available for this disease.  

Kim et al. (2019) developed the first “N-of-1” therapeutic drug for a patient diagnosed with a rare 

disease – the vLINCLN CLN7. This drug was tailored specifically to target the patient’s particular 

pathogenic mutation, serving as an example of personalised genomic medicine. They identified a 

new type of splicing mutation and, within a year, they created a customised drug using antisense 

oligonucleotides to modify the splicing and treat the patient. This treatment successfully reduced 

seizures and did not cause any major side effects. The 22-nucleotide antisense oligonucleotide was 

called Milasen and has a similar backbone and sugar chemistry modifications (phosphorothioate 

and 2’-O-methoxyethyl) as nusinersen, an FDA-approved drug for treating infantile-onset 

muscular dystrophy (Finkel et al., 2016). This therapy for CLN7 disease corroborates the need of 

the intact endogenous gene and a proper splicing process to develop an effective approach to 

restore MFSD8 in CLN7 patients.  
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Additionally, Chen et al. (2022) reported an in vivo preclinical model, in which adeno-associated 

virus serotype 9 (AAV9) with the full-length MFSD8 were administered intrathecally to Mfsd8-/- 

mice, using either a high or low dose, resulting in noticeable effects that varied depending on the 

age and dosage. Administering a high dose of AAV9/MFSD8 between postnatal days 7 and 10 led 

to prominent expression of MFSD8 mRNA, a decrease in the accumulation of SCMAS and glial 

fibrillary acidic protein immunoreactivity, improvement in impaired behaviours, a doubling of the 

lifespan, and higher body weight. This intrathecal delivery of AAV9/MFSD8 seemed to be 

harmless and effective (Chen et al., 2022). However, it should be acknowledged that animal models 

may not fully replicate the pathophysiology of human disease, which can limit their effectiveness 

in assessing drug efficacy during clinical trials (Grskovic et al., 2011). The constraints associated 

with the use of animal models to investigate pathology and disease in neurological disorders mostly 

stem from differences in brain cell types and neuronal networks. Furthermore, in the context of 

neurological diseases (Okano and Yamanaka, 2014), as well as cardiac diseases (Parrotta et al., 

2019), there are significant challenges associated with accessing the site of injury and obtaining 

tissue samples.  

 

1.4 Models of study for neurodegenerative diseases 

1.4.1 Animal models: in vivo disease models 

Animal models have been employed in the investigation of neurodegenerative diseases, as they 

provide insights into the aetiology and pathobiology of these disorders (Jankowsky et al., 2002; 

McGowan et al., 2006). However, these models have limitations since they typically involve the 

overexpression of mutant proteins, which might interfere with the pathology in the animal and 

hinder the comprehension of the initiation and development of neurodegenerative disorders 

(Hartung, 2008; Kokjohn and Roher, 2009). Moreover, the utilisation of animal models give rise 

to ethical concerns about their application in research. In 1959, Russel and Burch introduced the 

principle of the 3Rs, which addresses ethical concerns by reducing the quantity of animals used in 

experiments, refining methods to enhance animal welfare, and replacing animal use with alternative 

methods (Russell and Burch, 1959). Therefore, in order to adhere to the 3Rs principle, it is 

necessary to create and use innovative models to better understand the underlying mechanisms of 

neurodegenerative diseases. This will ultimately pave the way for these models to be employed in 

the development of therapeutic strategies. Furthermore, other constraints of animal models also 

arise from the dissimilarities and variations among those species (Barroca et al., 2022; Cendelin et 

al., 2022). Specifically, mouse models have been generated and extensively used to investigate the 

influence of environmental and genetic factors on neurodegenerative disorders (Bloom et al., 2005; 
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Trancikova et al., 2011; Wong et al., 2002). Nevertheless, these genetic models are unable to 

accurately replicate all the clinical characteristics of human neurodegenerative disorders. For 

instance, mouse models of AD, PD, and HD rarely exhibit significant neuronal cell death or the 

gradual deterioration of the nervous system that defines these human disorders (Blesa and 

Przedborski, 2014; Jankowsky and Zheng, 2017). Moreover, there is also emerging data that 

highlight inherent functional differences between human and mouse cells. These distinctions 

encompass various aspects such as developmental stages, the speed of protein degradation, RNA 

processing, cell biology of glia cells, and global transcriptomes (Dawson et al., 2018; Han et al., 

2013; Oberheim et al., 2009; Rayon et al., 2020; Zhang et al., 2016). The variations inherent to each 

species are probably responsible for some of the difficulties encountered when using mouse-based 

models to simulate human diseases. 

1.4.2 Human cell/tissue models: in vitro disease model 

The use of human tissue for the investigation of neurodegenerative diseases is limited due to the 

challenge of acquiring brain or spinal cord tissue from patients at different stages of the disease. 

Therefore, it is crucial to generate models that replicate the progression of neurodegenerative 

diseases to gain a deeper understanding of the pathogenesis and pathobiology of such conditions. 

Utilising induced pluripotent stem cells (iPSCs) is a highly promising method for modelling and 

studying neurodegenerative diseases in vitro. iPSCs can be produced through the process of 

reprogramming somatic cells, including fibroblasts and peripheral blood cells, collected from both 

healthy individuals and patients, as it is described below.  

1.4.2.1 Stem cells and iPSCs 

Ever since their first identification in the 1960s, stem cells have played a crucial role in the field of 

biology. Stem cells are characterised by their capacity to undergo differentiation into many cell 

lineages – also known as pluripotency – and sustain self-renewal indefinitely without undergoing 

senescence. Senescence is a cellular reaction marked by a permanent halt in growth and other 

observable changes, such as the release of proinflammatory substances (McHugh and Gil, 2017). 

It contributes to regular development and the maintenance of tissue homeostasis and is a typical 

feature of ageing, defined by the irreversible exit from the cell cycle in response to cellular damage 

and stress (Zhang et al., 2022). Pluripotent stem cells are especially valuable since they have the 

ability to transform into any type of cell found in the adult body. This makes them extremely 

effective for producing cells that are difficult to obtain from original tissue, such as neurons. 

Pluripotent stem cells are exclusively present in the developing embryo during its pre-implantation 

phase, subsequent to which their capacity and ability of pluripotency and self-renewing diminish. 
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Although embryonic stem cells (ESCs) can be useful in research, their isolation presents both 

technical and ethical issues. In 2006, Takahashi and Yamanaka published a significant report that 

presented a technique for producing induced pluripotent stem cells (iPSCs), thereby resolving 

these issues (Singh et al., 2015; Takahashi and Yamanaka, 2006). Through the exposure of fully 

matured cells to a combination of reprogramming factors, Takahashi and Yamanaka successfully 

produced iPSCs that closely resemble ESCs in terms of their characteristics. Subsequently, several 

other reprogramming factors, along with alternative techniques such as viral vectors, have been 

produced for this objective. Furthermore, the emergence of clustered regularly interspaced 

palindromic repeats (CRISPR-Cas9) technology has facilitated the production of iPSCs containing 

any identified mutation.  

iPSCs are highly useful for disease modelling, and they can even be used to generate patient-derived 

models, which greatly contributes to research in the field of personalised medicine, making them 

a useful model to study CLN7 disease.  

1.4.2.2 iPSC technology: cell reprogramming  

Both somatic cell nuclear transfer (SCNT) and ESC fusion can transform a specialised cell into a 

state with increased potential for differentiation (Bradley et al., 1984; Doetschman et al., 1987; 

Gurdon, 1962; Gurdon et al., 1958). These findings indicated the presence of unidentified 

reprogramming factors than can remove somatic cell memories through an epigenetic mechanism. 

To identify these reprogramming factors, Takahashi and Yamanaka proposed the hypothesis that 

genes which are especially active in ESCs have a role in determining the unique properties, such 

as their ability to differentiate and proliferate (Karagiannis et al., 2019). Additionally, they 

postulated that these factors have the potential to convert specialised somatic cells into cells that 

resemble embryonic stem cells. By employing subtraction, they detected expressed-sequence tags 

(ESTs) that were more abundant in mouse ES complementary DNA (cDNA) pools. By utilising 

this sequencing data, they acquired complete sequences of cDNAs that encode previously 

undiscovered genes responsible for pluripotency in both ESCs and the inner cell mass. They 

assigned the name ESC-associated transcripts (ECATs) to these cDNAs (Mitsui et al., 2003). 

Through the examination of each ECAT gene, Takahashi and Yamanaka identified 24 genes that 

qualified as potential reprogramming factors. In light of the improbability that all 24 factors were 

necessary for the production of ESC-like cells, their next objective was to narrow down the 

potential reprogramming factors to a minimal set. Through the elimination of one element from 

the collection of 24 genes, a total of 24 combinations were examined for reprogramming, After 

the initial set of trials, the number of potential genes was reduced to 10. A further set of studies 
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demonstrated that the omission of any gene of four specific genes consistently impaired the 

development of colonies. Conducting experiments on various combinations of these four genes 

verified that when the transcription factors OCT3/4, SOX2, KLF4, and c-MYC (referred to as 

OSKM) were overexpressed in mouse fibroblasts, it was possible to produce ESC-like cells, also 

known as induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 2006). 

Following their successful generation of mouse iPSCs, Takahashi and Yamanaka subsequently 

proved that the identical set of four factors was adequate for generating human iPSCs (Takahashi 

et al., 2007). Concurrently, James Thomson and his team reported the generation of human iPSCs 

employing a distinct combination of four factors (Yu et al., 2007). Among the factors examined, 

OCT3/4 and SOX2 were found to be shared, whereas NANOG and LIN28 were shown to be 

different compared to Takahashi and Yamanaka’s study. Following this advancement, researchers 

have employed this method to convert a specific somatic cell type into an iPSC state. This process 

has shown that it provides the cell the ability to differentiate into practically any cell type found in 

the body. 

Throughout the years, several models have been suggested to elucidate the mechanism that induce 

cellular reprogramming into the pluripotent state. The variabilities and inefficiencies in iPSC 

generation have resulted in a wide range of methods for iPSC development, including the use of 

viruses, DNA, RNA, or recombinant proteins.  

1.4.2.3 Human iPSCs generation and characterisation 

The utilisation of iPSCs has emerged as a significant breakthrough in neuroscience research, 

addressing ethical concerns and resolving source restrictions associated with the use of ESCs 

(derived directly from the disrupted embryo) or primary cell cultures in the production of disease 

models for neurodegenerative disorders.  

Human iPSCs (hiPSCs) are mostly cultured and maintained in the form of colonies due to their 

limited viability as individual cells, in contrast to mice iPSCS. The process of passaging new 

colonies of hiPSCs needs mechanical manipulation, and it typically requires approximately five to 

ten passages for the cells to achieve stability and adapt to enzymatic separation (Lerou et al., 2008). 

Various characteristics and criteria have been established to describe and identify reprogrammed 

cells that have achieved effective reprogramming. These encompass the evaluation of pluripotency, 

morphology, as well as molecular and functional properties. When examining morphology, hiPSCs 

exhibit specific characteristics, which include possessing a large nucleus and a reduced amount of 

cytoplasm (Krasnova et al., 2022) (Figure 1.8).  
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Figure 1. 8. Morphological characteristics of hiPSC colonies exhibiting different phenotypes. (A, C, E) 

Representative images of high-quality hiPSC colonies, characterised by a flat structure, well-defined edges, and a high 

ratio of nucleus to cytoplasm. The cells within these colonies are closely packed, with square-shaped nucleoli. (B, D, 

F) Characteristic morphology of more differentiated hiPSC colonies, exhibiting a modified cell structure (elongated 

cells indicated by long arrows) and cells that are loosely arranged with evident phase-bright gaps between them (small 

arrows). During the initial 3-4 days after plating, colonies may display a less compact arrangement as they expand. 

(Scale bar = 400 µm). Images adapted from Krasnova et al. (2022). 
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Additionally, hiPSCs must show the ability for indefinite self-renewal (Robinton and Daley, 2012a; 

Wakao et al., 2012). In order to be considered iPSCs at the molecular level, several criteria must 

be met. First, iPSCs must exhibit the presence of stem cells markers, including pluripotency factors 

such as OCT3/4, SOX2, and NANOG, as well as cell surface antigens like SSEA-3/-4 and TRA-

1-60/-80 (Castro-Viñuelas et al., 2020) (Figure 1.9). Second, functional telomerase expression is 

necessary. Third, retroviral silencing gene expression, specifically the activation of de novo 

methyltransferases and Trim28, must occur (Lei et al., 1996; Wolf and Goff, 2007). Finally, iPSCs 

should demonstrate epigenetic similarities to ESCs, such as DNA methylation at the promoters of 

pluripotency genes, X chromosome reactivation in female cells, and the presence of bivalent 

domains at developmental genes (Bernstein et al., 2006; Maherali et al., 2007; Rideout et al., 2001; 

Wernig et al., 2007).  

 

In order to fulfil their intended purpose, iPSCs must have the ability to differentiate into the three 

embryonic germ layers (ectoderm, endoderm, and mesoderm) (Jaenisch and Young, 2008). The 

endoderm is the first set of cells of the three germ layers and is the embryonic precursor of several 

organs such as the thyroid, lungs, pancreas, liver, and intestines. These cells undergo four 

developmental steps, including proliferation and induction of pluripotent stem cells (PSCs), the 

dissociation of stem cell-derived endoderm and mesoderm germ layers formed from stem cells, 

Figure 1. 9. Expression of pluripotency-associated proteins in hiPSCs using immunofluorescence. (a) 

Immunofluorescences staining showing the presence of pluripotency markers, such as NANOG, OCT-4, SSEA-4, 

and TRA-1-81 in the iPSC-line MOA1-FiPS4F#7 (iPSC-line from patient with rhizarthrosis and non-erosive hand 

OA in the right hand) (Scale bar = 100 µm). (b) Immunofluorescence staining showing the presence of pluripotency 

markers, including NANOG, OCT-4, SSEA-4, and TRA-1-81 in the iPSC-line MOA2-FiPS4F#17 (iPSC-line from 

patient with rhizarthrosis and non-erosive hand OA in both hands) (Scale bar = 100 µm, except for the images of 

OCT-4 and SOX2, where the scale bar is 50 µm). Images adapted from Castro-Viñuelas et al. (2020). 
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anterior-posterior patterning, and bifurcation of the liver and pancreas (Muhr et al., 2023). In 

vertebrates, the mesodermal cells grow surrounding the notochord, ultimately give rise to the 

vertebral column that extends towards the midbrain. The mesoderm is divided into three different 

embryonic precursors, which are the paraxial (also known as axial), intermediate, and lateral (or 

lateral plate) regions. These mesodermal embryonic precursors play a crucial role in the 

development of diverse cell types and tissues, including smooth, cardiac, and skeletal muscle, 

kidney, reproductive system, tongue and pharyngeal arches, connective tissue, bone, cartilage, 

dermis and subcutaneous layers, dura mater, vascular endothelium, blood cells, microglia, and 

adrenal cortex (Muhr et al., 2023). Additionally, it is worth noting that throughout embryonic 

development, the ectoderm undergoes a transformation and gives rise to the neuroectoderm, a 

crucial component responsible for the formation of the brain and spinal cord (Muhr et al., 2023) 

(Figure 1.10).  

Figure 1. 10. Origin and development of pluripotent stem cells (PSCs). Blastocysts, which represent an early 

stage of embryonic development, contain a population of pluripotent cells known as embryonic stem cells (ESCs). 

These ESCs are characterised by their capacity for self-renewal and their ability to differentiate into all three primary 

germ layers: ectoderm, mesoderm, and endoderm. In contrast, somatic cells, which are fully differentiated cells 

obtained from adult tissues, can be reprogrammed through the introduction of specific transcription factors to 

generate induced pluripotent stem cells (iPSCs). These iPSCs exhibit properties similar to ESCs, including pluripotency 

and the potential to differentiate into derivatives of all three embryonic germ layers. The three primary germ layers – 

endoderm, mesoderm, and ectoderm – give rise to distinct organ systems during embryonic development. The 

endoderm is responsible for the development of the gastrointestinal tract, respiratory system, and liver. The mesoderm 

generates the kidneys, bones, and blood circulatory system, whereas the ectoderm undergoes differentiation to form 

the brain. ESCs and iPSCs can also be used in vivo for the purpose of generating organoids to study human 

developmental biology.  
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1.4.2.4 Factors influencing cell differentiation from iPSCs 

Cell differentiation from iPSCs can be influenced by various factors that either hamper or stimulate 

the process. The efficacy of differentiation can be hampered by several challenges, including the 

lack of uniformity in embryoid body (EB) size, which can lead to nonhomogeneous and 

asynchronous differentiation, impacting the overall quality and consistency of the differentiated 

cells (Di Baldassarre et al., 2018). This can be overcome in some cases by the use of a determined 

number of iPSCs when generation the EBs in cell culture. Additionally, the epigenetic memory of 

reprogrammed cells can influence differentiation efficiency. This epigenetic memory refers to 

residual epigenetic markers from the original somatic cells, which can affect the differentiation 

potential and behaviour of iPSCs (Di Baldassarre et al, 2018). Variability in the quality of iPSCs 

generated due to technical challenges in the reprogramming process can also result in poor 

differentiation outcomes during differentiation (Di Baldassarre et al., 2018). Moreover, the use of 

conventional methods using murine feeder cells or other reagents generated from different species 

can present significant challenges when aiming to obtain differentiated cells for clinical 

applications. In these cases, the differentiation methods need to be adapted to exclude xenogeneic 

antigens (Netsrithong et al., 2024).  

Conversely, numerous strategies have emerged that stimulate and optimise cell differentiation. 

These include the identification and application of optimal conditions specific for different cell 

lineages (Yasui et al., 2021). In addition, there is evidence demonstrating that electrical stimulation 

and other biophysical stimuli can promote differentiation. For instance, electrical stimulation has 

been shown to enhance cardiac differentiation of iPSCs (Iberite et al., 2022). Similarly, mechanical 

stimuli can help recreate a biomimetic environment, aiding in the differentiation and maturation 

of specific cell types like skeletal muscle cells (Iberite et al., 2022). Additionally, co-culturing iPSCs 

with muscle cell populations or using human origin feeder cells can enhance differentiation by also 

providing a more supportive and biomimetic environment (Iberite et al., 2022). Furthermore, 

feeder-free and serum-free monolayer methods for deriving hematopoietic cells from iPSCs can 

provide high-purity cells, making them suitable for both research and clinical applications 

(Netsrithong et al., 2024). Developing and optimising differentiation protocols that are 

reproducible across different iPSC lines can significantly enhance the efficiency and consistency 

of the differentiation process (Iberite et al., 2022).  

1.4.2.5 Neural differentiation of iPSCs 

The utilisation of patient-derived iPSCs holds promise for investigating specific neurological 

disorders, overcoming the constraints associated with animal models, ethical concerns, and the 
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scarcity of human samples (Saha and Jaenisch, 2009). For certain cell types, such as human brain 

cells, it is not possible to obtain them from living individuals. While post-mortem tissues can be 

used for research purposes, they often do not provide a reliable model for studying disease 

mechanism due to the effect of secondary and tertiary consequences of the disease that the tissues 

have suffered. iPSCs have the capacity to undergo differentiation into neural stem cells (NSCs) in 

a 3-dimensional (3D) environment (known as neurospheres), 2-dimensional (2D) NSCs (referred 

to as neural rosettes), and primitive NSCs (Elkabetz et al., 2008; Shin et al., 2019). NSCs are 

tripotent cells that have the ability to differentiate into three distinct neural lineage cells: neurons, 

astrocytes, and oligodendrocytes (Glaser et al., 2007).  

In the context of this study, enzymatic dissociation can be employed to differentiate rosette-

forming NSCs into Neural Progenitor Cells (NPCs), which represent an intermediate stage of 

individual cells capable of generating both neurons and glial cells. This technique has contributed 

to significant advancements in neural differentiation models, facilitating the study neurological 

disorders (Malatesta et al., 2000; Merkle et al., 2004; Noctor et al., 2001; Tamamaki et al., 2001).  

1.5 Use of iPSC-derived neural cells to model neurodegenerative diseases 

The cellular models of neurodegenerative diseases vary in complexity, ranging from basic two-

dimensional monolayers obtained from immortalised cell lines to elaborate three-dimensional 

multicellular organoids that closely resemble actual tissue. These are capable of reproducing 

numerous disease characteristics and in vivo physiological environments. Several studies have used 

two-dimensional cell cultures obtained from iPSCs for modelling these diseases. 

1.5.1 iPSC-derived cell cultures to model Alzheimer’s disease  

AD is the most common neurodegenerative disorder, characterised by the build-up of beta-

amyloid (Aβ) plaques and neurofibrillary tangles (Tanzi and Bertram, 2005). These tangles are 

formed by the presence of microtubule tau inside neurons. Patients with AD experience cognitive 

impairments and memory decline due to neuronal degeneration, mostly affecting the medial 

temporal lobe and neocortical regions (Davis et al., 1995). Exposure to environmental variables 

and possessing the E4 allele of the apolipoprotein E (APOE ε4) gene are associates with a higher 

likelihood of developing sporadic AD. APOE ε4 proteins had significantly lower efficacy in the 

degradation of Aβ plaques compared to the APOE ε2 and APOE ε3 alleles. Early-onset familial 

AD is characterised by the occurrence of mutations in the amyloid precursor protein (APP), 

presenilin 1 (PSEN 1), and presenilin 2 (PSEN 2) genes (Dorszewska et al., 2016). 

Wang et al. (2018) observed and elevation in the generation of Aβ and p-tau levels in hiPSC-derived 

APOE ε4 neurons. The study, which focused on two-dimensional analysis, also observed 
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degeneration of GABAergic neurons caused by the APOE ε4 variation. Nevertheless, the 

pathogenic behaviour was eradicated through the post-conversion of APOE ε4 to isogenic APOE 

ε3 utilising the APOE structural corrector PH002. This not only validates the disease-causing 

activity of APOE ε4 associated with AD, but also emphasised a novel strategy for targeting AD 

related to APOE ε4 (Wang et al., 2018). This study exemplifies the integration of two-dimensional 

modelling with iPSCs to overcome challenges like specie variability, as iPSCs are ethically derived 

from humans. The methodology also reduces the need of animals, such as mice models, as they 

do not possess APOE ε4. 

1.5.2 iPSC-derived cell cultures to model Parkinson’s disease 

PD is another severe neurodegenerative disorder characterised by impaired motor function and it 

is the second most common neurological condition, following AD. The dopaminergic neurons 

located in the substantia nigra are affected and harmed by several mechanisms, such as the 

aggregation and misfolding of α-synuclein, mitochondrial apoptosis, and excitotoxicity (Beal, 1998; 

Exner et al., 2012; Yasuda and Mochizuki, 2010). The disease manifests later in life and can be 

classified into two forms: the idiopathic type, which occurs without a known cause, and the rare 

familial variation. Both types exhibit the characteristic symptoms of bradykinesia (slowness of 

movement), tremor, and muscle rigidity. Gene-linked PD is characterised by several mutations in 

the α-synuclein gene, leucine-rich repeat kinase 2 (LRRK2), and PTEN-induced kinase 1 (PINK1) 

genes. LRRK2 is an essential protein that plays a crucial role in autophagy and the preservation of 

cellular functioning (Skibinski et al., 2014). 

A study conducted by di Domenico et al. (2019) developed a co-culture of neurons and astrocytes 

to investigate the communication between midbrain dopaminergic (mDA) neurons and astrocytes 

obtained from mutant LRRK2-iPSCs. In comparison to the healthy controls, the mutant 

G2019SLRRK2 mDA-astrocyte model accurately reproduced the characteristic phenotype of PD 

(Domenico et al., 2019). This encompasses the accumulation of α-synuclein, premature cell death, 

and structural changes such as membrane loss in the mDA neurons. Astrocytes provide a 

neuroprotective effect in cells by clearing debris, promoting inflammation, and reducing the 

harmful effects of excessive glutamate activity (Sidoryk-Wegrzynowicz et al., 2011). Nevertheless, 

di Domenico’s research showed that when PD-derived astrocytes were cultured together with 

healthy control neurons, the astrocytes actively participated in the degeneration of the healthy 

dopaminergic neurons. 
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1.5.3 iPSC-derived cell cultures to model amyotrophic lateral sclerosis 

ALS is a neurodegenerative disease characterised by the gradual impairments of motor function. 

This occurs due to the degeneration of the upper motor neurons in the brainstem and the lower 

motor neurons in the spinal cord (Chou and Norris, 1993; Rothstein, 2009). The adult-onset 

typically affects individuals who are 55 years of age or older. ALS is classified by two forms: 

sporadic ALS (SALS) and familial ALS (FALS). The primary mutant genes linked to FALS are 

TAR DNA-binding protein 43 (TDP-43), SOD1, and C9orf72 (Cudkowicz et al., 1997; DeJesus-

Hernandez et al., 2011; Renton et al., 2011; Rosen et al., 1993b; Sreedharan et al., 2008; Yokoseki 

et al., 2008). 

Egawa et al. (2012) differentiated iPSCs obtained from familial ALS patients, who possess 

mutations in the TDP-43 protein, into motor neurons as a model to study the ALS aetiology and 

drug screening. These motor neurons produced from iPSCs of ALS patients displayed cytosolic 

aggregates resembling those observed in post-mortem tissue from ALS patients. Additionally, 

these motor neurons had elevated levels of mutant TDP-43, which was present in an insoluble 

state and bound to a spliceosomal factor called SNRPB2. Their investigation involved the analysis 

of four compounds, and they discovered that anacardic acid, a histone acetyltransferase inhibitor, 

successfully restored the aberrant ALS motor neuron phenotype (Egawa et al., 2012). These results 

indicated that motor neurons produced from iPSCs taken from ALS patients could be a valuable 

resource for studying the causes of ALS and for evaluating potential drugs. 

1.5.4 iPSC-derived cell cultures to model Huntington’s disease 

Huntington’s disease (HD) is an inherited neurological condition characterised by the 

amplification of CAG repeats in the huntingtin (Htt) gene (MacDonald et al., 1993). The expansion 

of the CAG repeat sequence leads to the deterioration of the GABAergic projection neurons in 

the striatum areas, resulting in the appearance of involuntary movement and mental disorders 

(Glass et al., 2000; Snowden et al., 1998). There is currently no effective treatment for HD and, 

despite being identified over twenty years ago, the precise mechanism behind the 

neurodegeneration of HD is still not completely understood. However, Zhang et al. (2010) were 

considered the first researchers to create a HD model using iPSCs. They generated neural 

precursor cells and human striatal neurons from fibroblasts of patients suffering from HD using 

the protocol of embryoid body formation. To accomplish this, the HD-NSCs were exposed to a 

differentiation condition that involved the combination of morphogens and neutrophins to 

promote the differentiation of the cells to the striatal lineage. The striatal neurons and neuronal 

precursors produced from HD-iPSCs possessed the identical CAG expansion found in the HD 
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patient, as well as the expression of markers such as the dopamine- and cyclic AMP-regulated 

phosphoprotein (DARPP-32) for neurons in the striatum. Furthermore, the HD-NSCs exhibited 

increased caspase activity when deprived of growth factors, in contrast to NSCs derived from 

normal iPSCs (N. Zhang et al., 2010). Therefore, these specialised cells have the potential to 

generate a human HD cell model that can be effective for investigating HD mechanisms and drug 

screening. 

1.5.5 iPSC-derived cell cultures to model CLN7 disease 

To date, iPSCs have been employed to investigate the release and uptake of disease-related proteins 

in neurodegenerative diseases, including tau in AD, α-syn in PD, SOD in ALS, and mHTT in 

Huntington’s disease, among others. However, no CLN7 patient-derived iPSC-based model have 

been employed so far to study the vLINCL CLN7.  

Utilising iPSC-derived cells to study neurodegenerative disorders can be a potent method to 

provide a human-based system to understand the mechanisms behind the onset and development 

of these diseases. For those reasons, this project will use CLN7-patient derived iPSCs that will be 

differentiated into NPCs to study the molecular mechanism of the vLINCL CLN7 by reproducing 

the characteristic phenotype of this disease. Specifically, two NPC types carrying the disease-

causing mutations p.T294K and p.R465W will be compared to wild-type (WT, control) NPCs in 

order to elucidate in more depth the cellular and molecular biology of MFSD8 by conducting 

protein expression and protein-protein interactions assays. 

Thesis aims and rationale 

A better understanding of the mechanisms underlying the vLINCL CLN7 is imperative to the 

development of potential therapeutic strategies to treat this disease and improve or increase 

patients’ lifespan. CLN7 disease is a complex condition, and due to the severity and early onset of 

this disorder, the patients suffering from it require a lot of help and care, given the fact that there 

are currently no strategies to target the CLN7 disease and prevent the progression of the disease. 

Consequently, understanding the cellular and molecular biology of MFSD8 and uncovering novel 

insights into the pathogenesis of CLN7 disease can revolutionise the research field of NCLs and 

other adult neurodegenerative disorders that have been identified with the same disease-causing 

mutations and significantly impact patient survival and patients’ quality of life.  

As previously introduced, despite significant advances in targeted and personalised therapies, such 

as the example of N-of-1 therapies using antisense oligonucleotides, no established treatment is 

currently available, and CLN7 patients’ lifespan continues to be overly short. Although some 

studies have shown the use of adeno-associated viral (AAV) gene therapy as a potential therapeutic 
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strategy to ameliorate the disease in preclinical models (Chen et al., 2022), no current evidence 

demonstrates an effective impact of this gene therapy in advanced clinical studies. Therefore, 

understanding the underlying mechanisms of some CLN7 mutations and CLN7 protein 

interactions is imperative for the identification of novel targets and the generation of more 

effective therapeutic modalities that prevent the failure of the development of CLN7 disease 

treatment. 

Strong evidence suggests that MFSD8 plays a central role in the lysosome, a key player in cellular 

recycling and homeostasis, where MFSD8 may function as a chloride channel (Yayu Wang et al., 

2021). However, other studies have shown the presence of MFSD8 in the nucleus (Geier et al., 

2019), which remains to be demonstrated. Consistent with this, previous proteomics data from 

McKay’s group have shown downregulation of nuclear genes in CLN7 patient-derived NPCs 

compared to age-matched controls. Therefore, it is important to address the potential impact of 

different possible MFSD8 localisations within the cell and the corresponding function in each 

cellular compartment using relevant models. This is not only crucial to advance our understanding 

of the MFSD8 cellular mechanism in the vLINCL CLN7 but can also provide novel insights into 

its treatment and improvement of other adult neurodegenerative diseases caused by heterozygous 

mutations in the same gene, including ALS, FTLD, maculopathies, and retinopathies. In this 

context, the development of novel cellular processes targeting approaches that effectively prevent 

the deleterious effects of CLN7 disease can be particularly attractive. However, only targeting a 

particular cellular process can hamper other aspects of cell functioning or be detrimental to the 

rest of the cells. For that reason, it is also important to investigate the potential MFSD8 interactors 

to address future clinical research in more specific targets as an alternative to treatments based on 

gene editing.  

Considering the above observations, the main objective of this PhD study is to test the central 

hypothesis that MFSD8 also localises to the nucleus and plays a crucial role in neuron 

survival and homeostasis in CLN7 disease. To obtain evidence that demonstrates this, as well 

as provide novel insights into the cellular and molecular pathogenesis of CLN7 disease, the four 

specific aims of this work are the following:  

Aim 1) To generate NPCs from CLN7 patient-derived iPSCs and age-matched controls as a 

relevant model to study the vLINCL CLN7.  

For this aim, previously generated iPSCs from two CLN7 patients carrying different mutations 

and a control donor will be differentiated into NPCs using an established method by Dr Lorna 

FitzPatrick (a former member of McKay’s group). The pluripotency state of the iPSCs will be 
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analysed before employing these cells for further differentiation and the neuronal expression 

markers of the generated NPCs will be also evaluated to characterise both cell types. After NPC 

generation, cells will be stored, expanded, and utilised from passages 6 to 12 to study CLN7 disease 

pathogenesis and the MFSD8 protein.  

Aim 2) To study the effects of CLN7 disease underlying pathogenic characteristics in different 

cell compartments in vitro and how they could be ameliorated. The cell compartments studied will 

include the lysosomes, autophagosomes, and mitochondria. Considering that autophagy is 

impaired in many neurodegenerative diseases, the expression of different autophagy proteins will 

be observed in control and CLN7-derived NPCs, as well as the co-localisation of MFSD8 in 

various vesicular compartments.  

As part of this aim, we have established a collaboration with the group of Prof Diego Medina from 

TIGEM in Naples to determine whether tamoxifen, as an FDA-approved drug, could contribute 

to the clearance of lysosomal Gb3 in control and CLN7 patient-derived NPCs. We hypothesise 

that tamoxifen can be repurposed and used in CLN7 patients to ameliorate the lysosomal 

phenotype observed in CLN7 disease. Another collaboration was established with the group of 

Prof Juan P Bolaños from the University of Salamanca for the accomplishment of this aim. Our 

hypothesis is that the compound AZ67, which is an inhibitor of the glycolytic enzyme PFKFB3 in 

mitochondria, can restore mitochondrial condensation in the perinuclear region of cells. These 

compounds will be tested in vitro, using CLN7 patient-derived and control NPCs, followed by 

fluorescence staining of the lysosomes to assess the effect of tamoxifen. Moreover, mitochondria 

of NPCs will be stained to elucidate whether AZ67 can re-establish them in the treated cells. 

Finally, we will observe whether MFSD8 co-localises to any vesicular cell compartment, and we 

will study how autophagy is affected in CLN7 patient-derived NPCs compared to control NPCs 

by immunocytochemistry.  

Aim 3) To characterise MFSD8 to gain a deeper understanding of its function within the cell.  

To achieve this aim, the expression of MFSD8 will be first evaluated in different cell types, such 

as HEK293T cells, SH-SY5Y cells, as well as CLN7 patient-derived and control NPCs using 

immunocytochemistry. This aim will also include the observation of MFSD8 in the cytoplasmic 

and nuclear fraction of NPCs by immunoblotting. In addition, the previously predicted and studied 

post-translational modifications of MFSD8 will be assessed using the treatments with the 

corresponding enzymes. This work will help us establish a better understanding of MFSD8 

molecular biology so that more precise knowledge is available for potential future MFSD8-

targeting approaches.  
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Aim 4) To explore the potential protein binding partners of MFSD8 to provide new insights into 

the precise MFSD8 function and identify alternative signalling pathways as therapeutic targets to 

ameliorate CLN7 disease and other adult dementias associated with this gene.  

This aim will be achieved by first visualising the predicted protein-protein interactions of MFSD8 

that have previously been reported using the STRING database to gain an initial understanding 

and use for further comparisons with experimental data. We will pull down the endogenous 

MFSD8 from SH-SY5Y cells, given that they are neuroblastoma cells that are easy to maintain and 

will provide enough material for the co-immunoprecipitation experiment. This co-

immunoprecipitation experiment will help us isolate MFSD8 along with its potential interactors, 

subsequently aiming to identify them using mass spectrometry-based proteomics to understand 

whether MFSD8 could be involved in other specific signalling pathways that could serve as novel 

targets for the design of alternative treatments for CLN7 disease. The mass spectrometry 

experiments will be conducted by the Bio-MS facilities from The University of Manchester and 

the proteomics analysis from the mass spectrometry data obtained will be assessed by Dr Jon 

Humphries from Manchester Metropolitan University. 
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Chapter 2  

Materials and Methods 

2.1 Cell Culture 

2.1.1 Cell sources 

Most experiments described in this work were performed on derivatives of a human WT iPSC line 

(control) and two different CLN7 patient-derived iPSC lines, which were previously obtained and 

dedifferentiated from skin fibroblasts by former members of the McKay’s group. These iPSC lines 

were derived by episomal reprogramming of children skin fibroblasts from two CLN7 patients 

and an age-matched healthy donor as a control. Additional information on these cell lines and their 

derivation is provided in section 2.1.6. 

Some experiments also included the use of HEK293T cells and SH-SY5Y as an alternative to study 

the molecular biology of the MFSD8 protein for comparison and as additional cell lines easier to 

culture and maintain when experiments required large amounts of cells or input material. The 

HEK293T cells were kindly provided by Glenn Ferris (Manchester Metropolitan University), and 

the SH-SY5Y cells were provided by Prof Mark Slevin (Manchester Metropolitan University).  

2.1.2 Materials and reagents used in cell culture 

 

Components Supplier Catalogue No. 

DMEM (1X) Corning® 15-013-CV 

DMEM/F-12 (1:1) + GlutaMAX™ Gibco™ 10565-018 

Essential 8™ Medium (E8) Gibco™ A1517001 

Matrigel® hESC-Qualified Matrix, LDEV-free Corning® 354277 

Fetal Bovine Serum (FBS) Gibco™ 11570506 

L-Glutamine (200 mM) Corning® 25-005-CI 
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Penicillin-Streptomycin Solution (50X) Corning® 30-001-CI 

MycoZap™ Prophylactic Lonza™ VZA-2031 

Opti-MEM™ Reduced Serum Medium Gibco™ 31985070 

Dimethyl Sulfoxide (DMSO) Thermo Scientific™ D1391 

Dulbecco’s Phosphate Buffered Saline (DPBS) Lonza™ BE17-512F 

KnockOut™ Serum Replacement (KSR) Gibco™ 10828028 

MEM Non-Essential Amino Acids Solution 

(100X) (NEAA) 

Gibco™ 11140050 

N-2 Supplement (100X) Gibco™ 17502048 

B-27™ Supplement (50X), serum free Gibco™ 17504044 

β-mercaptoethanol (50 mM) Gibco™ 31350010 

Recombinant Human FGF-basic (154 a.a.) PreproTech® 100-18B 

Heparin sodium salt (2 mg/mL) Sigma-Aldrich® H3149 

Y-27632 dihydrochloride (ROCK inhibitor) Bio-Techne® 1254 

Bafilomycin A1 from Streptomyces griseus Sigma-Aldrich® B1793 

Thapsigargin Sigma-Aldrich® T9033 

AZ PFKFB3 67 Bio-Techne® 5742 

Cycloheximide solution Sigma-Aldrich® C4859 

TrypLE™ Express Enzyme (1X), no phenol red Gibco™ 12604013 

Mytomycin C Calbiochem® 475820 

Lipofectamine™ LTX Reagent with PLUS™ 

Reagent 

Invitrogen™ A12621 

Mr. Frosty™ Freezing Container Thermo Scientific™ 5100-0001 

 

2.1.3 Medium preparation and storage 

Human embryonic stem cell (hESC) medium was prepared for hiPSCs culture on inactivated 

mouse embryonic fibroblasts (iMEFs) as a feeder layer for hiPSCs. MEF cells secrete necessary 

growth factors into the medium for pluripotency maintenance and they supply a cellular matrix 

for embryonic stem (ES) cells to grow. Essential 8™ Medium (Gibco™) was prepared for feeder-

free iPSCs culture on Matrigel® Matrix by the addition of the Essential 8™ Supplement (50X) to 

the 500 mL Essential 8™ Basal Medium. Neural induction medium (NIM) was prepared and used 
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for culturing neurospheres and NSCs. Additionally, neural expansion medium (NEM) was 

employed for culturing NPCs. Working aliquots of 50 ml were prepared for all media to minimise 

the risk of contamination.  

Plates and flasks for feeder-free iPSCs, NSCs and NPCs culture were previously coated with 

Matrigel® Matrix (Corning ®) (1 ml of Matrigel® Matrix in 30 ml of DMEM/F-12) for 30 min-2 

h at 37oC or at 4oC overnight. For iPSCs culture on feeders, 2×105 iMEFs were plated on 

previously coated wells with autoclaved 0.1% gelatin (at 37oC for 30 min-2 h or at 4oC overnight). 

  

Media Components 

Medium for HEK293T cells 

DMEM (1X) supplemented with: 
10% FBS 
2% L-Glutamine 
1% Pen/Strep 
 

Medium for SH-SY5Y cells 

DMEM/F-12 (1:1) supplemented with: 
10% FBS 
2% L-Glutamine 
1% Pen/Strep 
 

Human Embryonic Stem 
Cells (hESC) medium (for 
hiPSCs on MEFs) 

DMEM/F-12 (1:1) + GlutaMAX™ supplemented with: 
2% L-Glutamine 
20% KSR 
1X NEAA (100X) 
1X N-2 Supplement (100X)  
0.1 mM β-mercaptoethanol (50 mM) 
10 ng/ml Recombinant Human FGF-basic  
1% Pen/Strep  
0.2% MycoZap™ Prophylactic 
 

Essential 8™ Medium (for 
feeder-free hiPSCs) 

Essential 8™ Basal Medium supplemented with: 
Essential 8™ Supplement (50X)  
1% Pen/Strep  
0.2% MycoZap™ Prophylactic  
 

Neural Induction Medium 
(NIM) (for NSCs) 

DMEM/F-12 (1:1) + GlutaMAX™ supplemented with: 
1X NEAA (100X)  
1X N-2 Supplement (100X) 
20 ng/ml Recombinant Human FGF-basic 
0.1% Heparin 
1% Pen/Strep  
0.2% MycoZap™ Prophylactic 
 

Neural Expansion Medium 
(NEM) (for NPCs) 

DMEM/F-12 (1:1) + GlutaMAX™ supplemented with: 
1X NEAA (100X)  
1X N-2 Supplement (100X) 
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1X B-27™ Supplement (50X)  
20 ng/ml Recombinant Human FGF-basic  
0.1% Heparin 
1% Pen/Strep  
0.2% MycoZap™ Prophylactic 

 

2.1.4 Routine cell culture and maintenance of HEK293T cells 

HEK293T cells are a human embryonic kidney 293 cell line that expresses a mutant version of the 

SV40 large T antigen. These cells were cultured on complete Dulbecco’s Modified Eagle Medium 

(DMEM) (Gibco™) (supplemented with 10% Fetal Bovine Serum, 2% L-Glutamine, and 1% 

Penicillin/Streptomycin) and they were passaged every two or three days at a split ratio of 1:3-1:4 

when they reached 80-90% confluency. TrypLE™ Express Enzyme was used as a dissociation 

agent and the medium was replaced every two days. For freezing, HEK293T cells were harvested 

and resuspended in freezing medium (90% FBS and 10% DMSO) in cryotubes and stored 

overnight in a Mr. Frosty™ Freezing Container at -80ᵒC before transfer into liquid nitrogen for 

long-term storage.  

2.1.5 Routine cell culture and maintenance of SH-SY5Y cells 

SH-SY5Y cells are a human neuroblastoma cell line, they were cultured on complete DMEM/F-

12 (Gibco™) (10% Fetal Bovine Serum, 2% L-Glutamine, and 1% Penicillin/Streptomycin) and 

were passaged every three days at a split ratio of 1:6-1:10 when they were at 80-90% confluency. 

The experiments were performed at passages 8-20. TrypLE™ Express Enzyme was utilised as a 

dissociation agent and the medium was replaced every two days. For freezing, SH-SY5Y cells were 

harvested and resuspended in freezing medium (90% FBS and 10% DMSO) in cryotubes and 

stored overnight in a Mr. Frosty™ Freezing Container at -80ᵒC before transfer into liquid nitrogen 

for long-term storage.  

2.1.6 Culture of human induced Pluripotent Stem Cells (hiPSCs) and derivatives 

Most experiments described in this project were performed using CLN7 patient-derived iPSCs. 

Two cell lines – CLN7T294K/T294K (from 380Pa) and CLN7R465W/R465W (from 474Pa) – of hiPSCs with 

two different missense mutations in the CLN7/MFSD8 gene (p.Thr294Lys and p.Arg465Trp), 

respectively, were derived by episomal reprogramming of child skin fibroblasts isolated from two 

patients with classic late infantile CLN7 disease by previous members of the McKay’s group as 

well as a control cell line (from age-matched Normal Human Dermal Fibroblasts, NHDF). The 

CLN7 patient 380Pa is a female diagnosed at 2.5 years old who was homozygous for the most 

common mutation c.881C>A causing a missense mutation (p.Thr294Lys) (Kousi et al., 2009b). 

The patient 474Pa is a male diagnosed at 4.5 years old who was homozygous for a more severe 
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mutation c.1393C>T causing also a missense mutation (p.Arg465Trp). iPSC lines were generated 

from dermal fibroblasts obtained from the BD repository held at University College London 

(UCL) (https://www.ucl.ac.uk/ncl-disease/) and control iPSCs were generated from dermal 

fibroblasts from a 6-year-old donor.  

From now on in this report, the cells derived from the healthy donor will be referred to as wild-

type (WT) iPSCs/NPCs, whereas the cells carrying the p.Thr294Lys mutation from the 380Pa 

patient will be named CLN7T294K/T294K iPSCs/NPCs and the cells mutated at p.Arg465Trp, 

generated from the patient 474Pa will be called CLN7R465W/R465W iPSCs/NPCs. 

hiPSCs were cultured on iMEFs as a feeder layer in hESC medium. MEF cells secrete necessary 

growth factors into the medium for pluripotency maintenance and they supply a cellular matrix 

for embryonic stem (ES) cells to grow. For passaging, hiPSC colonies were picked with a 200 µL 

pipette tip in fresh hESC (or E8) medium and plated in new 6-well plates previously seeded with 

iMEFs. Once hiPSC colonies were stable on iMEFs, they were transferred to feeder-free plates. 

For that, the hiPSC colonies were also picked with a 200 µL pipette tip in new E8 supplemented 

medium and plated in Matrigel® Matrix coated 6-well plates.  

Plates and flasks for feeder-free iPSCs, NSCs, and NPCs culture were previously coated with 

Matrigel® Matrix (Corning ®) (1 ml of Matrigel® Matrix in 30 ml of DMEM/F-12) for 30 min-2 

h at 37oC or at 4oC overnight. For iPSCs culture on feeders, 2×105 iMEFs were plated on 

previously coated wells with autoclaved 0.1% gelatin (at 37oC for 30 min-2 h or at 4oC overnight).  

2.1.6.1 Mitotic inactivation of MEFs for iPSC culture 

Inactivated mouse embryonic fibroblasts (iMEFs) were used as a feeder layer to maintain stem cell 

pluripotency and to promote colony expansion. For this, MEFs were inactivated using Mitomycin 

C. Tissue culture flasks (T75 flasks) were coated with autoclaved 0.1% gelatin (in ddH2O) for a 

minimum of 20 min at room temperature in the cell culture cabinet. Then, the gelatin was removed 

and MEFs were plated in those coated T75 flasks and cultured in complete DMEM (4.5 g/L 

glucose) supplemented with 10% FBS (v/v), 2% (v/v) L-Glutamine, 1% (v/v) non-essential amino 

acids (NEAA), and 1% Penicillin/Streptomycin. The cells were maintained at 37oC and 5% CO2 

in humidified conditions and the medium was replaced every other day. When MEFs reached 80-

90% confluency, 5 mL of TrypLE™ Express Enzyme was used to enzymatically detach the cells 

from the flasks and they were centrifuged at 234 ×g for 5 min. The supernatant was discarded, and 

the cells were resuspended in the volume of complete DMEM required to passage them at a split 

ratio of 1:4 into new T75 flasks coated with gelatin. When MEFs reached 80-90% confluency at 

passage 4, they were mitotically inactivated with Mitomycin C to generate iMEFs. The mitotic 
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inactivation of MEFs was conducted by incubating these cells with complete DMEM and 0.1 

µg/µL of Mitomycin C for 3 h at 37oC and 5% CO2. After mitotic inactivation, the inactivated 

MEFs were washed three times with Dulbecco’s Phosphate Buffered Saline (DPBS) and 

enzymatically detached from the flasks using TrypLE™ Express Enzyme. The iMEFs were then 

centrifuged at 234 ×g for 5 min. After centrifugation, the supernatant was discarded and the iMEFs 

were resuspended in freezing medium (10% DMSO in FBS) with approximately 5×106 cells/mL 

(in each cryotube). These cryotubes containing the iMEFs were stored at -80 oC and defrosted 

when required for use in iPSCs culture. For use as a feeder layer in the culture of iPSCs, the iMEFs 

were plated at a density of 5×104 cells/well in 6-well plates previously coated with 0.1% autoclaved 

gelatin.  

2.1.7 Neural differentiation 

iPSCs colonies (control, CLN7T294K/T294K, and CLN7R465W/R465W) were cultured on Matrigel® Matrix 

in 6-well plates up to 80% confluency. Cells were washed with PBS and dissociated with TrypLE™ 

Express Enzyme. They were centrifuged at 84 ×g for 8 min and resuspended in Essential 8™ 

supplemented Medium. Cells were counted using a Neubauer chamber and 7,500 cells per well 

were plated on V-Shaped Bottom plates (low-attachment 96-well plate) in 100 μl of Neural 

Induction Medium (NIM) and ROCK inhibitor (1:1000). Half of the medium (50 μl) was changed 

every day during 5 days after cell plating to allow cells to form spheroids (also known as embryoid 

bodies). After 5 days of medium change, 10-15 spheroids per well were plated in 6-well plates 

previously coated with Matrigel ® Matrix. If cells were forming neural rosettes and neural tubes at 

this point, they were considered NSCs. Cell medium (NIM) was changed every other day for 4-5 

days before cells detached and neural rosettes were picked with a 200 μl pipette tip and replated 

to new 6-well plates (coated with Matrigel® Matrix). That was considered another cell passage. 

After 1-2 passages, cells were differentiated into NPCs. For that, NSCs (neural rosettes and neural 

tubes) were dissociated with TrypLE™ Express and centrifuged at 84 ×g for 8 min. The cell pellet 

was resuspended in NEM, and cells were plated on new 6-well plates coated with Matrigel® Matrix 

to generate NPCs which grow as single cells.  

2.1.8 Culture of Neural Progenitor Cells (NPCs) 

NPCs (WT, CLN7T294K/T294K, and CLN7R465W/R465W) were cultured on NEM and they were passaged 

every week at a split ratio of 1:2 when they reached a 90% confluency. These cells were maintained 

in 6-well plates, T25, and T75 flasks for further experiments when they were at passage 6-12, 

representing the lifespan of the vLINCL CLN7. 
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2.2 Cellular biology 

2.2.1 Nuclear fractionation  

Cells (HEK293T and SH-SY5Y) were harvested and centrifuged at 104 ×g for 5 min. The cell 

pellet was washed with phosphate-buffered saline (PBS) and span down at 104 ×g for 2 min. A 

cytoplasmic homogenisation buffer [10 mM HEPES pH 7.9, 60 mM KCl, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM PMSF, 0.075% v/v NP-40 and PIC] was added to 

the pellet, vigorously vortexed, incubated on ice for 4 min, and vortexed again. This mix was 

centrifuged at 1500 ×g and 4ºC for 10 min – being the supernatant the cytoplasmic fraction. The 

pellet was resuspended in the nuclear extraction buffer (20 mM Tris-HCl, 420 mM NaCl, 1.5 mM 

MgCl2, 0.2 mM EDTA pH 8, 1 mM PMSF, 25 % v/v glycerol and PIC) and incubated on ice for 

30 min homogenising it with a syringe (25 G) 10 times. The mix was centrifuged at 5625 ×g and 

4ºC for 40 min – being the supernatant the nuclear fraction. The cytoplasmic fraction was detected 

by western blotting using anti-ERK1/2 as a marker for the cytoplasmic fraction and anti-Lamin 

B1 as a marker of the nuclear fraction. 

 

Reagents Supplier Catalogue No. 

HEPES > 99.5% Sigma-Aldrich® 

Acros Organics 

H4034 

172572500 

EDTA Fisher Scientific™ S311-500 

Phenylmethylsulphonyl fluoride (PMSF) 

(Protease inhibitor) 

Sigma-Aldrich® 

 

P7626 

Potassium chloride (KCl) Sigma-Aldrich® P9541 

NP-40 Surfact-Amps™ Detergent Solution Thermo Scientific™ 85124 

Protease Inhibitor Cocktail (PIC) Sigma-Aldrich® P8340 

Tris-HCl (Trizma hydrochloride, Tris 

hydrochloride) 

Sigma-Aldrich® T5941 

Sodium chloride (NaCl) Sigma-Aldrich® S7653-5Kg 

Magnesium chloride (MgCl2) Sigma-Aldrich® M8266 

Glycerol Honeywell G7893 

Dulbecco’s Phosphate Buffered Saline (DPBS) Lonza™ BE17-512F 
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Buffers Components 

Buffer A: cytoplasmic 
homogenisation buffer (1 
mL) 

10 mM HEPES (pH 7.9) 
60 mM KCl 
1 mM EDTA 
1 mM PMSF 
0.075% v/v NP-40  
PIC (1:1000) 

Buffer B: nuclear extraction 
buffer 

 
20 mM Tris-HCl 
420 mM NaCl 
1.5 mM MgCl2 

0.2 mM EDTA pH 8 
1 mM PMSF 
25 % v/v glycerol  
PIC (1:1000) 

Note: PMSF and PIC were added before use. 

 

2.2.2 Immunofluorescence staining 

Cells cultured in 12-well plates or Nunc® Lab-Tek® Chamber Slide™ system (8 wells) were washed 

twice with PBS and permeabilised and fixed with 100% ice-cold methanol for 5 min (on ice or at 

-20oC). Permeabilisation was not carried out when staining for cell surface proteins; therefore, 4% 

paraformaldehyde (PFA) was used for 10 min at room temperature in those cases for cell fixation. 

Cells were washed again with PBS three times. Cells were blocked with blocking solution (2% 

BSA, 1% goat serum, 0.1% TWEEN® 20) for 30 min on the rocker. The primary antibodies anti-

TRA-1-60, anti-OCT3/4, and anti-SOX2 were prepared in the blocking solution at 1:200; and anti-

Nanog and anti-MFSD8 were prepared in the blocking solution at a 1:100 dilution. Cells were 

incubated with primary antibodies for 2 h at room temperature and washed three times with PBS. 

PBS was removed by decantation of the plates. Secondary antibodies (Alexa Fluor ™ 488 and 

Alexa Fluor ™ 568) were prepared at a 1:500 dilution in blocking solution and cells were incubated 

with them for 1 h at room temperature (in the dark). Cells were washed three times with PBS. To 

stain cell nuclei, a 1 mg/ml 4',6-Diamidino-2-phenylindole (DAPI) solution (D9542, Sigma-

Aldrich) used at 1:1000 in PBS was added to the cells for 15-30 min or a drop of the DAPI 

Mounting (Vectashield®) solution was added to each well. In the first case, cells were washed three 

times with PBS and they were ready to image after the addition of PBS to each well. In the second 

case, cells were incubated at 4oC overnight before imaging them. All the immunocytochemistry 

experiments were conducted using negative controls, which consisted of omitting the primary 

antibody and only using the secondary antibodies. In any of those negative controls without 

primary antibodies, fluorescence signal was detected. Cells were imaged using the Leica 6000CTR 



CHAPTER 2 
 

 

58 

 

Live cell imaging fluorescent microscope (for plates), the Zeiss Imager M2 microscope (for slides), 

the THUNDER fluorescence microscope and the STELLARIS Confocal Microscope (both for 

slides). Quantification of the fluorescence intensity of the images was conducted using ImageJ 

software. 

Materials and Reagents Supplier Catalogue No. 

Bovine serum albumin (BSA) Sigma-Aldrich® A2153 

Normal goat serum Vector Laboratories S-1000-20 

Triton X-100 Sigma-Aldrich® T9284 

VECTASHIELD® Antifade Mounting Medium 

with DAPI 

Vector Laboratories H-1200-10 

Nunc® Lab-Tek® Chamber Slide™ system (8 

wells) 

Thermo Scientific™ 154453 

 

Antibody Supplier Catalogue No. Dilution 

Anti-TRA-1-60 antibody (mouse) Sigma-Aldrich® MAB4360 1:200 

Anti-Oct3/4 Rabbit Polyclonal Abcam ab19857 1:200 

Anti-SOX2 Polyclonal Goat R&D Systems AF2018 1:200 

Anti-Nanog Rabbit Polyclonal Abcam ab80892 1:100 

Anti-MFSD8 Rabbit Polyclonal Invitrogen™ PA5-60832 1:100 

DAPI Sigma-Aldrich® D9542 1:1000 

Anti-SQSTM1/p62 Mouse Abcam Ab56416 1:100 

Anti-ATG161L Rabbit Abcam ab187671 1:100 

Anti-ATG4B Rabbit Abcam ab154843 1:100 

Anti-ATG9A Rabbit Abcam ab108338 1:100 

Anti-ATG5 Rabbit Abcam ab108327 1:100 

Anti-LC3B Rabbit Abcam ab192890 1:100 

Anti-Beclin1 Abcam ab207612 1:100 

Alexa Fluor™ 488 GAR 
ReadyProbes™ reagent with NZ 
derived BSA 

Invitrogen™ R37116 2 drops/mL 

Alexa Fluor™ 568 goat anti-
mouse IgG (H+L)  

Invitrogen™ A11004 1:500 
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Alexa Fluor ™ 488 goat anti-
rabbit IgG (H+L) 

Invitrogen™ A11008 1:500 

Alexa Fluor™ 568 donkey anti-
goat IgG (H+L) 

Invitrogen™ A11057 1:500 

Alexa Fluor™ 568 goat anti-
rabbit IgG (H+L) 

Invitrogen™ A11011 1:500 

Alexa Fluore™ 488 donkey anti-
goat IgG (H+L) 

Invitrogen™ A11055 1:500 

    

2.3 Molecular biology 

2.3.1 Post-translational modifications (PTMs) 

2.3.1.1 PNGase F treatment (deglycosylation)  

Peptide N-glycanase F (PNGase F) (9109-GH, R&D Systems) was used to remove any possible 

N-linked glycans from SH-SY5Y cell lysates. Before PNGase F treatment, sample denaturation 

was conducted in a 30 µl reaction volume using 1X Denaturing buffer [10X Denaturing buffer 

composition: 5% sodium dodecyl sulfate (SDS) and 50 mM DTT] and incubated at 100ºC for 10 

min. The reaction mixture was cooled to room temperature and centrifuged. Then 3 µl of 10% 

Triton® X-100 were added to a final concentration of 1.67%. PNGase F was diluted to 0.167 

ng/µl. The reaction mixture was divided in two and 15 µl were combined with 15 µl 0.167 ng/µl 

and the other 15 µl of reaction were mixed with 15 µl of Assay Buffer (0.1 M Tris, pH 7.5) as a 

control. The PNGase reaction mixtures were incubated at 37ºC for 30 min followed by 

immunoblotting.  

2.3.1.2 SUMO Protease treatment (deSUMOylation) 

Small ubiquitin-like modifier (SUMO) Protease (12588-018, Invitrogen™) was used to cleave any 

potential ubiquitin-like (UBL) protein SUMO attached to the MFSD8 protein to examine whether 

the heavy bands observed in immunoblots, was due to SUMO addition during post-translational 

modifications. For this, the manufacturer’s protocol was followed. Specifically, SH-SY5Y were 

cultured and harvested at 80-90% confluency. Then, cell lysates were obtained and after the 

measurement of protein concentration using the bicinchoninic acid (BCA) assay, 20 µg of protein 

were added to a 1.5 mL microcentrifuge tube. Additionally, 20 µL of 10X SUMO protease buffer 

+/- Salt, ddH2O (to a final volume of 190 µL), and 10 µL of SUMO Protease (10 units) were 

added to the tube. The total volume of 200 µL was mixed and incubated at 30ᵒC in a heat block. 

Subsequently, 20 µL aliquots were removed at 2, 2, 4, and 6 h and kept at -20ᵒC in different 1.5 

mL microcentrifuge tubes until the experiment was complete. Following this, the samples were 
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mixed with 5x protein loading buffer and incubated at 95.5ᵒC for 5-10 min to proceed to Western 

blotting.  

2.3.1.3 Phosphatase treatment (dephosphorylation) 

A total of 10 µg protein obtained from SH-SY5Y cell lysates were combined with ddH2O to a total 

volume of 40 µL. Then, 5 µL of 10× NEBuffer for protein metallophosphatases (PMP) was added 

and 5 µL of 10 mM MnCl2 (both provided by the kit) was added to make a total reaction volume 

of 50 µL. The Lambda Protein Phosphatase (1 µL) was added to the samples (n = 3) and only the 

reaction buffer was added to the negative control samples (n = 3).  All the samples were incubated 

at 30ᵒC for 30 min in a heat block and then, they were transferred to 60ᵒC for 1 h. After that, 10 

µL of 5× protein loading buffer was added to each sample and they were incubated at 95.5ᵒC for 

western blotting. 

2.3.2 Cycloheximide treatment 

SH-SY5Y cells, WT, CLN7T294K/T294K, and CLN7R465W/R465W NPCs were treated with Cycloheximide 

(CHX) (ab120093, Abcam) at a concentration of 100 µg/mL for 0 h and 18 h to inhibit protein 

synthesis. After 18 h of incubation with CHX, cells were washed with PBS and scraped with ice-

cold PBS. Cells harvested were collected in a 15 mL Falcon tube and centrifuged at 300 ×g for 5 

min. The supernatant was discarded, and the cell pellets were placed on ice for the obtention of 

cell lysates for further use in Western blot experiments. 

2.3.3 Bafilomycin A1 and Thapsigargin treatment 

Control, CLN7T294K/T294K and CLN7R465W/R465W NPCs were treated with a concentration of 100 nM 

of Bafilomycin A1 (Baf A1) for 6-8 h depending on the experiment and following previous studies 

to exacerbate lysosomal dysfunction and observe its effects in different cellular organelles and 

vesicles, and proteins linked to autophagy.  

Thapsigargin was also used to assess its link with Bafilomycin A1 and the 

sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) pathway in a concentration of 100 

nM following the same procedure as described for Baf A1. 

2.3.4 Limited proteolysis 

The resistance and protein stability of the different MFSD8 mutations was assessed by limited 

proteolysis. WT, CLN7T294K/T294K and CLN7R465W/R465W NPCs were cultured in T25 flasks and 

harvested by cell scraping in ice-cold PBS after a wash with PBS. Cells were centrifuged at 150 ×g 

for 5 min and cell pellets were incubated on ice for 30 min with 200 µL RIPA buffer (with protease 

inhibitors at a concentration of 1:1000 and phosphatase inhibitors at 10 µL/mL). A BCA Assay 
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was carried out to measure the protein concentration of each sample. Equal amounts of WT, 

CLN7T294K/T294K, and CLN7R465W/R465W NPC lysates (8 µg in a total volume of 16 µL with ddH2O) 

were incubated with trypsin (TPCK treated, dissolved in 1 mM HCl to 10 mg/mL stock) (Sigma-

Aldrich®) in concentrations ranging from 125 µg/mL to 0 µg/mL. Proteolysis was stopped by 

adding 4 µL of 5× protein loading buffer (Laemmli buffer) and incubating them at 95.5ᵒC for 5-

10 min. Samples were immediately loaded onto a sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and a Western blot was conducted.   

2.3.4 Western blotting 

After cell harvesting and obtaining the cell lysates, using radioimmunoprecipitation assay (RIPA) 

buffer with protease inhibitors at 1:1000 and phosphatase inhibitors at 10 µL/mL), equal amounts 

of protein (measured by BCA assay) were mixed with 5× SDS-loading buffer, incubated for 10 

min at 95.5ºC, separated by SDS-PAGE (10% polyacrylamide gel) and blotted onto a 

polyvinylidene difluoride (PVDF) membrane (Millipore) for 2 h at 100 V using a tank transfer. 

After membrane blocking with 5% BSA in 1× Tris-buffered saline with 0.1% Tween® 20 (TBST) 

buffer, western blots were probed with the primary antibodies anti-MFSD8 (PA5-60832, 

ThermoFisher), anti-β-actin (A2228, Sigma-Aldrich) and anti-H3 (05-928, Sigma-Aldrich) at 4ºC 

overnight, followed by detection with horseradish peroxidase (HRP) secondary antibodies (α-

mouse and α-rabbit) and visualized using Immobilon Western Chemiluminescent HRP Substrate 

and LI-COR Odyssey Fc. MFSD8 protein band intensities were measured and compared to the 

total MFSD8 protein on each cellular fraction using ImageJ. To probe blotting membranes with 

different antibodies of similar molecular weight, blotting membranes were stripped using a 0.5 M 

sodium hydroxide (NaOH) solution for 20 min at room temperature on the rocker. They were 

washed with 1× TBST buffer 3 times for 6 min at room temperature on the rocker and the same 

steps previously described were followed to incubate the membranes with primary and secondary 

antibodies, as well as the developing solution.  
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Materials and Reagents Supplier Catalogue No. 

Fisherbrand™ Cell Scrapers ThermoFisher™ 08-100-242 

DPBS (1X) without Calcium and Magnesium Lonza™ BioWhittaker™ 04-479Q 

Radioimmunoprecipitation assay buffer (RIPA 

buffer) 

Sigma-Aldrich® R0278 

Protease Inhibitor Cocktail 2 (1:1000) (PIC) Sigma-Aldrich® P5726-1ML 

Phosphatase Inhibitor Cocktail 2 (10 µL/mL) Sigma-Aldrich® P5726 

TWEEN® 20 Sigma-Aldrich® P1379-100ML 

Tris Base Fisher Scientific™ BP1652-1 

Tris-HCl (Trizma hydrochloride, Tris 

hydrochloride) 

Sigma-Aldrich® T5941 

Glycine (White Crystals or Crystalline Powder) Fisher Scientific™ BP3811 

Sodium chloride (NaCl) Sigma-Aldrich® S7653-5Kg 

Sodium dodecyl sulfate (SDS) Fisher Scientific™ S/5200/53 

30% Acrylamide/Bis Solution, 29:1 Bio-Rad 1610156 

N,N,N′,N′-tetramethylethylenediamine 

(TEMED) 

Sigma-Aldrich® T9281-25ML 

Ammonium persulfate (APS) Sigma-Aldrich® A3678 

Bovine serum albumin (BSA) Sigma-Aldrich® A2153 

PageRuler™ Prestained Protein Ladder ThermoFisher™ 26616 
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Buffers and solutions Components 

 
5× Protein loading buffer 
(Laemmli buffer) 

 
3 mL 20% SDS 
3.75 mL 1 M Tris buffer (pH 6.8) 
9 mg bromphenol blue 
1.16 mg DTT 
4.5 mL glycerol 
Up to 15 mL with dH2O (final volume) 
 

10× Tris-buffered saline 
(TBS) (pH 7.6) 
 

200 mM Tris Base 
1.5 M NaCl 
dH2O 
 

1× Tris-buffered saline with 
0.1% Tween® 10 (TBST) 
 

10% TBS (pH 7.6) 
0.1% Tween® 20 
 

Running buffer 
 

Tris Base 
Glycine 
0.1% SDS 
dH2O 
 

 
Blotting buffer 

Tris Base 
Glycine 

 
20% methanol (100% stock) 
dH2O 
 

Separating gel solution (10%) 
 
 

4.1 mL ddH2O 
3.3 mL Acrylamide bis (30%) (Bio-Rad) 
2.5 mL Tris-HCl (1.5 M, pH 8.8) 
100 µL 10% SDS 
10 µL N,N,N′,N′-tetramethylethylene-diamine (TEMED) 
32 µL 10% Ammonium persulfate (APS) 
 

Stacking gel solution (4%) 
 

6.1 mL ddH2O 
1.3 mL Acrylamide bis (30%) (Bio-Rad) 
2.5 mL Tris-HCl (0.5 M, pH 6.8) 
100 µL 10% SDS 
10 µL N,N,N′,N′-tetramethylethylene-diamine (TEMED) 
100 µL Ammonium persulfate (APS) 
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Antibody Supplier Catalogue No. Dilution 

ERK1/ERK2 Monoclonal Invitrogen™ 13-6200 1:500 

Anti-Lamin B1 Mouse McAb Proteintech 66095 1:1000 

Monoclonal Anti-β-actin (mouse) Sigma-Aldrich® A2228 1:40000 

Anti-MFSD8 Rabbit Polyclonal Invitrogen™ PA5-60832 1:500 

Anti-MFSD8 Rabbit Polyclonal Proteintech 24298-1-AP 1:1000 

Polyclonal Goat Anti-Mouse 
Immunoglobulins (HRP) 

Dako P0447 1:2000 

Stabilized Peroxidase Conjugated 
Goat Anti-Rabbit (H+L) 

Invitrogen™ 32460 1:500 

Mouse Anti-Rabbit Ig Light-
Chain Specific (HRP) (Co-IP) 

Cell Signaling D4W3E 1:1000 

 

2.3.5 Co-immunoprecipitation (co-IP) 

The co-immunoprecipitation of endogenous MFSD8 in SH-SY5Y cells was conducted 

following the protocol published by Lagundžin D et al. (Lagundžin et al., 2022). For that, SH-

SY5Y cells were cultured in 100 mm plates and they were harvested by scraping with PBS 

when they were at 80-90% confluency. To obtain a total of 2.5 mg/mL protein per sample, 

two 100 mm plates were harvested and merged, representing one sample. A total of four 

sample replicates were obtained and, after the corroboration of the presence of the MFSD8 

protein by Western blotting (using 5 µL of each sample), the samples were sent for mass 

spectrometry analysis.  
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Buffers and solutions Components 

Lysis buffer (1mL/sample) 

10 mM HEPES (pH 7.4) 
10 mM KCl 
0.05% (v/v) Nonidet P-40 
Protease inhibitors (10 µL/1 mL) (added at the time of use) 
Phosphatase inhibitors (10 µL/1 mL) (added at the time of 
use) 
ddH2O 
 

0.1% BSA solution (filtered) 
(20 mL) 

0.02 g BSA 
20 ml PBS 
 

Bead washing buffer A (BW-
A) (10 mL) 

10 mM HEPES (pH 7.4) 
10 mM KCl 
50 mM NaCl 
1 mM MgCl2 
0.05% (v/v) Nonidet P-40 
ddH2O 

Bead washing buffer B (BW-
B) (10 mL) 

10 mM HEPES (pH 7.4) 
10 mM KCl 
0.07% (v/v) Nonidet P-40 
ddH2O 
 

Sample elution buffer (SE) 
0.5 M NH4OH (pH 11.0) 
0.5 mM EDTA 
ddH2O 

 

2.3.6 Mass spectrometry and data processing of MS-based proteomics 

Samples were prepared for in-gel digestion following the gel-top analysis methodology. The day 

before sending the samples to the Bio-MS facilities (University of Manchester) for mass 

spectrometry (MS), an SDS-PAGE electrophoresis gel was run. For this, 40 µL of the 

immunoprecipitated protein was mixed with a 5× loading buffer and incubated at 95.5ᵒC for 5-10 

min. A 10% separating gel (no stacking gel was added) was prepared and the 45-50 µL of each 

sample was loaded onto the gel leaving one lane empty between each sample to avoid cross-

contamination from the different samples. The SDS-PAGE gel was run at 120 V for 10 min to 

allow the samples to enter the separating gel (2-5 mm target). The gel was immediately stained with 

InstantBlue™ Coomassie Stain in a new and clean square Petri dish at room temperature overnight 

(on the rocker). The day after, the IntantBlue™ Coomassie Stain was removed and the gel was 

washed and kept in high-quality water (ddH2O) to be sent for mass spectrometry analysis 

(conducted by the Bio-MS facilities at the University of Manchester).  

For mass spectrometry, samples were subjected to in-gel trypsin digestion, in which protein 

samples were reduced and alkylated (blocking cysteine residues to obtain linear peptides to search 
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against the database later on). The peptides were then eluted and recovered from the gel and they 

were separated by reverse phase liquid chromatography (LC), where hydrophilic peptides elute 

first. In contrast, hydrophobic peptides elute later as the gradient of acetonitrile is increased in the 

LC. As peptides eluted from the LC, they were ionised by electrospray ionisation (ESI) and drawn 

into the vacuum of the mass spectrometer. Masses (mass over charge, m/z) of the peptides were 

measured, selected for fragmentation and then, the fragments’ m/z were measured again. These 

data constituted the raw data from mass spectrometry, which particularly contained information 

about peptide m/z, intensities, and fragment m/z ions. These raw files were used to search against 

a database of proteins (Swissprot and TrEMBL = UniProt). A human database was selected, and 

search parameters/tolerances were selected to fit with the sample preparation (cysteines plus 

additional mass of the alkylating reagent used) and the mass spectrometry used (types of ions and 

fragments). The software was used to create a likely set of proteins in the sample for statistical 

matching, and every peptide and protein identification had a p-value. The cut-offs that suited the 

false discovery rate (FDR) of choice were selected and a variety of metrics were also used for 

protein abundance measurements. In this case, spectral counts were used, which are the number 

of times a protein has a peptide identified. Mascot (https://www.matrixscience.com/) was first 

used to conduct the database searches, and then the data were loaded into Scaffold 

(https://www.proteomesoftware.com/products/scaffold-5). In Scaffold, the filters 95% protein 

and 90% peptide confidence were used, with a minimum of two peptides per protein to export a 

loss of protein identifications with the spectral counts (total spectrum count) or unique peptides 

(provides a level of identification confidence). The data was then normalised by dividing the 

spectrum count for each protein by the summed spectral counts for each sample and the ratios 

from these normalised spectral counts were calculated. This raw data analysis was conducted in 

collaboration with Dr Jon Humphries (Manchester Metropolitan University). 

For further functional annotation analysis of Gene ontology (GO) and pathway enrichment, the 

protein identifications (using the official gene names) were submitted to ShiniGO 0.77 

(http://bioinformatics.sdstate.edu/go/) software and DAVID web server 

(https://david.ncifcrf.gov/tools.jsp).  

2.3.7 Data analysis 

Except for the MS-based proteomics data, the statistical significance of all experimental data of 

this work was determined using GraphPad Prism 9.4 Software (GraphPad, USA). The normality 

of all data was first determined by a Quantile-Quantile (Q-Q) plot, to confirm the normal 

distribution of the data. Additionally, a Saphiro-Wilk test was conducted on GraphPad to further 

confirm the normality of the data. If data was normally distributed and unpaired, one-way analysis 
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of variance (ANOVA) was used to compare the variance of group means within a normally 

distributed dataset containing three or more groups with only one independent variable, or within 

a normally distributed dataset with more than two independent variables. A two-way ANOVA was 

used to determine the variance of normally distributed datasets containing three or more groups 

with two independently defined groups, or for normally distributed datasets containing three or 

more independent variables. Post-hoc analysis was conducted on all ANOVA tests using Tukey 

analysis. For datasets without normal distribution and unpaired, a non-parametric Mann-Whitney 

test was used to confirm significance, followed by a post-hoc analysis using Dunn’s test as a more 

representative method for comparison of small samples of biological replicates. Data were 

considered statistically significant when *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Notice 

that most of the p-values are expressed in the graphs representing the analysed data. Schematic 

representation images were created with BioRender. The data obtained from MS, which were used 

for GO enrichment analysis using ShinyGO 0.77 and DAVID, are mostly represented by Fold 

Enrichment (FE) followed by the p-value and the corrected p-value using FDR. Fold enrichment 

represents the percentage of genes in the list belonging to an enriched pathway or GO term, 

divided by the corresponding percentage in the background. FDR is the estimated probability that 

a gene set with a given enrichment score (normalised for gene set size) represents a false positive. 

It is calculated based on the nominal p-value from the hypergeometric test. 
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Chapter 3 

Generation of human NPCs as a model to 

study the vLINCL CLN7 

 

Summary 

This chapter covers the development of the first human stem cell-based model for the variant late 

infantile NCL CLN7 through direct differentiation of patient-derived iPSCs to Neural Progenitor 

Cells (NPCs). An established protocol for the generation of Neural Stem Cells (NSCs) and NPCs 

is presented, demonstrating improved efficiency in generating neuron-like cells from somatic cells. 

Using different cell culture media composed of distinct supplements, two patient (T294K and 

R465W) and one control (WT) iPSC types were differentiated into NPCs to investigate the 

molecular biology of MFSD8 in the following chapters. The patient-derived iPSCs, as well as the 

differentiated NPCs, were subjected to characterisation through immunocytochemistry to assess 

pluripotent and neural phenotypes, respectively. A successful neural differentiation was obtained, 

despite having to address several attempts, particularly for one of the mutated iPSC types, which 

suggested that the state and stability of iPSCs may be key factors for achieving efficient and 

effective differentiation.  

Introduction 

 

3.1 Rationale of the generation of NPCs to study CLN7 disease 

This work was primarily based on the generation of NPCs from CLN7 patient-derived iPSCs and 

an age-matched healthy donor (control, WT) for their further use in downstream experiments. The 

reason it was decided to generate NPCs is that they are cells with the most committed neural 

phenotype that remain proliferative for extended passages. Additionally, NPCs represent an earlier 
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stage of neural development compare to mature neurons. This makes them particularly useful for 

studying neurodegenerative disorders that manifest in childhood like the vLINCL CLN7.  

The study conducted by FitzPatrick et al. (2018) demonstrated that homogeneous cultures of NPCs 

derived from iPSCs can be established, and these cells remain phenotypically stable for over 15 

passages. Additionally, this gave us a stable platform to study and compare disease and control in 

analogous cells.  

3.2 Characteristics of human induced Pluripotent Stem Cells (hiPSCs) 

Despite the advancement in somatic cell reprogramming methods, the great heterogeneity and low 

efficiency of some somatic cell reprogramming methodologies require the characterisation of 

hiPSCs before their application in downstream technologies. hiPSCs can be generated from 

individual patients and can be used for disease modelling, drug screening, and regenerative 

medicine (Robinton and Daley, 2012b; Takahashi et al., 2007). Although iPSCs exhibit an ESC-

like morphology, sorting iPSCs based on those characteristics is not sufficient to isolate fully 

reprogrammed iPSCs, as partially reprogrammed mouse and human iPSCs do not differ 

significantly in morphology from fully reprogrammed clones (Okita et al., 2007). For instance, 

when using nucleofection of three or four plasmids for cell reprogramming, it is highly probable 

that many cells only receive some of those plasmids and not all of them, causing partial 

reprogramming. Therefore, it is crucial to examine the expression of all those factors in the 

reprogrammed cells before using them in further experiments. 

Combining positive and negative surface and intracellular markers allows the selection and 

expansion of bona fide iPSCs and NPCs, in this instance. In this study, we specifically looked at the 

expression of OCT-3/4, SOX2, NANOG, and TRA-1-60 for pluripotency, as well as Nestin, 

BLBP, and Pax 6 for neural expression. 

3.2.1 Octamer-binding transcription factor 3/4 (OCT-3/4) 

The octamer-binding transcription factor 3/4 (OCT-3/4) is a crucial regulatory gene that controls 

the pluripotency and self-renewal abilities of ESCs (Boyer et al., 2005). Specifically, OCT-3/4 is a 

transcription factor essential for the differentiation of the embryo into the three germ layers. When 

OCT-3/4 is overexpressed, stem cells differentiate into the endoderm and mesoderm, while its 

downregulation results in the differentiation of stem cells into the trophectoderm, which forms 

the placenta in humans (Choi and Baek, 2018). 



CHAPTER 3 
 

 

70 

 

3.2.2 SRY box-containing gene 2 (SOX2) 

SRY box-containing gene 2 (SOX2) is an essential transcription factor, which regulates different 

phases of embryonic development and ESC differentiation. SOX2 plays a key role in cell cycle exit 

and the differentiation of NSCs, as well as re-establishing pluripotency in somatic cells by 

reprogramming them into iPSCs (Ring et al., 2012). When SOX2 is overexpressed, it induces 

differentiation of iPSCs into the neural lineage, having the ability to reprogram fibroblasts into 

NSCs (Ring et al., 2012). In the initial state of stem cell reprogramming, the transcription factor 

SOX2 plays a crucial role in directing cellular differentiation towards neural ectoderm (Zhang and 

Cui, 2014), mesoderm, and trophectoderm. Additionally, SOX2 downregulates the expression of 

genes associated with the mesendodermal lineage, a rare cell population that emerges transiently 

during gastrulation in embryonic development. Over 1200 genes control SOX2-induced 

differentiation, and one of them is OCT-3/4. Overexpression of OCT-3/4 is regulated by the 

upregulation of SOX2 and conversely, indicates that SOX2 is crucial in the pluripotency of ESCs 

and activation of OCT-3/4 (Masui et al., 2007). 

3.2.3 NANOG 

NANOG is a homebox transcription factor and it plays a crucial role in the regulation of self-

renewal and pluripotency of ESCs. Its stabilisation is important for maintaining the stemness of 

ESCs (Jin et al., 2016). NANOG is rapidly degraded by the ubiquitination-proteasome system 

(UPS) as it has a relatively short half-life (Choi and Baek, 2018). It has been reported that this 

transcription factor facilitates the recruitment of OCT4, SOX2, and oestrogen-related receptor 

beta (Esrrb), another transcription factor involved in ES self-renewal, at several regulatory sites in 

mice, primarily targeting the initiation of transcription. Additionally, NANOG recruits Brg1 and 

enhances chromatin accessibility at these sites. NANOG is also necessary to preserve H3K27me3, 

a repressive histone mark, at genes related with differentiation. Therefore, NANOG utilises 

specific molecular mechanisms to promote self-renewal and prevent differentiation. When LIF is 

present, NANOG enhances the ability of cells to renew by modifying the network responsible for 

maintaining pluripotency and by increasing the accessibility of chromatin and facilitating the 

binding of other pluripotency factors to several enhancers. When LIF is not present, NANOG 

prevents differentiation by maintaining H3K27me3 at genes involved in development (Heurtier et 

al., 2019). 

3.2.4 TRA-1-60 and TRA-1-81 

Human pluripotent stem cells are characterised by the expression of TRA-1-60 and TRA-1-81 

plasma membrane surface antigens, which are carbohydrate epitopes (Wright and Andrews, 2009). 
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These antigens, whose specific molecular identities remain unidentified are widely utilised as 

indicators of undifferentiated pluripotent human stem cells (Pera et al., 2000).  

3.2.5 Stage-specific embryonic antigens-3 and-4 (SSEA-3 and SSEA-4) 

SSEA-3 and SSEA-4 are cell surface antigens expressed in hESCs and their expression decreases 

as the cells undergo differentiation (Reubinoff et al., 2000; Thomson et al., 1998). Specifically, 

SSEA-3 and SSEA-4 are epitopes on glycosphingolipids called GL-5 and GL-7 and they are 

initially detected on the pluripotent cells of the inner cell mass during early stages of human 

preimplantation (Henderson et al., 2002; Kannagi et al., 1983). Cell sorting and gene expression 

analyses have indicated that the presence of SSEA-3 diminished quickly during the process of cell 

differentiation (Enver et al., 2005; Henderson et al., 2002). Two types of hESCs have been 

suggested: SSEA-3+ cells, which have the ability of self-renewal and can transition to SSEA3- 

cells, which can also undergo self-renewal, but they have a tendency to differentiate. Both cell types 

in hESCs with karyotic defects are expected to exhibit a preference for self-renewal (Enver et al., 

2005). These studies depend on the association between SSEA-3 expression and the 

undifferentiated sate of the cells, but little is known about the role of this antigens (Brimble et al., 

2007). 

3.3 Specific proteins for neural stem cells (NSCs) characterisation 

3.3.1 Nestin 

Nestin is an intermediate filament protein that is observed in dividing cells during the initial stages 

of nervous system development and in the adult brain (Gilyarov, 2008; Lendahl et al., 1990). It 

serves as a marker for neural stem cells. The activity of this protein is crucial for the survival and 

self-renewal of NSCs both in vivo and in vitro. Hence, it is additionally proposed that nestin could 

potentially play a role in the viability and regenerative capabilities of several other highly replicating 

stem cell populations, apart from embryonic NSCs (Park et al., 2010). 

3.3.2 Pax6 

Paired box 6 (Pax6) is a transcription factor significantly involved in the process of determining 

neuronal fate and promoting the proliferation of NSCs. It plays a role in the placement of the 

neocortex and the formation of upper-layer neurons by recognising progenitor cells in the 

subventricular zone (SVZ) (Land and Monaghan, 2003; Tarabykin et al., 2001). Pax6 expression 

can transition hESCs from a state of proliferation to a state of differentiation into neuroectoderm 

(NE). The ability described is a direct conversion of cell fate, as opposed to an indirect mechanism 

involving the promotion of cell proliferation or the survival of existing neural epithelial cells in 

hESCs (Schroeder, 2008). Initially, it should be noted that hESCs, when subjected to conventional 
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growth conditions, do not exhibit the expression of Pax6. Furthermore, the overexpression or 

knockdown of Pax6 does not result in any significant changes in cell proliferation or survival. 

Additionally, by time-lapse monitoring, it has been observed that the activation of Pax6 prompts 

the transformation of cells into columnar neuroectodermal cells, which then undergo migration 

and aggregation, ultimately leading to the formation of rosettes. Moreover, on a molecular scale, 

Pax6 exhibits direct binding to pluripotent genes and NE genes (X. Zhang et al., 2010).  

Either Pax6a and Pax6b exhibit binding affinity to the promoters of pluripotent genes, such as 

OCT-3/4 and NANOG, resulting in the repression of their expression. However, it is noteworthy 

that only Pax6a has binding capacity to the promoters of NE genes, hence facilitating the activation 

of NE genes. Therefore, the involvement of Pax6 in defining the fate of NE is accomplished by 

the coordinated action of Pax6a and Pax6b, which effectively inhibit the self-renewal of hESCs. 

Consequently, this inhibition initiates the process of cellular differentiation and directs the cells 

towards the NE fate, mostly through the influence of Pax6a. Merely suppressing pluripotent 

factors is insufficient for inducing the differentiation of ESCs or epiblast cells (which give rise to 

the three primary germ layers: ectoderm, endoderm, and mesoderm) into NE. This phenomenon 

is evidenced by the observation that the overexpression of Pax6b, a transcription factor lacking 

neural-inducing properties, induces the differentiation of hESCs away from their pluripotent state, 

resulting in their transformation into trophoblast cells (which develop into a large part of the 

placenta). The observed phenomena bear resemblance to the extraembryonic result of ESC when 

OCT-3/4, NANOG, or SOX2 are suppressed (Chew et al., 2005; Fong et al., 2008; Hay et al., 

2004; Hyslop et al., 2005). Therefore, the initiation of the differentiation process is triggered by 

the repression of pluripotent genes, although this factor alone does not fully account for the 

differentiation of embryonic germ layers. Pax6a is widely regarded as the principal inductive signal 

responsible for determining the NE fate. Pax6a has been observed to form associations with a 

specific group of neural genes, corresponding to the neural phenotypes. Pax6b, while not 

possessing direct neural induction capabilities on its own, enhances the neural inductive abilities 

of Pax6a through their interaction. This interaction between Pax6b and Pax6 a is crucial for 

effectively suppressing pluripotent genes, which is required for initiating the expression of neural 

genes (X. Zhang et al., 2010).  

3.3.3 BLBP 

Brain lipid binding protein (BLBP), is a member of the fatty acid-binding proteins (FABPs) family. 

FABPs are cytoplasmic proteins that play a role in the uptake and targeting of fatty acids. Even 

though the BLBP protein is widely utilised as a marker for radial-glia cells during the development 

of both the embryonic and adult brain, it has been reported that NSCs express many features of 



GENERATION OF HUMAN NPCs TO STUDY CLN7 DISEASE 
 

73 

 

radial glia, including molecular markers such as BLBP (Pollard et al., 2006). Radial glia is a specific 

type of cell commonly linked to the development of the nervous system during the formation of 

cortical layers in the brain. However, certain cells known as radial glia-like cells can be detected in 

the adult central nervous system, serving as neurogenic progenitors and contributing to 

homeostasis after injury (Miranda-Negrón and García-Arrarás, 2022). As a result, BLBP has been 

commonly used as an NSC marker gene during neurogenesis (Kumar et al., 2020). 

Results  

3.4 Generation of an in vitro model to study CLN7 disease 

The first aim of this study was to generate a 2D neural cell model to investigate the vLINCL CLN7 

at a cellular and molecular level. To generate these 2D models of neuron-like cells, two CLN7 and 

control (WT) iPSC clones were differentiated into NSCs and NPCs. 

3.4.1 iPSCs genotype and cell culture  

In this project, we established a potential clinically significant model through the generation of 

neural progenitor cells (NPCs) from induced pluripotent stem cells (iPSCs) generated from 

patients. The generation of hiPSCs was accomplished by the reprogramming of dermal fibroblasts 

by previous members of our research group. The skin fibroblasts were obtained from two patients 

presenting the classical vLINCL CLN7 disease, as well as one control donor. Patient 380Pa, a 

female diagnosed at the age of 2.5 years, exhibited homozygosity for the common missense 

mutation c.881C>A (p.Thr294Lys, T294K), which is known to be a prevalent mutation in the 

Roma community (Kousi et al., 2009a). Patient 474Pa was, a male diagnosed at the age of 4.5 years, 

and was also homozygous for a more severe missense mutation, the c.1393C>T (p.Arg465Trp, 

R465W). This study presents a novel model in CLN7 disease using iPSCs obtained from patients 

with the variant late-infantile NCL (vLINCL) CLN7. We specifically used three different human-

derived iPSC types – one obtained from an aged-matched healthy control (WT) and the other two 

cell types obtained from different patients suffering from CLN7 disease. These cells are referred 

to as WT iPSCs, CLN7T294K/T294K iPSCs, and CLN7R465W/R465W iPSCs throughout this thesis 

according to the homozygous mutations that the patients presented. This cell model was employed 

to analyse the underlying pathobiology of CLN7, being one of the first studies using this approach 

for investigating CLN7 disease. 

To start the cell culture of iPSCs and ensure their stability in vitro, the cells were initially plated on 

a layer of iMEFs until the formation of different colonies was observed. After obtaining stable 

colonies, iPSCs were then grown under feeder-free conditions (on plates coated with Matrigel® 
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Matrix), to prevent any potential contamination by iMEFs in further experiments (Figure 3.1). 

Subsequently, these cells underwent expansion and were stored for utilisation in downstream 

applications. The primary aim of culturing iPSCs was to obtain NPCs through the process of 

neural differentiation These NPCs were later used in numerous experiments conducted in this 

study.   

 

Figure 3.1. Morphological appearance of WT, CLN7T294K/T294K, and CLN7R465W/R465W iPSCs. Representative 

light microscopy images of individual stem cell colonies from cultures with the indicated genotypes. Scale bar = 50 

µm. The feeder-free iPSCs were cultured on 6-well plates (coated with Matrix® Matrigel). iPSCs grow in colonies 

showing a large nucleus and a lower area of cytoplasm. Images were obtained using an EVOS® Imaging System 

microscope (Total magnification = 100×). 

 

3.4.2 iPSCs express the pluripotency markers OCT-3/4, SOX2, NANOG, and TRA-1-

60 

Before initiating the differentiation process of iPSCs into neuronal cells, WT and CLN7 iPSCs 

underwent characterisation using immunofluorescence staining. Pluripotency markers, including 

OCT-3/4, SOX2, NANOG, and TRA-1-60, were utilised for this purpose. The characterisation 

of iPSCs was achieved by conducting immunocytochemistry analysis along with the observation 

of the morphology of the colonies in culture using a light microscope. These methods were 

employed to confirm the identity of the cells as iPSCs. 

As shown in Figure 3.2, the pluripotency markers OCT-3/4, SOX2, NANOG, and TRA-1-60 

were present in the three different iPSC types, including the WT, CLN7T294K/T294K iPSCs, and 

CLN7R465W/R465W iPSCs. Specifically, it can be observed that either OCT-3/4, SOX2, and NANOG 

are expressed in the nucleus of the cells, whereas TRA-1-60 is a marker present on the surface of 

the cells, as previously described in section 3.2.4. These results indicate that the three different 

types of iPSCs used were expressing pluripotency, and therefore can be considered PSCs. When 

considering the colony shape, the presence of a large nucleus relative to the cytoplasmic area of 
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the cells, and the round morphology and brightness of the cells as observed under a light 

microscope (Figure 3.2), it provides further evidence supporting the notion that these cells 

possess pluripotency and stemness characteristics. The expression of pluripotency markers in WT 

iPSCs was found to be similar to that of CLN7T294K/T294K and CLN7R465W/R465W iPSCs. This suggested 

that both control (WT) and CLN7-derived iPSCs were appropriate for differentiation into NPCs 

and could be utilised for further research on the CLN7/MFSD8 protein. 

However, there are some details on the expression of the pluripotency markers that should be 

acknowledged. Immunofluorescence staining using anti-TRA-1-60 and anti-OCT3/4 was only 

conducted in CLN7-mutated iPSCs. Regarding the staining with anti-NANOG, there is some 

bright staining, shown in Figure 3.2c, which might be artefactual or corresponding to iMEFs from 

the periphery of the iPSCs colonies, as it is a pluripotency transcription factor in embryonic stem 

cells. Additionally, in the SOX2 panel (Figure 3.2d) there are some large cells (more visible in the 

CLN7T294K/T294K iPSC colony) with cytosolic staining. These can be differentiated cells at the 

periphery of the iPSC colonies, likely undergoing a neural differentiation.  
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3.4.3 Validation of the neural differentiation protocol using SHEF ESCs 

In this project, the neural differentiation protocol established and validated by FitzPatrick et al. 

(2018) was used to generate NSCs and NPCs (see Materials and Methods section 2.1.7). These 

cells were then used to study CLN7 disease. The Shef3 ESC cell line was utilised in the study 

conducted by FitzPatrick et al. (2018) to investigate the process of neural differentiation from ESCs 

to NPCs. The neural specification model proposed by FitzPatrick et al. (2018) thoroughly described 

each stage, using microarray data. Consequently, they used Shef3 ESCs for method optimisation 

of neural differentiation to NSCs and NPCs, given that their neural differentiation had already 

been extensively characterised.  

3.4.4 Neural differentiation of iPSCs to NSCs 

Following the protocol developed and validated by FitzPatrick et al. (2018), iPSCs were cultured 

in low attachment V-bottom 96-well plates. The cell culture medium used was NIM supplemented 

with PVA, which served to promote the formation of neurospheres (Figure 3.4). The NIM 

consisted of DMEM/F-12 with GlutaMAX™, supplemented with other factors, including 

NEAA, N-2 supplement, bFGF, and heparin to initiate neural induction in iPSCs.  

The three different types of iPSCs used in this study were counted and plated simultaneously, 

enabling their differentiation to be assessed at the same time under identical experimental 

conditions. Following this protocol, it required several attempts for the iPSCs to successfully 

generate neurospheres. As depicted in Figure 3.3, following a series of media replacements and 

cell culture conditions, it was observed that the CLN7T294K/T294K and CLN7R465W/R465W iPSCs did not 

exhibit neurosphere formation. Instead, the cells formed aggregates, but in a dispersed manner. 

The WT iPSCs were observed to initiate the formation of small neurospheres, which became more 

apparent on the fifth day following cell plating (Figure 3.3). The WT exhibited small neurosphere 

formation, however, upon their transfer to 6-well plates for NSC generation, they did not show 

the formation of neural tubes and rosettes, which are often observed as indicators of NSCs. As a 

result, these cells were unable to produce NSCs, and the small neurospheres were unsuitable for 

further experiments. 

Figure 3.2. Expression of PSC markers in WT, CLN7T294K/T294K, and CLN7R465W/R465W iPSCs on iMEFs. 

Representative fluorescence images of WT, CLN7T294K/T294K, and CLN7R465W/R465W iPSC colonies cultured in 12-well 

plates (onto iMEFs) stained with the pluripotency antibodies (a) anti-TRA-1-60, (b) anti-OCT-3/4, (c) anti-NANOG, 

and (d) anti-SOX2. TRA-1-60 is presented as a surface marker, whereas OCT-3/4, NANOG and SOX2 are nuclear 

proteins. Images were obtained using a Leica 6000CTR fluorescent microscope (Scale bar = 100 μm). 
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Despite making several attempts to strictly adhere to the established protocol for neural 

differentiation and engaging in conversation with the protocol’s author to modify different steps 

and settings, distinct batches of iPSCs were decided to be used instead. Surprisingly, the 

subsequent neural differentiation attempts were successful as evidenced by the well-defined 

neurospheres that were observed as early as day 1 following the initial plating of iPSCs (Figure 

3.4). It was observed that all three types of iPSCs could produce neurospheres. Notably, the 

CLN7R465W/R465W iPSCs displayed well-defined neurospheres, which were consistently observed 

across all iPSCs (Figure 3.4). Collectively, the several attempts undertaken and the generation of 

neurospheres using different cell types following the established protocol without any 

modifications, suggest that the process of neural differentiation could potentially be influenced by 

the state, quality, or stability of iPSCs. 

Figure 3.3. Unsuccessful neural differentiation of iPSCs. Representative images of the unsuccessful neural 

differentiation using WT, CLN7T294K/T294K, and CLN7R465W/R465W iPSCs (at passage 22). Although the established 

protocol was followed, iPSCs failed to form neurospheres during the first attempts. On day 5 after cell plating, WT 

iPSCs seemed to form small neurospheres, which could not form NSCs. Images were obtained using an EVOS® 

Imaging System microscope (Scale bar = 100 µm) (Total magnification = 40×). 
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To generate NSCs, around 10-15 neurospheres per well were plated in 6-well plates and cultured 

with NIM.  The presence of NSCs could be inferred from the observation of neural tubes and 

neural rosettes, as shown in the magnified images presented in Figure 3.5. Following the 

formation of NSCs, the areas containing neural tubes and rosettes were picked after 4-5 days. 

These picked cells were then passaged to expand the NSC population.  

Figure 3.4. Morphological appearance of neurospheres on neural differentiation using iPSCs. Representative 

images of neural differentiation using a new batch of WT, CLN7T294K/T294K, and CLN7R465W/R465W iPSCs (passage 23). 

The formation of neurospheres could be observed from day 1 after iPSCs plating in V-bottom 96-well plates. Images 

were obtained using an EVOS® Imaging System microscope (Scale bar = 100 µm) (Total magnification = 40×). 
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3.4.5 Neural differentiation of NSCs to NPCs 

WT, CLN7T294K/T294K, and CLN7R465W/R465W NSCs were further differentiated to generate NPCs 

(Figure 3.7). These NPCs were the intended cell population for the development of this project 

based on the vLINCL CLN7 model. To do this, the previously acquired NSCs in the form of 

neural tubes and neural rosettes were gently dissociated and plated onto 6-well plates that were 

coated with Matrigel® Matrix. The cells were then grown in NEM. Following the plating, the cells 

exhibited a growth pattern characterised by individual cell formation rather than the formation of 

colonies (Figure 3.7). This observation led to the classification of these cells as NPCs. This 

classification was further supported by the results obtained from immunostaining these cells with 

neural expression markers. Following the generation of NPCs, these cells were employed at 

passages 6 to 12 to simulate the acquisition of CLN7 disease phenotypes. Furthermore, the NPCs 

exhibited a decrease of growth at a uniform pace upon reaching passage 17, with a subset of them 

Figure 3.5. Morphological appearance of WT, CLN7T294K/T294K, and CLN7R465W/R465W NSCs. The plated 

neurospheres started to generate neural tubes and rosettes on days 2-3 after plating. The neural tubes and rosettes 

became more visible on days 4-5 of cell culture. Images were obtained using an EVOS® Imaging System microscope 

(Scale bar = 50 µm) (Total magnification = 100×). 
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displaying signs of senescence (a state of permanent growth arrest without the death of cells). One 

notable finding in the context of culturing and maintaining NPCs is the requirement for a specific 

confluency level, around 40%, for them to proliferate optimally. Failure to achieve this confluency 

at seeding density results in reduced cell division rates and potential senescence of the NPCs. 

3.4.6 NPCs express the neural markers Nestin, Pax6, and BLBP 

The three different cell types of NPCs (WT, CLN7T294K/T294K,and CLN7R465W/R465W) generated 

following the neural differentiation protocol outlined in section 3.5.1 and Materials and 

Methods section 2.1.7, were subsequently subjected to immunostaining with SOX2, Nestin, 

Pax6, and BLBP to validate their neural phenotype. Nestin, Pax6, and BLBP are considered early 

neural markers, indicating their role in the early stages of brain development. Conversely, SOX2 

serves as a marker for pluripotency, signifying its association with the ability of cells to differentiate 

into several cell types. All WT, CLN7T294K/T294K, and CLN7R465W/R465W NPCs stained positive for 

these four antibodies, indicating their neural cell identity (Figure 3.6). However, despite its primary 

role in regulating various stages of embryonic development and the differentiation of ESCs, it is 

expected that SOX2 would be present in stem cells, including early neural stem cells. Nevertheless, 

it is worth noting that the expression of this protein tends to be rather low. This could be attributed 

to its capacity to induce cellular differentiation towards neural ectoderm (Zhang and Cui, 2014).  
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Even though the three distinct cell types of NPCs stained positive for the neural markers of Nestin, 

Pax6, and BLBP, there are some notable differences. Regarding SOX2 staining, it was only 

conducted in WT NPCs, and CLN7R465W/R465W NPCs and there were some differences in SOX2 

expression. Although both cell types present nuclear SOX2, the WT NPCs seemed to display more 

cytosolic SOX2, indicating their neural differentiated state (Figure 3.6a). 

 In the panel of Nestin, WT NPCs exhibited a more intense and broader cytoplasmic staining, 

compared to the CLN7T294K/T294K NPCs, which presented slightly fainter staining. In contrast, in 

CLN7R465W/R465W NPCs, the cytoplasmic area stained with Nestin seemed smaller, compared to WT 

and CLN7T294K/T294K NPCs (Figure 3.6b). Considering that Nestin is a cytoplasmic marker, these 

differences could be due to the cell morphology, as CLN7R465W/R465W NPCs tend to present a more 

differentiated morphology with thinner protrusions than WT and CLN7T294K/T294K NPCs 

(described below in section 3.4.7).  

In the panel of Pax6, this marker is mostly expressed in the nucleus of WT and CLN7 NPCs, with 

an additional expression of Pax6 in the cytoplasm of WT and CLN7T294K/T294K NPCs (Figure 3.6c); 

a difference that could also be attributed to cell morphology, as CLN7R465W/R465W always exhibited 

thinner cytoplasm and protrusions than WT or CLN7T294K/T294K NPCs. These variations could be 

due to distinct differentiation states or a more severe disease phenotype caused by the p.R465W 

mutation.  

In the case of BLBP staining, the three types of NPCs exhibited similar expression and localisation 

of this marker, being mostly present in the cytoplasm of the cells (Figure 3.6d). However, slight 

differences in intensities can be observed when comparing WT and CLN7 NPCs, which can also 

be attributed to differences in cell morphology.  

3.4.7 Potential differences in cell morphology in CLN7R465W/R465W NPCs 

During the expansion of CLN7R465W/R465W NPCs, it was noted that these cells seemed to exhibit a 

more differentiated cell morphology compared to the WT and CLN7T294K/T294K NPCs, especially 

after passages 6-8. The CLN7R465W/R465W NPCs exhibited a greater number of thin protuberances 

resembling neural projections compared to WT and CLN7T294K/T294K NPCs (Figure 3.7). This 

Figure 3.6. Expression of neural markers in WT, CLN7T294K/T294K, and CLN7R465W/R465W NPCs. Representative 

fluorescence images of WT, CLN7T294K/T294K, and CLN7R465W/R465W NPCs cultured in 8-well chamber slides (on 

Matrigel® Matrix) stained with the antibodies (a) anti-SOX2, (b) anti-Nestin, (c) anti-Pax6, and (d) anti-BLBP. Images 

were obtained using a THUNDER fluorescence microscope (Scale bar = 100 μm). 
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morphological characteristic could be indicative of a more advanced differentiated phenotype, as  

NPCs exhibit a more rounded morphology and are characterised by the absence of extensive 

neurite processes (Kang et al., 2017). Additionally, the potentially higher differentiated phenotype 

of the CLN7R465W/R465W NPCs could be associated with a decreased cell adhesion on glass (even on 

coated surfaces with Matrigel Matrix®). Consequently, a higher concentration of the coating 

matrix (1:15) was required, as opposed to the standard 1:30 ratio we typically employed, particularly 

when conducting immunocytochemistry assays. Despite the similar expression of neural markers 

observed in the three types of NPCs used in this study, the distinctive morphological 

characteristics displayed by the CLN7R465W/R465W NPCs may suggest a higher degree of 

differentiation or aberrant functioning of other proteins within these cells. This finding correlated 

with the increased severity observed in patients carrying the homozygous R465W mutation in 

CLN7 disease. It would require further investigation as to whether this morphology relates to the 

R465W mutation or is an artefact of differences during targeted differentiation.  

 

 

 

 

Figure 3.7. Morphological appearance of WT, CLN7T294K/T294K, and CLN7R465W/R465W NPCs. The NSCs 

forming neural tubes and rosettes were picked and plated in 6-well plates coated with Matrigel Matrix®. These cells 

were culture in NEM and, from passage 0, they started growing as single cells (NPCs). Images were obtained using an 

EVOS® Imaging System microscope (Scale bar = 50 µm) (Total magnification = 100×). 
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Limitations 

Although this study demonstrates the use of iPSCs and their subsequent differentiation into NPCs 

that exhibit the expression of markers associated with pluripotency and neural development, 

respectively, it is important to note the presence of some limitations. One potential limitation of 

the study is the exclusive reliance on morphology and immunocytochemistry for the 

characterisation of iPSCs and NPCs. While numerous studies have primarily characterised stem 

cells using this methodology, it is important to use additional approaches to validate their genotype. 

In this study, it would have been advantageous to employ the reverse transcription-quantitative 

polymerase chain reaction (RT-qPCR) techniques, along with trilineage differentiation and flow 

cytometry, to identify pluripotency and stem cell markers. The decision to disregard the 

implementation of other characterisation approaches was influenced by the time constraints, 

challenges encountered, and the multiple attempts required to generate the NPCs. Furthermore, 

alternative, or additional antibodies may have been employed for the characterisation of iPSCs and 

NPCs. For instance, other cell surface markers such as SSEA-3/4 and TRA-1-81 could have been 

used for the evaluation of pluripotency in iPSCs. Moreover, the characterisation of NPCs could 

have involved the utilisation of antibodies against doublecortin, beta III tubulin, NeuroD1, TBR1, 

and stathmin 1, for example, which are markers for immature neurons. Nevertheless, Nestin, Pax6, 

and BLBP have been used in numerous published research as common markers for NPCs (Cheng 

et al., 2014; Mohamad et al., 2013). Additionally, the stage of NSCs could have been identified by 

immunostaining employing specific markers such as Nestin and SOX2. However, considering the 

limited time available and the primary objective of obtaining NPCs from iPSCs, my focus was 

mainly directed towards characterising the initial cells (iPSCs) and the cells generated through the 

neural differentiation protocol – the NPCs. 

Conclusions 

This chapter describes the effective differentiation of iPSCs into NPCs, despite the considerable 

time needed and several attempts required to accomplish it. The challenges associated with the 

production of NPCs may be attributed to the quality and stability of iPSCs, as exemplified in this 

study through the utilisation of identical clones in many attempts to generate NPCs. Using 

different iPSC clones, a successful generation of NPCs was achieved. This facilitated conducting 

further experiments, which aimed to explore the potential cellular and molecular mechanisms 

underlying the pathogenesis of CLN7 disease, using stem cells derived from CLN7 patients, with 

a focus on the MFSD8 protein. 
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Chapter 4 

CLN7 patient iPSC-derived NPCs present 

an autophagic-lysosomal phenotype that is 

ameliorated with Tamoxifen and AZ67 

 

Summary 

The previous chapter presented the process of generating NPCs from patient-derived iPSCs. 

Given the observed localisation of MFSD8 in the lysosomes in previously reported studies, this 

chapter aims to elucidate and corroborate the potential co-localisation MFSD8 within the 

lysosomes and other cellular compartments using NPCs specified from vLINCL patients and 

control iPSCs. This will be achieved through immunocytochemistry techniques, including co-

staining with lysosomes, autophagosomes, endosomes, and mitochondria. The findings presented 

in this chapter indicate that MFSD8 may localise within lysosomes and autophagosomes. 

Consequently, further investigation was conducted to evaluate autophagy dysfunction in CLN7 

disease by examining the expression of different autophagy proteins. Due to the observed 

autophagic-lysosomal dysfunction in the vLINCL CLN7, this chapter also examines various 

therapeutic strategies that may improve the observed pathological features in lysosomes and 

mitochondria, such as the accumulation of the glycosphingolipid globotriaosylceramide (Gb3) in 

the lysosomes and the condensation of mitochondria in the perinuclear region of the CLN7 

patient-derived NPCs.  

Introduction 

4.1 Impairment of autophagy in neurons  

Neurons regulate the process of autophagy in response to alterations in energy homeostasis and 

nutrient intake (Kaushik et al., 2011). Autophagy is observed to be increased in cortical, Purkinje, 

and hypothalamic neurons following nutrient restriction, as well as in motor neurons during 
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starvation (Alirezaei et al., 2010; Kaushik et al., 2011). The kinase complex known as the 

mechanistic target of rapamycin (mTOR) plays a pivotal role in mediating the link between cellular 

metabolism and autophagy (Shimobayashi and Hall, 2014). In physiologically normal conditions, 

mTOR hinders autophagy by phosphorylating the protein ULK1/ATG1. Nevertheless, starvation 

induces the activation of AMPK and the inhibition of mTOR, both of which subsequently activate 

ULK1, initiating the process of autophagy. Autophagy is crucial in the survival and plasticity of 

neurons. When autophagy is impaired, it can result in cellular malfunction. Conversely, an 

excessive level of autophagy can induce cell death, most likely through the mechanism of apoptosis 

(Nikoletopoulou et al., 2015; Tan et al., 2014). Malfunctions in autophagy have been identified as 

potential factors in the development of progressive neurodegeneration within neuronal cells (Hara 

et al., 2006; Komatsu et al., 2006). Furthermore, defects in autophagy have been associated with 

several neurodegenerative disorders (Tan et al., 2014). 

4.1.2 Proteins involved in autophagy and neurological disorders 

4.1.2.1 Autophagy-related (ATG) proteins 

Autophagy is a cellular mechanism in which cytosolic components are encapsulated in a double-

membrane structure known as an autophagosome (Mizushima et al., 2011). This autophagosome 

then merges with a lysosome or vacuole, promoting the degradation of its enclosed contents 

through the action of lysosomal hydrolases (see sections 1.2.2 and 1.2.3). The regulation of 

autophagy is controlled by a group of proteins known as autophagy-related (ATG) proteins, which 

can be categorised into six different functional units: ATG1-kinase complex, phosphatidylinositol 

(PI) 3-kinase complex, membrane protein ATG9, ATG2-ATG18 complex, ATG12 conjugation 

system, and ATG8 conjugation system (Mizushima et al., 2011; Noda and Inagaki, 2015). The first 

phase of autophagy involves the development of the pre-autophagosomal structure (PAS), where 

most ATG proteins are assembled. Subsequently, the combined functions of these ATG proteins 

lead to the generation of autophagosomes from the PAS (Suzuki et al., 2007, 2001). ATG4 is the 

only protease out of several ATG proteins and plays a crucial role as a necessary component in 

the ATG8 conjugation system, which is a unique mechanism within the process of autophagy 

(Ichimura et al., 2000, 2000). The initial step in the ATG8 conjugation mechanism involves the 

enzymatic processing of nascent ATG8 by ATG4, resulting in the exposure of a glycine residue 

located at the C-terminus. The E1 enzyme, ATG7, adenylates the C-terminus of processed ATG8 

in an ATP-dependent manner, resulting in the formation of an ATG8-ATG7 thioester 

intermediate. This intermediate facilitates the formation of another thioester intermediate between 

the ATG8 and the E2 enzyme, ATG3. Ultimately, ATG8 is selectively translocated to the amino 

group of phosphatidylethanolamine (PE), leading to the formation of the ATG8-PE conjugate. 
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This conjugate is characterised by the covalent attachments of the C-terminal carboxyl moiety of 

ATG8 to the amine group of PE by an amide bond. The completion of the conjugation reaction 

needs the presence of the E3-like ATG12-ATG5-ATG16 complex, which is produced by 

ubiquitin-like conjugation reactions (Hanada et al., 2007; Noda et al., 2013). 

Certain neurological disorders have been correlated with mutations or functional impairment in 

ATG proteins. Specifically, the p.V471A single nucleotide polymorphism in the ATG7 gene has 

been associated with earlier onset Huntington’s disease (Meng et al., 2019). Moreover, 

homozygous loss-of-function mutations in ATG5 and ATG7 have been found to cause 

neurological diseases characterised by cerebellar ataxia and neurodevelopmental delay (Yamamoto 

et al., 2023). 

4.1.2.2 Beclin 1 

Beclin 1 plays a crucial role in the localisation of autophagic proteins to the PAS. It interacts with 

multiple cofactors, including Atg14L, UVRAG, Bif-1, Rubicon, Ambra1, HMGB1, nPIST, VMP1, 

SLAM, IP3R, PINK, and surviving, to regulate the lipid kinase Vps-34 protein. This regulation 

leads to the formation of Beclin 1-Vps34-Vps15 core complexes, which in turn promote autophagy 

(He and Levine, 2010, p. 1). Several studies have indicated that Beclin 1 is involved in the regulation 

of autophagy and membrane trafficking, which participate in various physiological and 

pathological processes. Additionally, impairment of Beclin 1 has been associated with numerous 

diseases, including neurodegeneration (Kang et al., 2011). For instance, Beclin 1 levels are reduced 

in the brains of patients with AD. This reduction is linked to impaired autophagy, which may 

contribute to the accumulation of amyloid-β (Aβ) plaques and hyperphosphorylated tau protein 

(Jaeger and Wyss-Coray, 2010). Brain samples from patients with HD also show altered Beclin 1 

levels, suggesting a potential role in the pathogenesis of this neurodegenerative disorder (Zhu et 

al., 2018). Moreover, Beclin 1 has been shown to play a role in the clearance of α-synuclein, a 

protein that accumulates in Parkinson’s disease and Lewy body disease. Overexpression of Beclin 

1 can activate autophagy, reduce α-synuclein accumulation, and ameliorate associated neuritic 

alterations in experimental models (Spencer et al., 2009).  

4.1.2.3 LC3 

The microtubule-associated protein 1A/1B-light chain 3 (LC3) is a soluble protein that is present 

in several mammalian tissues. During the process of autophagy, a cytosolic variant of LC3 (LC3-

I) undergoes conjugation with phosphatidylethanolamine, resulting in the formation of LC3-

phosphatidylethanolamine conjugate (LC3-II), which is captured by autophagosomal membranes. 

The fusion of autophagosomes with lysosomes results in the formation of autolysosomes, where 
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the intracellular components enclosed within the autophagosomes undergo degradation through 

the action of lysosomal hydrolases. Simultaneously, the LC3-II protein within the lumen of 

autolysosomes is degraded. Therefore, the lysosomal degradation of the autophagosomal marker 

LC3/II serves as an indicator of autophagic activity triggered by starvation. Consequently, the 

detection of LC3 by Western blotting or immunofluorescence has emerged as a viable approach 

for monitoring autophagy and its associated mechanisms, such as autophagic cell death (Tanida et 

al., 2008). 

LC3 has also been implicated in some neurological disorders. For instance, in CLN3 disease, an 

increased expression of LC3-II has been observed in post-mortem brain samples from patients 

with this NCL variant (Pezzini et al., 2023).  

4.1.2.4 p62/SQSTM1 

Under normal circumstances, around 30% of proteins that are newly produced within the cell 

undergo misfolding (Schubert et al., 2000). Cellular proteostasis is regulated by two distinct 

mechanisms: the ubiquitin-proteasome system (UPS) and autophagy. These autonomous systems 

are involved in the degradation of diverse substrates and exhibit cooperative function. Certain 

ubiquitinated proteins, such as the ubiquitin-binding protein p62 (or sequestosome-1, SQSTM1), 

are commonly found in both systems. p62 serves as an autophagy substrate and is utilised as an 

indicator of autophagy activity. In a study, it was demonstrated that p62 functions as a mediator 

for the transportation of ubiquitinated proteins to the proteasome, facilitating their subsequent 

degradation (Korolchuk et al., 2009). Additionally, it possesses the ability to translocate between 

the nucleus and cytoplasm to form associations with ubiquitinated cargoes, enabling the 

maintenance of protein quality control in both the nuclear and cytosolic compartments. 

Modulating the expression of p62 can induce alterations in the abundance and spatial distribution 

of ubiquitinated proteins, hence exerting a significant impact on cellular viability. Therefore, an 

aberrant amount of p62 has been found to potentially contribute to the development of certain 

disorders (Liu et al., 2016). For example, in ALS, mutations in p62/SQSTM1 can lead to impaired 

protein degradation and increased cellular stress (Ma et al., 2019). In AD, increasing p62/SQSTM1 

levels has been suggested as a potential therapeutic strategy to enhance Aβ clearance through 

autophagy activation (Cecarini et al., 2020). 
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4.1.3 Proteins present in vesicular compartments and their association with 

neurological disorders 

4.1.3.1 Endosomal RAB5 and RAB7 

The endocytic system in eukaryotic cells constitutes a very intricate network of membrane 

compartments, each having distinct functions in the cargo sorting, distribution, and degradation 

of cellular cargo (Conner and Schmid, 2003; Gruenberg and Maxfield, 1995; Mellman, 1996; 

Pelkmans and Helenius, 2003). Following internalisation in early endosomes, cargo intended for 

recycling is transported back to the cell surface by recycling endosomes, while cargo designated 

for degradation is carried to late endosomes and subsequently to lysosomes. While there exists a 

general agreement regarding the arrangements of the endocytic pathway in relation to organelles 

and trafficking pathways, the specific processes behind the transportation between different 

endosomal compartments remain unresolved. The endocytic system has several crucial 

components, including vesicle coats and adaptors, which play a significant role in intracellular 

transport. Additionally, important regulators of intracellular transport have been identified such as 

SNAREs and Rab GTPases. Both SNAREs and Rab GTPases are present as extensive families 

across eukaryotic genomes, exhibiting a notable abundance in distinct membrane compartments, 

and actively participating in nearly all membrane trafficking processes (Bock et al., 2001; Söllner et 

al., 1993; Zerial and McBride, 2001). Rab GTPases play a crucial role in facilitating membrane 

anchoring before SNARE-mediated fusion (Rothman and Söllner, 1997; Zerial and McBride, 

2001). Furthermore, they serve as membrane organisers by modulating a diverse array of soluble 

effector molecules. Distinct membrane domains are occupied by RAB5, RAB4, and RAB11 

sequentially throughout the path of recycling cargo (Sönnichsen et al., 2000). On the other hand, 

late endosomes are comprised of different domains of RAB7 and RAB9 (Barbero et al., 2002). 

The cargo intended for degradation is initially internalised into RAB5 domains located on early 

endosomes and then becomes present in RAB7 domains situated on late endosomes. Therefore, 

transport between endosomes can be characterised as the movement of cargo between membranes 

that contain distinct Rab machinery. 

The dysfunction of RAB5 and RAB7 has been associated with several neurological disorders. 

RAB5 plays a critical role in mediating endocytic processes, and its dysregulation has been 

implicated in AD. Abnormal overactivation of RAB5 has been observed in post-mortem brain 

samples of AD patients, leading to increased endocytosis and enlarged early endosomes. This 

overactivation is associated with the accumulation of β-amyloid peptides, a hallmark of AD, which 

contributes to neuronal dysfunction and disease progression (Guadagno and Progida, 2019; Xu et 

al., 2019). RAB5 is also implicated in HD. The Huntingtin-HAP40 complex, which regulates early 
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endosome motility, is a novel RAB5 effector and is upregulated in HD. This suggests that RAB5 

dysregulation may contribute to the pathogenesis of HD by affecting endosomal trafficking and 

cellular homeostasis (Jordan et al., 2022).  

4.1.3.2 Lysosomal LAMP1 and LAMP2 

Lysosomes are encompassed by a restricting membrane that exhibits several functions. These 

functions include acidification, sequestration, and transport. Acidification refers to the role of the 

membrane in maintaining an acidic environment within the lysosome. Sequestration involves the 

retention of active lysosomal enzymes within the lysosome through the limiting membrane 

(Kornfeld and Mellman, 1989). Lastly, the membrane facilitates the transport of degradation 

products from the lysosomal lumen to the cytoplasm (Fukuda, 1991; Lloyd and Forster, 1986; 

Peters and von Figura, 1994). The membranes of lysosomes encompass a variety of proteins that 

are extensively glycosylated with N-linked glycans. Among these proteins are lysosome-associated 

membrane proteins 1 and 2 (LAMP1 and LAMP2), which exhibit structural similarities (Granger 

et al., 1990). While LAMP2 shows ubiquitous expression, its primary localisation is within the late 

endosomes and lysosomes (Lippincott-Schwartz and Fambrough, 1987). LAMP2 has been 

identified as a receptor involved in the specific import and degradation of cytosolic proteins within 

the lysosome, a process known as chaperone-mediated autophagy (Cuervo and Dice, 1998, 1996). 

Additionally, it has been reported that the deficiency of Lamp2 results in the premature death of 

around 50% of Lamp2-deficient mice (Tanaka et al., 2000). Additionally, the presence of 

autophagic vacuoles has been detected in many tissues affected by LAMP2 deficiency, such as 

muscle, heart, pancreas, and liver. This glycoprotein LAMP2 is of significant importance in the 

process of lysosome formation and autophagy (Eskelinen, 2006). LAMP2 deficiency has been 

associated with lysosomal storage diseases, particularly affecting the midbrain. Studies on Lamp-

2-deficient mice have also revealed neuropathological changes, suggesting its importance in central 

nervous system function (Furuta et al., 2015) 

4.1.3.3 Mitochondrial protein ATP5A 

The mitochondrial adenosine 5’-triphosphate (ATP) synthase is a complex consisting of many 

proteins, responsible for the synthesis of ATP from adenosine diphosphate (ADP) and inorganic 

phosphate (Pi). ATP5A, also known as the mitochondrial α‐F1 subunit of ATP synthase, is one 

of the catalytic subunits of the ATP synthase complex. Within the cell, the tricarboxylic acid (TCA) 

cycle serves as the primary catabolic pathway for utilising glucose metabolism by-products within 

the mitochondria. This cycle generates NADH and succinate, which are then supplied to the 

electron transport chain (ETC) located in the mitochondrial inner membrane (Chan, 2006; 
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Koopman et al., 2010). The ETC promotes the development of a proton gradient across the inner 

membrane of the mitochondria by utilising NADH and succinate as redox carriers derived from 

the TCA cycle. The cell’s energy carrier, ATP, is produced by the last component of the ETC, 

known as complex V or mitochondrial FoF1-ATP synthase, utilising the proton gradient as a 

driving factor (Habersetzer et al., 2013; Martínez-Reyes and Cuezva, 2014; Yoshida et al., 2001). 

Some studies suggest that mitochondrial dysfunction is an important feature of neurodegenerative 

diseases, such as AD, and appears in the initial phases of disease progression (Baloyannis, 2006; 

Dumont et al., 2011; Gibson et al., 1998; Tillement et al., 2011). Furthermore, another study has 

indicated a decrease in ATP synthase activity and ATP levels within the brains of individuals 

diagnosed with AD. In general, neurons exhibit a greater susceptibility to mitochondrial 

dysfunction as a result of their elevated energy requirements and reliance on respiration for ATP 

production. This, in turn, leads to the occurrence of oxidative stress and neuroinflammation (Joshi 

et al., 2019). Additionally, it has been observed that SCMAS and other mitochondrial protein 

components are enriched in lysosomal lipofuscin in BD neurons. Consequently, neuronal damage 

might follow as a result of these pathological processes (Misrani et al., 2021; Wang et al., 2020). 

4.1.4 Mechanism of action of Bafilomycin A1 

The fusion of autophagosomes with lysosomes and the subsequent acidification of autolysosomes 

are crucial late stages in the autophagic process that are essential for maintaining functional 

autophagic flux and cellular homeostasis (Beau et al., 2011). Bafilomycin A1 is an inhibitor of the 

V-ATPase that disrupts both of these processes. The V-ATPase is an enzyme consisting of two 

distinct complexes, V1 and V0. V1 is located in the cytosol, while V0 is embedded in the lysosome 

membrane. Together, these complexes comprise a hetero-multimeric structure. The V-ATPase is 

composed of a total of 15 different subunits, each of which plays a unique role in the assembly 

and docking process or on the lysosome membrane (Marshansky and Futai, 2008). Bafilomycin 

A1 is classified as a macrolide (a class of antibiotic) compound that specifically interacts with the 

V-ATPase ATP6V0C/V0 subunit c. As a consequence, it inhibits the process of lysosomal 

acidification by blocking the movement of protons (H+) into the lysosomal lumen (Yoshimori et 

al., 1991; Zhang et al., 1994). When considering all those characteristics of bafilomycin A1 it is 

widely accepted that its inhibitory effect on autphagosome-lysosome fusion is attributed to the 

obstruction of V-ATPase pump activity. However, the study conducted by Mauvezin et al. (2015) 

revealed that the absence of V-ATPase subunits, while significantly impacting lysosomal pH, did 

not block the fusion between autophagosomes and lysosomes (Mauvezin et al., 2015). This finding 

suggests that the acidification process mediated by V-ATPase is not a fundamental requirement 

for the fusing of vesicles. Therefore, bafilomycin A1 could potentially impact fusion via an 
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alternative target. A study by Ganley et al. (2011) indicated that the compound thapsigargin, which 

acts as an inhibitor of the ATP2A/SERCA Ca2+-transporting ATPase, effectively inhibits the 

fusion process between autophagosomes and late endosomes (Ganley et al., 2011). It is worth 

noting that, apart from its effect on V-ATPases, the administration of bafilomycin A1 also 

eliminates the elongation of autophagosomes generated by Seipin, an integral membrane protein 

found in the endoplasmic reticulum. This observation is in line with the concept that bafilomycin 

A1 functions as an inhibitor of the SERCA-dependent Ca2+ gradient, which is necessary for the 

localised release of Ca2+ during fusion. To provide more evidence for this concept, it is noteworthy 

that cells treated with bafilomycin A1 exhibit a substantial rise in cytosolic calcium (Ca2+), similar 

to the impact reported with thapsigargin (Ganley et al., 2011; Mauvezin et al., 2015). Overall, the 

data presented in Mauvezin’s study (2011) provide evidence that bafilomycin A1 specifically acts 

on the V-ATPase located in the lysosome to inhibit the acidification of its lumen (Mauvezin et al., 

2015). Additionally, it separately inhibits Ca-P60A/SERCA, leading to the disruption of the fusion 

between autophagosomes and lysosomes. Therefore, these combined effects result in a significant 

blockage of the autophagic flux (Mauvezin et al., 2015). 

4.2 Glycosphingolipid globotriaosylceramide (Gb3) in the lysosomes 

The glycosphingolipid globotriaosylceramide (Gb3) is classified within the glycosphingolipids 

(GSLs) group, which is a diverse set of membrane lipids consisting of a ceramide backbone that is 

covalently bonded to a glycan moiety (D’Angelo et al., 2013). GSLs play a role in the regulation of 

membrane-protein function and are involved in facilitating cell-cell interactions. These entities 

possess the capacity to control cellular differentiation, proliferation, and programmed cell death. 

Mutations in the GLA gene encoding the lysosomal enzyme α-galactosidase A (α-GalA), cause 

Fabry disease, which is a congenital X-linked glycosphingolipid storage condition. This disease is 

classified as one of around 50 monogenic LSDs (Boustany, 2013; Germain, 2010). 

4.3 Pro-glycolytic enzyme PFKFB3 in neurons 

Glycolysis is commonly recognised as a metabolic mechanism that promotes cell survival by 

fulfilling the energy requirements of cells during periods of mitochondrial bioenergetic stress or in 

the absence of oxygen (Bolaños et al., 2010). Nevertheless, it has been observed that various cell 

types in brain tissue exhibit noticeable variations in their metabolic requirements (Almeida et al., 

2004, 2001; Bolaños et al., 1994). The metabolic utilisation of glucose via glycolysis in neurons is 

often minimal, as it is mostly metabolised by mitochondrial oxidative phosphorylation or the 

pentose-phosphate pathway (PPP). The PPP plays a crucial role in maintaining the redox status of 

neurons (Delgado-Esteban et al., 2000; Garcı́a-Nogales et al., 2003; Herrero-Mendez et al., 2009; 



CHAPTER 4 
 

 

96 

 

Rodriguez-Rodriguez et al., 2013). In contrast, astrocytes mostly acquire their cellular energy 

requirements through glycolysis, thereby supplying neurons with lactate as a metabolically 

oxidizable fuel (Almeida et al., 2004). 

One crucial determinant of these metabolic characteristics is the enzyme 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase-3 (PFKFB3), which promotes glycolysis and is typically not 

present in neurons but is highly abundant in astrocytes (Herrero-Mendez et al., 2009). The activity 

of PFKFB3 results in the production of fructose-2,6-bisphosphate (F2,6BP), which acts as a strong 

positive correlator of the rate-limiting enzyme in glycolysis, known as 6-phosphofructo-1-kinase 

(PFK1) (El-Maghrabi et al., 2001; RIDER et al., 2004). The continual degradation of the PFKFB3 

protein in neurons is a result of its ubiquitylation by the E3 ubiquitin ligase known as anaphase-

promoting complex/cyclosome-Cdh1 (APC/C-Cdh1). It has been observed that the activity of 

APC/C-Cdh1 is comparatively higher in neurons than in astrocytes (Herrero-Mendez et al., 2009). 

It is worth mentioning that under specific neuropathological circumstances, such as excitotoxicity, 

the functioning of APC/C-Cdh1 in neurons is suppressed, hence enabling the stabilisation of 

PFKFB3 protein within the cell. The activation of neuronal PFKFB3 leads to an increase in 

glucose consumption via glycolysis, resulting in a simultaneous reduction in the PPP (Maestre et 

al., 2008; Rodriguez-Rodriguez et al., 2012). This decrease in the PPP activity induces redox stress, 

ultimately leading to apoptotic cell death (Rodriguez-Rodriguez et al., 2012). 

4.3.1 Inhibition of PFKFB3 with AZ67 

AZ67 is a small molecule that effectively inhibits the activity of the isoform 3 of the PFKFB family 

– the PFKFB3 (Emini Veseli et al., 2021). Additionally, it prevents the oxidation of NADPH, 

redox stress, and apoptotic cell death induced by the stimulation of glycolysis in mouse primary 

neurons under excitotoxic and oxygen-glucose deprivation/reoxygenation conditions. Moreover, 

in vivo injection of AZ67 in mice significantly reduced motor discoordination and brain injury in 

the middle carotid artery blockage in an ischemia/reperfusion model. These findings demonstrated 

that the pharmacological inhibition of PFKFB3 is a potential therapeutic approach for the 

protection of neurons (Burmistrova et al., 2019).  

Aims and objectives 

The aim of this chapter was to investigate the impact of CLN7 disease on specific cellular 

characteristics shared across different intracellular compartments in vitro, including the lysosomes, 

autophagosomes, and mitochondria, which are key organelles implicated in the pathogenesis of 

this neurodegenerative disorder. In the context of impaired autophagy in many different 

neurodegenerative diseases, this work also aimed to study autophagy-associated proteins in WT 
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and CLN7-derived NPCs. Additionally, the co-localisation of MFSD8 with different vesicular 

compartments was examined. These research goals were achieved through the following 

objectives: 

i) To evaluate the potential co-localisation of MFSD8 with distinct vesicular compartments 

within the cells using immunofluorescence staining.  

ii) To assess autophagy in both WT and CLN7 NPCs through immunocytochemical 

analysis of established autophagy markers. 

iii) To determine the efficacy of tamoxifen, an FDA-approved drug, in facilitating the 

clearance of lysosomal globotriaosylceramide (Gb3) accumulation in both WT and CLN7 

patient-derived NPCs. 

iv) To study whether inhibiting the glycolytic enzyme PFKFB3 can restore mitochondrial 

condensation in both WT and CLN7 patient-derived NPCs. 

 

Results  

4.4 MFSD8 localisation within the cell  

Given that MFSD8 seems to be localised in the lysosomes (Sharifi et al., 2010; Steenhuis et al., 

2012, 2010), the next objective was to corroborate this localisation of MFSD8 using NPCs. 

Consequently, immunocytochemistry was conducted on wild-type (WT), CLN7T294K/T294K, and 

CLN7R465W/R465W NPCs to evaluate the co-localisation of MFSD8 using lysosomal and other 

vesicular markers. To accomplish this, the antibodies employed in the study included anti-RAB5, 

a marker for early endosomes, anti-RAB7, to target late-endosomes, anti-LC3 and anti-

p62/SQSTM1, which are proteins involved in autophagosomes, anti-LAMP2, which serves as a 

target to identify lysosomes, and anti-ATP5A, a marker for mitochondria.  

Regarding the co-localisation of MFSD8 with endosomes, it could be observed that MFSD8 might 

co-localise with early endosomes in WT NPCs, as demonstrated through co-staining with anti-

RAB5 (Figure 4.1). In contrast, MFSD8 did not demonstrate co-localisation with RAB7 protein, 

indicating a lack of localisation of MFSD8 in late endosomes (Figure 4.2). 
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Figure 4. 1. Immunocytochemistry of MFSD8 co-localisation with early endosomes in WT, CLN7T294K/T294K, 

and CLN7R465W/R465W NPCs. MFSD8 co-staining with endosomes was determined by immunofluorescence staining 

with Rab5 used as a marker for early endosomes. Control (WT) and CLN7 patient-derived (CLN7T294K/T294K and 

CLN7R465W/R465W) NPCs were stained with Rab5 (red), MFSD8 (green), and DAPI (blue; cell nuclei). The white arrows 

indicate co-localisation between MFSD8 and RAB5. Images were taken using a Leica STELLARIS 5 confocal 

microscope. Scale bar = 30 µm. (n = 2, biological replicates). 
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Figure 4. 2. Immunocytochemistry of MFSD8 co-localisation with late endosomes in WT, CLN7T294K/T294K, 

and CLN7R465W/R465W NPCs. MFSD8 co-staining with endosomes was determined by immunofluorescence staining 

with Rab7 used as a  marker for late endosomes. Control (WT) and CLN7 patient-derived (CLN7T294K/T294K and 

CLN7R465W/R465W) NPCs were stained with Rab7 (red), MFSD8 (green), and DAPI (blue; cell nuclei). Images were 

taken using a Leica STELLARIS 5 confocal microscope. Scale bar = 30 µm. (n = 2, biological replicates).
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The immunocytochemistry results additionally demonstrated that the co-localisation of MFSD8 

with LC3 was observed in certain regions, with a more pronounced presence in the NPCs derived 

from healthy individuals (WT NPCs) compared to those derived from patients with CLN7 (Figure 

4.3). Similarly, the co-localization of MFSD8 and p62/SQSTM1 was seen, particularly in the WT 

NPCs. However, it is worth noting that p62/SQSTM1 exhibited lower expression levels and 

appeared as larger dots, whereas LC3 presented a more scattered distribution throughout the 

cytoplasm (Figures 4.3-4.4).  
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Figure 4. 3. Immunocytochemistry of MFSD8 co-localisation with autophagosomes in WT, CLN7T294K/T294K, 

and CLN7R465W/R465W NPCs. MFSD8 co-staining with autophagosomes was determined by immunofluorescence 

staining with LC3 used as a  target for autophagosomes. Control (WT) and CLN7 patient-derived (CLN7T294K/T294K 

and CLN7R465W/R465W) NPCs were stained with LC3 (red), MFSD8 (green), and DAPI (blue; cell nuclei). The white 

arrows indicate co-localisation between MFSD8 and LC3. Images were taken using a Leica STELLARIS 5 confocal 

microscope. Scale bar = 30 µm. (n = 2, biological replicates). 
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Figure 4. 4. Immunocytochemistry of MFSD8 co-localisation with autophagosomes in WT, CLN7T294K/T294K, 

and CLN7R465W/R465W NPCs. MFSD8 co-staining with autophagosomes was determined by immunofluorescence 

staining with p62/SQSTM1 used as a  marker for autophagosomes. Control (WT) and CLN7 patient-derived 

(CLN7T294K/T294K and CLN7R465W/R465W) NPCs were stained with p62/SQSTM1 (red), MFSD8 (green), and DAPI 

(blue; cell nuclei). The white arrows indicate co-localisation between MFSD8 and p62. Images were taken using a 

Leica STELLARIS 5 confocal microscope. Scale bar = 30 µm. (n = 2, biological replicates). 
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The results of this study suggested that there might be certain co-localisation between the MFSD8 

protein and LAMP2 in WT NPCs, providing support for the notion that part of the MFSD8 

protein may be present in lysosomes (Wang et al., 2021) (Figure 4.5). In contrast, it was observed 

that the MFSD8 protein did not exhibit localisation within the lysosomes in the NPCs generated 

from patients with CLN7. Furthermore, it was observed that lysosomes might exhibit a greater 

degree of enlargement and display distinct patterns of distribution in the cells carrying mutations 

on the CLN7 gene (Figure 4.5).  
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Figure 4. 5. Immunocytochemistry of MFSD8 co-localisation with lysosomes in WT, CLN7T294K/T294K, and 

CLN7R465W/R465W NPCs. MFSD8 co-staining with lysosomes was assessed by immunofluorescence staining with 

LAMP2 used as a lysosomal marker. Control (WT) and CLN7 patient-derived (CLN7T294K/T294K and CLN7R465W/R465W) 

NPCs were stained with LAMP2 (red), MFSD8 (green), and DAPI (blue; cell nuclei). The white arrows indicate co-

localisation between MFSD8 and LAMP2. Images were taken using a Leica STELLARIS 5 confocal microscope. 

Scale bar = 30 µm. (n = 2, biological replicates). 
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When assessing the potential co-localisation of MFSD8 with mitochondria in both WT and CLN7-

mutated NPCs, the results showed that MFSD8 may not localise within mitochondria (Figure 

4.6). Interestingly, and consistent with our previous findings on the condensation of mitochondria 

in CLN7 disease (see section 4.8), it could be observed that mitochondria exhibited thinner 

structures and were distributed throughout the cytoplasm in WT NPCs. Conversely, in 

CLN7T294K/T294K and CLN7R465W/R465W NPCs, mitochondria displayed a more compacted 

arrangement in the perinuclear region (Figure 4.6). 
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Figure 4. 6. Immunocytochemistry of MFSD8 co-localisation with mitochondria in WT, CLN7T294K/T294K, 

and CLN7R465W/R465W NPCs. MFSD8 co-staining with mitochondria was determined by immunofluorescence 

staining with ATP5A used as a  marker for mitochondria. Control (WT) and CLN7 patient-derived (CLN7T294K/T294K 

and CLN7R465W/R465W) NPCs were stained with ATP5A (red), CLN7/MFSD8 (green), and DAPI (blue; cell nuclei). 

Images were taken using a Leica STELLARIS 5 confocal microscope. Scale bar = 30 µm. (n = 2, biological replicates). 
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The primary objective of this work was to investigate the potential co-localisation of the MFSD8 

protein with various vesicular compartments located inside the cytoplasm of the cell. However, it 

is worth noting that the expression of MFSD8 was also observed in the nucleus of the cells 

(Figures 4.1-4.6). Consistently with the differences observed between control (WT) cells and cells 

with CLN7 mutations, there seem to be discernible variations in the expression of MFSD8 across 

these cell types. Therefore, the analysis of this discovery will be addressed in this chapter (see 

section 4.5) and the subsequent chapters of this thesis. 

Given the possible co-localisation of p62 and LC3 with MFSD8, as observed in this work, the next 

aim was to examine the potential impact of CLN7 disease on autophagy. These proteins are 

associated with autophagic flux, which is known to be compromised in various neurodegenerative 

diseases. Therefore, some autophagy markers were employed to investigate autophagy in the 

vLINCL CNL7 in the following section.  

4.5 MFSD8 localises to the cytoplasm and nucleus and its expression is 

higher in WT NPCs than in CLN7 NPCs 

As observed in Figures 4.1-4.6, immunocytochemistry assays revealed that MFSD8 not only 

localises to the cytoplasm but also localises to the nucleus. Comparing MFSD8 expression on the 

images obtained from immunofluorescence staining, it can be observed that MFSD8 seems to be 

expressed slightly differently in the control (WT) NPCs, compared to the CLN7/MFSD8-mutated 

NPCs (CLN7T294K/T294K and CLN7R465W/R465W). Therefore, to evaluate the potential existence of 

significant differences in the expression of MFSD8 among the three cell types used in this study, 

a quantification of the fluorescence intensity of cytoplasmic and nuclear MFSD8 was conducted 

(Figure 4.7).  
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The analysis of the immunocytochemistry assay showed that the expression of MFSD8 was 

significantly higher in the cytoplasm of WT NPCs in comparison to the cytoplasmic expression of 

MFSD8 in the CLN7T294K/T294K NPCs (p = 0.0436). The analysis revealed no statistically significant 

variation in the nuclear expression of MFSD8 among the three cell types (Figure 4.7). Although 

WT NPCs co-stained for MFSD8 and ATP5A seemed to visually exhibit a higher nuclear 

expression of MFSD8 than CLN7 NPCs (Figure 4.6), MFSD8 did not exhibit that higher 

expression in the other co-localisation images of WT NPCs. This different staining in nuclear 

MFSD8 of WT NPCs could be attributed to nuclear background in that specific staining with 

ATP5A. 

4.6 Autophagy is impaired in the vLINCL CLN7 

Considering that autophagy is impaired in many neurodegenerative diseases (Corti et al., 2020; 

Fujikake et al., 2018; Menzies et al., 2017a; Park et al., 2020), the next experiment aimed to 

demonstrate whether autophagy was also affected in the vLINCL CLN7. To achieve that, different 

autophagy antibodies were used for immunostaining of WT and CLN7-derived NPCs after 

treatment with 100 nM bafilomycin A1 (Baf A1) for 6 h and without bafilomycin A1 as control. 

The purpose of employing bafilomycin A1 was to exacerbate the phenotype of the cells regarding 

Figure 4.7. MFSD8 protein expression in the cytoplasm and nucleus of control and CLN7 patient-derived 

NPCs. The protein expression of MFSD8 in the cytoplasm and nucleus of WT, CLN7T294K/T294K, and 

CLN7R465W/R465W NPCs was assessed by quantification of the corrected total cell fluorescence (CTFC) from the 

immunocytochemistry assay of the vesicular markers using ImageJ software. (a) Quantification of the expression of 

cytoplasmic MFSD8 protein in control (WT) and CLN7 patient-derived NPCs. (b) Quantification of the expression 

of nuclear MFSD8 protein in control (WT) and CLN7 patient-derived NPCs. (n = 7, biological replicates) (One-way 

ANOVA, Tukey’s post hoc test). Mean ± SD. 
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its role in autophagy dysfunction by preventing autophagasome-lysosome fusion and inducing 

autophagic shunting. The autophagy targets assessed in this study were ATG4B, ATG5, ATG9A, 

ATG16L1, Beclin-1, LC3B, and p62/SQSTM1. The expression of these autophagy-related 

proteins was observed by immunocytochemistry using confocal microscopy, followed by the 

quantification and analysis of the corrected total cell fluorescence (CTCF) in the cytoplasm of the 

cells. The main interest was to compare the WT NPCs (control, without bafilomycin A1) with the 

WT NPCs after the treatment with Bafilomycin A1, as well as the WT with the CLN7-derived 

NPCs (CLN7T294K/T294K and CLN7R465W/R465W) all without bafilomycin A1. This would allow a better 

understanding of the CLN7 phenotype in autophagy. A co-localisation experiment with MFSD8 

would have been of great interest, but its was not possible due to the origin of the primary 

antibodies for MFSD8 and autophagy proteins, as they were all obtained from the same species 

(rabbit). 

First, this study showed that the expression levels of ATG4B were significantly higher in 

CLN7T294K/T294K and CLN7R465W/R465W NPCs compared to WT NPCs, all without Baf A1 (p = 

0.0053, p = 0.0002, respectively) (Figures 4.8 and 4.9a). Similarly, the levels of ATG5 were found 

to be elevated in the CLN7T294K/T294K and CLN7R465W/R465W NPCs compared to WT NPCs treated 

with vehicle (Figures 4.8 and 4.9b). Regarding ATG9A, its expression augmented in WT NPCs 

following Baf A1 treatment (p = 0.0086) (Figure 4.9c), as well as in the CLN7T294K/T294K and 

CLN7R465W/R465W NPCs with the vehicle, compared to WT NPCs (p = 0.0012 and p = 0.0436, 

respectively) (Figure 4.9c). In contrast, ATG16L1 levels showed no significant increase in CLN7 

NPCs compared to WT NPCs treated either with vehicle or Baf A1 (Figures 4.8 and 4.9d), being 

the highest levels of ATG16L1 present in WT NPCs (Figure 4.9d). This observation suggested 

that ATG16L1 was not affected by the CLN7 phenotype or lysosomal dysfunction exacerbated 

with Baf A1. The expression of Beclin 1 was found to be significantly higher in WT NPCs treated 

with Baf A1 compared to WT NPCs treated with vehicle (p = 0.0001) (Figures 4.8 and 4.9e). 

Similarly, Beclin 1 expression levels were also significantly higher in CLN7T294K/T294K NPCs treated 

with Baf A1 compared to CLN7T294K/T294K NPCs treated with vehicle (p = 0.0042 ) (Figures 4.8 

and 4.9e). The expression of LC3B exhibited a notable increase in WT NPCs treated with Baf A1 

compared to WT NPCs treated with vehicle (p = 0.0172). Similarly, there was an increase in LC3B 

levels in NPCs with the T294K mutation when treated with the vehicle, as compared to WT NPCs 

(Figures 4.8 and 4.9f). Finally, p62 displayed greater expression in WT NPCs treated with Baf A1 

(p < 0.0001), as well as in CLN7T294K/T294K and CLN7R465W/R465W NPCs treated with vehicle (p = 

0.0004, p < 0.0001, respectively), compared to WT NPCs (Figure 4.9g). Moreover, it was 

observed that the levels of p62 in CLN7T294K/T294K NPCs were elevated following the exacerbation 
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of their autophagy-deficient phenotype with Baf A1, in comparison to CLN7T294K/T294K NPCs 

treated with vehicle (p = 0.0009) (Figure 4.9g). 
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Figure 4. 8. Immunocytochemistry of 

autophagy markers in WT, 

CLN7T294K/T294K, and CLN7R465W/R465W 

NPCs. The effect of Bafilomycin A1 (Baf 

A1) on autophagy in control (WT) and 

CLN7 patient-derived NPCs 

(CLN7T294K/T294K, CLN7R465W/R465W) was 

assessed by immunofluorescence staining. 

Cells were treated with vehicle (DMSO) 

or Baf A1 (100 nM) for 6 h. Following 

that, cells were stained for the autophagy 

markers ATG4B (green), ATG5 (green), 

ATG9A (green), ATG16L1 (green), 

Beclin-1 (green), LC3B (green), and 

p62/SQSTM1 (red). DAPI (blue) was 

used to stain the nuclei of the cells (n = 7, 

technical replicates). Images were taken 

using a Leica STELLARIS 5 confocal 

microscope (Scale bar = 30 µm). 
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These results showed that most ATG proteins, including ATG4B, ATG5, and ATG9A were 

significantly highly expressed in the NPCs with CLN7 phenotype compared to WT NPCs, except 

for the ATG16L1, whose expression remained unaffected by the CLN7 phenotype or the 

lysosomal impairment by Baf A1, or it was even reduced in the CLN7 NPCs with the mutation 

p.R465W compared to control NPCs (Figure 4.9d). Similarly, Beclin-1 expression did not exhibit 

significant differences between WT NPCs and CLN7 NPCs. However, the levels of LC3 and p62 

seemed to be also affected by the CLN7 phenotype, compared to healthy (WT) NPCs. 

4.7 Tamoxifen promotes the clearance of lysosomal Gb3 in CLN7 patient-

derived NPCs 

Prof Diego Medina’s research group (from the Telethon Institute of Genetics and Medicine, 

TIGEM, in Naples, Italy) found that the pathological manifestation of CLN3 and CLN7 diseases 

can be attributed to the aberrant accumulation of Gb3 in the lysosomes. This finding has been 

observed in both in vitro and in vivo models. Consequently, Medina’s group decided to use the Shiga 

Toxin subunit B (STX) assay to identify Food and Drug Administration (FDA)-approved 

compounds that possess the capability to diminish the accumulation of Gb3 in lysosomes. This 

was achieved by assessing the co-localisation of Gb3 with the lysosomal membrane protein 

LAMP1 in arising retinal pigment epithelia (ARPE)-CLN3 KO cells (Soldati et al., 2021). A total 

of 1280 drugs approved by the FDA were subjected to screening, leading to the discovery of nine 

compounds with potential activity. The compounds mentioned consist of two drugs from the 

stilbenoid class (tamoxifen and toremifene), which are selective oestrogen receptor modulators. 

Additionally, there is one alkaloid (apomorphine), three phenylpiperazines (itraconazole, 

ketoconazole, and aripiprazole), a derivative of cholesterol (pregnenolone), a diphenylmethane 

compound (benztropine), and an acetylcholinesterase inhibitor (donepezil dihydrochloride). All 

Figure 4. 9. Autophagy is impaired in the vLINCL CLN7. The expression of different autophagy markers in the 

cytoplasm of WT, CLN7T294K/T294K, and CLN7R465W/R465W NPCs was assessed by quantification of the corrected total 

cell fluorescence (CTFC) from the immunocytochemistry assay using Image J software. Cells were treated with vehicle 

(DMSO) or Baf A1 (100 nM) for 6 h. Following that, cells were stained for the autophagy markers ATG4B, ATG5, 

ATG9A, ATG16L1, Beclin-1, LC3B, and p62, and images were taken using a Leica STELLARIS 5 confocal microscope. 

(a) Expression of ATG4B in control (WT) and CLN7 patient-derived NPCs. (b) Expression of ATG5 in control (WT) 

and CLN7 patient-derived NPCs. (c) Expression of ATG9A in control (WT) and CLN7 patient-derived NPCs. (d) 

Expression of ATG16L1 in control (WT) and CLN7 patient-derived NPCs. (e) Expression of  Beclin-1 in control (WT) 

and CLN7 patient-derived NPCs. (f) Expression of LC3B in control (WT) and CLN7 patient-derived NPCs. (g) 

Expression of p62/SQSTM1 in control (WT) and CLN7 patient-derived NPCs. (n = 7, technical replicates) (One-way 

ANOVA, Tukey’s post hoc test). Mean ± SD. 
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nine compounds underwent additional confirmation and testing using the same STX assay, 

employing a dose-response format to ascertain the effective concentration (EC50) and assess cell 

viability (Soldati et al., 2021). The administration of tamoxifen led to a significant decrease in the 

accumulation of lysosomal STX, exhibiting the highest potency with an EC50 value of 0.75 µM, 

while maintaining cellular viability intact (data not shown). A slight decrease in the number of 

nuclei was found just at the most concentrated tamoxifen dosage, indicating a potential sign of 

cytotoxicity at levels exceeding 30 µM (Soldati et al., 2021).  

Tamoxifen is a pharmaceutical drug that has been authorised by both the European Medicines 

Agency (EMA) and the FDA. It has been utilised for numerous years in the treatment of breast 

cancer and various other conditions associated with hormonal imbalances. Significantly, it is 

noteworthy that this intervention has been deemed safe for use in paediatric individuals (Gayi et 

al., 2018). Due to the drug’s extensive and well-established prescription, Medina’s group decided 

to focus on tamoxifen for subsequent investigations. Therefore, in collaboration with Diego 

Medina’s group, we studied the effect of tamoxifen in a cell model of Batten disease, specifically 

in the vLINCL CLN7. In this study, we utilised NPCs obtained from patient-derived iPSCs. 

Through immunofluorescence staining, we successfully verified that the application of tamoxifen 

at a concentration of 10 µM facilitates the elimination of lysosomal Gb3, which was identified with 

STX, within nestin-positive CLN7 NPCs (Figure 4.10). Particularly, CLN7 NPCS that were 

generated from fibroblasts from the CLN7 patient Pa474, carrying the homozygous mutation 

R465W, were employed. This suggests the application of tamoxifen as a potential therapeutic 

strategy for CLN7 disease.  
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4.8 Inhibition of PFKFB3 restores mitochondrial condensation in CLN7 

patient-derived NPCs 

Prof. Juan P. Bolaños’ research group from the Institute of Functional Biology and Genomics 

(IBFG) (Universidad de Salamanca, CSIC, Salamanca, Spain) found that the application of 

pharmacological inhibition targeting PFKFB3 effectively reverses mitochondrial abnormalities and 

characteristic features associated with Cln7Δex2 disease in an in vivo model. The destabilisation of 

PFKFB3 in neurons enhances glucose consumption via the pentose phosphate pathway (PPP) and 

mitigates oxidative stress associated with damage (García-Nogales et al., 2003; Herrero-Mendez et 

al., 2009; Vaughn and Deshmukh, 2008). This is due to its involvement in providing NADPH(H+), 

a crucial cofactor for the regeneration of glutathione (Ben-Yoseph et al., 1996; Hothersall et al., 

1979). Consequently, Bolaños’ group aimed to evaluate the potential correlation between the 

activity of PFKFB3 and the occurrence of CLN7 disease. They accomplished this by suppressing 

the activity of PFKFB3 by using a specifically targeted compound called AZ67 (Boyd et al., 2015). 

In vivo, AZ67 showed the ability to hinder the accumulation of SCMAS, lipofuscin, and reactive 

astroglia in the cortex (data not shown). Additionally, AZ67 was observed to inhibit the 

accumulation of SCMAS and lipofuscin in the hippocampus and cerebellum of the Cln7Δex2 mice. 

Figure 4. 10. Tamoxifen contributes to the reduction of lysosomal Gb3 in Pa474 CLN7 NPCs. Representative 

confocal images and quantification of STX staining within the lysosome of WT NPCs and NPCs obtained from Pa474 

CLN7 (CLN7R465W/R465W) patient-induced iPSCs. The NPCs were subjected to two different conditions: treatment 

with DMSO or tamoxifen (10 µM) for 48 h. (*** compared to WT, °°° compared to CLN7Pa474 DMSO). Data are 

presented as mean ± SD, ***/°°°P ≤ 0.0001, as determined by ANOVA (n = 3 biological replicates in duplicate) 

(Scale bar = 20 µm). Data analysed by Diego Medina’s group. 
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To evaluate the potential practical applications of these findings, an analysis was conducted on 

NPCs that were produced from iPSCs obtained from both control subjects and two individuals 

suffering from CLN7 disease who carried homozygous missense mutations. In collaboration with 

Bolaños’ group, previous members from our lab found that CLN7 patient-derived NPCs exhibited 

elevated staining of SCMAS (Lopez-Fabuel et al., 2022). Additionally, an increase in mitochondrial 

ROS (mROS) was observed (Lopez-Fabuel et al., 2022). 

During my involvement in this study, I performed immunocytochemistry on NPCs derived from 

CLN7 patients and healthy controls. These cells were treated with either vehicle (DMSO) or AZ67. 

Our observations revealed that the CLN7 cells treated with the vehicle displayed mitochondrial 

condensation in the perinuclear region (Figure 4.11). However, this effect was reversed when cells 

were treated with AZ67 (Figure 4.11).  

Figure 4. 11. PFKFB3 inhibition in CLN7 patient-derived neural precursor cells restores mitochondrial 

condensation. (a) Representative confocal images and immunocytochemical analysis of the mitochondria marker 

ATP5A in NPCs derived from the patients Pa380 (CLN7T294K/T294K) and, Pa474 (CLN7R465W/R465W), and healthy-

matched control patients (WT). Scale bar = 50 µm. The graph on the right represents a pixel intensity profile of 

ATP5A across the maximal axis of the cells starting from the nucleus. (b) Representative confocal image of NPCs 

derived from Pa474 iPSC incubated with AZ67 for 24 h, fixed and subjected to immunocytochemical analysis for 

ATP5A. Scale bars = 60 μm (upper images of each condition) and 20 μm (lower images of each condition). The graph 

on the right represents a pixel intensity profile of ATP5A across the maximal axis of the cell that starts from the 

nucleus. Data analysed by Juan P. Bolaños’ group. 
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Limitations 

Although this chapter presents evidence of the possible co-localisation of MFSD8 within 

lysosomes, autophagosomes, and early endosomes, it is important to understand its inherent 

limitations. The potential localisation of MFSD8 in these cellular compartments does not 

necessarily indicate that the protein plays a functional role in these compartments, as they are 

primarily involved in the recycling and degradation of cellular components. Therefore, to 

corroborate the localisation of MFSD8 within the lysosomes of the NPCs, it would have been 

appropriate to perform a lysosomal isolation followed by further investigation using techniques 

such as Western blotting using lysosomal antibodies. Furthermore, to improve the robustness of 

our findings, it would have been advantageous to employ a greater number of biological replicates 

in the immunocytochemistry experiments. Additionally, the incorporation of 3D confocal 

microscopy imaging would provide a more comprehensive spatial analysis of the potential co-

localisation between MFSD8 and the endosomal/lysosomal markers RAB5, p62, and LAMP2. 

Additionally, a quantitative assessment of co-localisation should be performed using ImageJ 

software. To enhance the reliability of the findings related to autophagy impairment, it is also 

necessary to increase the number of biological replicates in the immunocytochemistry experiments. 

This will contribute to a more robust and conclusive analysis of the autophagy results. In addition, 

alternative experiments on autophagy, such as the ATG8-turnover assay, could have been 

employed. This particular assay assesses autophagic flux by quantifying the degradation of ATG8-

II in the lysosomes, comparing the levels of ATG8-II in cells treated with a without lysosomal 

inhibitors. Finally, additional studies should be carried out to elucidate the therapeutic potential of 

the compounds examined in this study (tamoxifen and AZ67), including pharmacological and 

toxicity studies to corroborate whether they could be used as an effective CLN7 treatment on their 

own or in combination with additional treatments to ameliorate the CLN7 disease following 

clinical studies. 

Conclusions 

The data presented in this chapter provide evidence about the impact of CLN7 disease on the 

accumulation of Gb3 within the lysosomes, as well as its potential amelioration using tamoxifen, 

a repurposed FDA-approved drug. Additionally, the results of this study revealed that the 

condensation of mitochondria in the perinuclear region of CLN7 NPCs can be reversed through 

the specific targeting and inhibition of the PFKFB3 enzyme, which is localised within the 

mitochondria. These findings strengthen the current understanding regarding the localisation of 

MFSD8 in lysosomes and indicate clear evidence that CLN7 NPCs present a phenotype very 

similar to that induced by bafilomycin A1 in WT NPCs. In addition, this study has expanded the 
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potential range of MFSD8 localisations within cells, which will be of fundamental interest for 

future research to examine the role of MFSD8 in different cellular compartments. Such studies 

could be crucial in identifying therapeutic drugs that specifically target and ameliorate CLN7 

disease. 
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Chapter 5 

Molecular characterisation of MFSD8  

 

Summary 

This chapter examines the expression of MFSD8 and its molecular biology in several cell types, 

such as the human embryonic kidney HEK293T cells, neuroblastoma SH-SY5Y cells, and iPSC-

derived NPCs. This was accomplished through immunoblotting of whole cell lysates, as well as 

nuclear and cytoplasmic fractions obtained using a nuclear isolation protocol. To corroborate the 

accuracy of the data, some experiments were conducted to validate the specificity of the 

commercially available primary anti-MFSD8 antibodies used in this project. After analysing the 

results and observing several protein bands in the expression of MFSD8, some potential post-

translational modifications (PTM) in MFSD8 were assessed. The PTMs examined in this study 

were glycosylation, phosphorylation, and SUMOylation. Some of these PTMs were anticipated, 

based on the information obtained from PTM databases, and they were studied to further clarify 

the results of the various blots presented in this chapter and to verify if the bands observed 

corresponded to different protein isoforms of MFSD8.  

Introduction 

5.1 Key pathway alterations between CLN7 and WT NPCs 

To investigate the involvement of CLN7/MFSD8 in the phenotype of BD, a study was conducted 

by Dr Aseel Sharaireh, a former member of McKay’s group, using unbiased proteomics to perform 

a comparative analysis between CLN7 NPCs (iNPCBD) and WT NPCs (iNPCWT) under two 

conditions: before and after Bafilomycin A1 (here referred to as Baf A) treatment. This experiment 

applied a quantitative isobaric tag for absolute quantitation (iTRAQ) mass spectrometry. To 

improve the efficacy and significance of these tests, they incorporated two different CLN7 NPC 
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types, specifically those with the biallelic mutations p.R465W and p.T294K. These variants were 

denoted as C1 iNPCBD (or iNPCBD1) and C2 iNPCBD (or iNPCBD2) in Figure 5.1, respectively. 

Additionally, age-matched NPCs obtained from an unaffected male and female donor were added 

for comparison. These control NPCs were referred to as C1 iNPCWT (or iNPCWT1) and C2 iNPCWT 

or (iNPCWT2). A Bayesian analysis (it uses probability statements to address research inquiries 

related to unknown factors) matrix comparison was conducted to analyse three biological 

replicates of four experimental groups with either vehicle (Veh) or Baf A1 treatment (Figure 5.1A). 

In this study, a comprehensive analysis was carried out on a total of 5619 proteins, where only 

those proteins exhibiting a fold change > 2 and a p-value < 0.05, when compared to the control 

groups, were considered for further investigation. The results of the study indicated that there 

were no proteins that exhibited significant differences between iNPCWT1 and iNPCWT2. However, 

a total of 45 proteins showed significant differences between iNPCBD1 and iNPCBD2. This 

observation provided strong evidence of similarities between the WT samples and BD samples, 

while also accounting for any variations due to sex differences. The comparison between 

iNPCBD1+2 and iNPCWT1+2 under basal conditions resulted in the identification of 762 upregulated 

and 599 downregulated proteins. Additionally, Baf A treatment led to the observation of 147 

upregulated and 238 downregulated proteins.  

The levels of Golgi-associated vesicular transport and apoptosis were shown to be higher in 

iNPCBD compared to iNPCWT. In contrast, other cellular metabolic processes, such as the 

metabolism of amino acids, lipids, and the Pentose Phosphate Pathway (PPP), exhibited 

differences in the Baf A iNPCBD versus iNPCWT comparison (Figures 5.1Bi-Bii). One notable 

finding is that a significant proportion of proteins, specifically 74% (442 out of 599) that displayed 

a decrease in expression levels in the iNPCBD group compared to the iNPCWT group were found 

to be closely linked to the nuclear compartment. The treatment with Veh and Baf A exhibited 

common GO/Reactome terms, which included mRNA transcription, mRNA splicing, and mRNA 

nuclear export (Figure 5.1Ci-Cii). The observations of increased vesicular transport, lipid 

metabolism, amino acid metabolism, and glucose metabolism (tricarboxylic acid cycle, TCA; and 

PPP) correlated with findings reported in prior studies on BD (Danyukova et al., 2018; Lopez-

Fabuel et al., 2022). In addition, the increase in apoptosis (programmed cell death) in iNPCs 

correlates with the pathophysiology of neurodegenerative disorders. The results indicated a 

separation of cellular activity based on the upregulation of proteins involved with vesicular 

transport and metabolism (Figure 5.1D), and the downregulation of proteins primarily related to 

nuclear function (Figure 5.1E). This observation was consistent with the belief that MFSD8 might 

have several functional roles when a mutation leads to a loss-of-function (LOF) that impacts 
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vesicular transport and metabolism, or even a gain-of-function (GOF) that disrupts normal nuclear 

function.  

 

 

 

 



CHAPTER 5 
 

 

122 

 

 

5.2 Post-translational modifications (PTMs) of proteins 

Post-translational modifications (PTMs) are the alterations of amino acid side chains of some 

proteins subsequent to their biogenesis, including selective protease cleavage. Specifically, PTMs 

are enzymatic processes that induce modifications in protein characteristics through proteolytic 

cleavage and the addition of modifying groups, including acetyl, phosphoryl, glycosyl, and methyl, 

to one or more amino acids (Ramazi et al., 2020). There exists an extensive range of over 400 

distinct forms of PTMs that exert an impact on several aspects of protein functionality. PTMs can 

occur in either a specific type of amino acid or many amino acids, resulting in alterations to the 

chemical characteristics of the changed sites (Huang et al., 2019). PTMs are commonly observed 

in proteins that have crucial structural and functional roles, including secretory proteins, 

membrane proteins, and histones. These alterations have a significant effect on various aspects of 

protein behaviour and properties. These include enzyme functionality and assembly (Ryšlavá et al., 

2013), the lifespan of proteins, interactions between proteins (Marshall, 1993), interactions 

between cells and the extracellular matrix, intracellular transportation of molecules, activation of 

receptors, solubility of proteins (Caragea et al., 2007; Cundy et al., 2002; Goulabchand et al., 2014; 

Haltiwanger and Lowe, 2004; Karve and Cheema, 2011; Ohtsubo and Marth, 2006), the folding 

process of proteins (del Monte and Agnetti, 2014), and their localisation (Audagnotto and Peraro, 

2017). Therefore, these alterations are implicated in different biological mechanisms including 

signal transduction, regulation of gene expression, activation of genes, DNA repair, and control 

of the cell cycle (Strumillo and Beltrao, 2015; Wang et al., 2015; Wei et al., 2019). PTMs are 

observed in numerous cellular compartments, such as the nucleus, cytoplasm, endoplasmic 

reticulum, and Golgi apparatus (Blom et al., 2004).  

Figure 5. 1. Proteomics comparison of WT and CLN7 NPCs with Bafilomycin A1 treatment. (A) 

Representation of the schematic workflow of iTRAQ mass spectrometry, proteomic quantification, and bioinformatic 

analysis. The CLN7R465W/R465W NPCs were compared to the WT NPCs using hierarchical Bayesian modelling. (B-C) 

Pathway alterations were discovered using Cytoscape gProfiler with Reactome Pathway. The Reactome protein 

clusters that showed an increase or decrease in (B) CLN7 (carrying the mutations p.T294K and p.R465W) compared 

to two (C) WT NPCs, under two different conditions: (i) treatment with vehicle or (ii) treatment with Bafilomycin A1 

(BafA), are displayed on the y-axes. The x-axes represent the number of proteins within each cluster that were 

deregulated. The four samples were analysed together in the three mass-spectrometry runs. Peptides were combined 

to obtain protein-level quantification, and statistical testing for differential expression was conducted using version 

1.0.0 of the developed software ‘BayesProt’. (D-E) Venn diagram of cellular components for (D) increased or (E) 

decreased proteins in CLN7 (p.T294K and p.R465W mutations) compared to the two control (WT) NPCs clones 

without BafA treatment. The data was obtained and analysed by Dr Aseel Sharaireh. 
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5.2.1 Glycosylation 

Glycosylation is one of the PTMs that consists of an enzyme-directed (biocatalytic) process that 

can be reversed and takes place in different subcellular compartments, including the ER, Golgi 

apparatus, cytoplasm, and sarcolemma membrane (Karve and Cheema, 2011; Wang et al., 2019). 

It occurs in both eukaryotic and prokaryotic membranes, as well as in secreted proteins. It is worth 

noting that around 50% of the proteins found in the plasma undergo glycosylation (Goulabchand 

et al., 2014). In this PTM, the attachment of oligosaccharide chains to specific residues occurs 

through the formation of covalent bonds (when pairs of electrons are shared by atoms). In general, 

when proteins are formed, they tend towards the aggregation of self-association, and the 

introduction of a sugar results in an increased volumetric expansion or swelling of the polypeptide 

structure. Protein aggregation plays a significant role in the folding of molecules and cells, as it fills 

the intermolecular and intracellular gaps. This, in turn, affects the contacts between adjacent cells, 

particularly in relation to cell adhesion (Wilk-Blaszczak, n.d.). Glycosylation is typically facilitated 

by a glycosyltransferase enzyme and commonly occurs in the side chain of various residues 

including tryptophan (Trp), alanine (Ala), arginine (Arg), asparagine (Asn), aspartic acid (Asp), 

isoleucine (Ile), lysine (Lys), serine (Ser), threonine (Thr), valine (Val), glutamic acid (Glu), proline 

(Pro), tyrosine (Tyr), cysteine (Cys), and glycine (Gly) (Huang et al., 2019). However, it is observed 

to occur with higher frequency on Ser, Thr, Asn, and Trp residues within proteins and lipoproteins 

(Ohtsubo and Marth, 2006). Based on the specific residues being targeted, glycosylation can be 

categorised into six different classes: N-glycosylation, O-glycosylation, C-glycosylation, S-

glycosylation, phosphoglycosylation, and glypiation (GPI-anchored) (Blom et al., 2004; Karve and 

Cheema, 2011). N-glycosylation and O-glycosylation are the two main forms of glycosylation that 

play significant roles in preserving protein structure and functionality (Varki, 1993). Glycosylation 

contributes significantly to various crucial biological processes, including cell adhesion, cell-cell 

and cell-matrix interactions, molecular trafficking, activation of receptors, effects on protein 

solubility, protein folding and signal transduction, protein degradation, as well as intracellular 

trafficking and secretion of proteins (Caragea et al., 2007; Cundy et al., 2002; Goulabchand et al., 

2014; Haltiwanger and Lowe, 2004; Karve and Cheema, 2011; Ohtsubo and Marth, 2006). 

Glycosylated proteins play a significant role as receptors for viruses and toxins to gain entry into 

cells via receptor-mediated endocytosis, hence holding therapeutic relevance.  

The glycosylation process, which involves the attachment of mannose-6-phosphate, serves a dual 

purpose in relation to lysosomal proteins. It functions as a targeting signal for lysosomal enzymes 

and facilitates their protection from digestion. Glycosylation takes place within the ER or Golgi 

apparatus. A protein that undergoes N-linked glycosylation obtains its carbohydrate chain as a pre-
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existing oligosaccharide in the ER. On the other hand, an O-linked glycosylated protein acquires 

its carbohydrate chain in the Golgi, where oligosaccharides are added individually. The process of 

N-linked glycosylation begins on the arrival of glycosylated residues, specifically Asn and Arg, 

within the ER lumen as part of an unfolded nascent peptide. Subsequently, a preformed 

monosaccharide is transported from a lipid carrier called dolichol, which is attached to the ER 

membrane, to the polypeptide chain. The process of O-linked glycosylation, which occurs in the 

Golgi during the latter phases of protein maturation, is facilitated by glycosyl transferases that 

exhibit specificity towards particular monosaccharides. 

 

5.2.2 Phosphorylation 

Phosphorylation is a reversible PTM that exerts a crucial impact on the functionality of numerous 

enzymes, membrane channels, and other proteins in both prokaryotic and eukaryotic organisms 

(Edwards and Scott, 2000). The residues that are targeted for phosphorylation include serine (Ser), 

threonine (Thr), tyrosine (Tyr), histidine (His), proline (Pro), arginine (Arg), aspartic acid (Asp), 

and cysteine (Cys) (Huang et al., 2019). However, phosphorylation predominantly occurs on Ser, 

Thr, Tys, and His residues (Panni, 2019). This PTM involves the transfer of a phosphate group 

from adenosine triphosphate (ATP) to specific residues on the receptor, facilitated by kinase 

enzymes (enzymes that add phosphate groups, PO43−, to other molecules). In contrast, the 

enzymatic step of dephosphorylation, which involves the removal of a phosphate group, is 

facilitated by several phosphatases (Skamnaki et al., 1999). Phosphorylation is an extensively 

studied PTM and is considered one of the fundamental types of PTMs. It commonly occurs in the 

cytosol or nucleus, specifically on the target proteins (Duan and Walther, 2015). This PTM has the 

potential to rapidly modify the functionality of proteins through one of two primary mechanisms: 

allosteric regulation or binding to interaction domains (Jin and Pawson, 2012). Allosteric regulation 

is a mechanism by which the activity of a protein is modulated through the binding of a ligand, 

known as an effector, to a site that is spatially separated from the protein’s active site. The active 

site is responsible for carrying out the protein’s characteristic activity, whether it is catalytic (in the 

case of enzymes) or binding (in the case of receptors). Phosphorylation plays a crucial function in 

various cellular activities, including replication, transcription, response to environmental stress, cell 

motility, cellular metabolism, apoptosis, and immunological response (Forrest et al., 2006; Gong 

et al., 2008; Karve and Cheema, 2011).  

5.2.3 SUMOylation 

The process of SUMOylation occurs through the involvement of a Small Ubiquitin-Related 

Modifier (SUMO) protein, which exhibits a three-dimensional conformation resembling that of 
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ubiquitin protein (Feligioni and Nisticò, 2013; Jentsch and Psakhye, 2013). SUMO has been 

identified in various eukaryotic organisms. This PTM can occur in both the cytoplasm and nucleus, 

specifically targeting lysine (Lys) residues (Sedek and Strous, 2013). SUMOylation involves the 

modification of Lys residues in target proteins through a multi-enzymatic cascade, targeting the ε-

amino group of Lys (a primary amine) (Mustfa et al., 2017). In this reaction, the SUMO protein 

forms a covalent bond with a specific Lys residue located inside the substrate protein. This bonding 

process is facilitated by three enzymes, known as activating enzyme (E1), conjugating enzyme (E2), 

and ligase enzyme (E3). Furthermore, the target protein is enzymatically cleaved from its 

conjugated form by the SUMO protease (Eifler and Vertegaal, 2015). Frequently, SUMOylation 

modifications take place at a consensus motif WKxE, where W denotes Lys, Ile, Val, or Phe, and 

X represents any amino acid (Zahiri, 2016). The process of SUMOylation is of significant 

importance in various fundamental cellular mechanisms, including transcriptional regulation, 

chromatin structure organisation, cellular macromolecule accumulation, gene expression 

modulation, signal transduction, and the conservation of genomic integrity (Beauclair et al., 2015; 

Flotho and Melchior, 2013; Kumar and Zhang, 2015).  

5.2.4 Proteolytic cleavage 

Proteolytic cleavage is a ubiquitous and irreversible biochemical process characterised by the 

enzymatic degradation of peptide bonds inside proteins, resulting in the generation of smaller 

polypeptides or individual amino acids. This degradation process is facilitated by the action of 

proteases, which catalyse the hydrolysis of these peptide bonds (James, 1999). This PTM can lead 

to different results such as activation, inactivation, significant changes in protein function, and 

even the generation of new proteins that exhibit growth factor activity. These cleavage events play 

a crucial role in the regulation of several biological processes (James, 1999). These processes 

include DNA replication, cell cycle progression, proliferation of cells, and cell death, alongside 

pathogenic mechanisms such as inflammation, arthritis, and cardiovascular disease. In the context 

of protein synthesis and maturation, the specific elimination of the N-terminal methionine and the 

signal peptide plays a crucial role in ensuring proper protein maturation and subsequent secretion. 

Certain proteins undergo cleavage of their polypeptide chains, resulting in the formation of a 

molecule that has four distinct termini, which are connected through disulphide bridges. Proteases 

play an essential role in regulating protein localisation by eliminating signal, nuclear, and 

mitochondrial localisation sequences. In the context of viral infection, proteases are involved in 

the cleavage of pre- and pro-domains and the processing of polyproteins. These proteolytic 

activities result in the conversion of inactive proteins into their active form(s), inactivation of 

proteins, or alteration of receptor-binding affinity. Therefore, proteolysis is important in a wide 
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range of functions beyond the simple cleavage and turnover of proteins, which are crucial 

processes for maintaining cell homeostasis (Rogers and Overall, 2013).  

Aims and objectives 

The goal of this chapter was to conduct a molecular analysis of MFSD8 to gain a deeper 

understanding of its function and its several possible isoforms. Additionally, this study aimed to 

investigate the potential PTMs of MFSD8 as well as protein stability in mutated MFSD8. This was 

accomplished by the pursuit of the following objectives: 

i) To investigate the expression of MFSD8 in various cell types, such as HEK293T, SH-

SY5Y cells, and NPCs, as well as in distinct cellular compartments (nucleus and cytoplasm) 

in NPCs by Western blotting.  

ii) To validate the previously predicted and studied post-translational modifications of 

MFSD8 in SH-SY5Y cells to better understand the molecular biology of MFSD8.  

iii) To study the protein stability of mutated-MFSD8 compared to WT MFSD8 b protein 

synthesis inhibition and limited proteolysis. 

Results  

5.3 Validation of the anti-MFSD8 antibodies used in this study and potential 

MFSD8 isoforms 

Considering that the expected molecular weight of the full-length MFSD8 protein is 57-58 kDa, 

the next objective of this chapter was to verify the specificity of the primary anti-MFSD8 

antibodies employed in most of this project’s experiments. Two distinct immunoblotting 

experiments were conducted for this purpose. First, the cell lysates obtained from HEK293T cells 

were subjected to Western blot analysis. This analysis involved the use of two antibodies: a first 

primary anti-MFSD8 pAb antibody (#PA5-60832, ThermoFisher), which specifically targets the 

first 37 amino acids (aa) from the N-terminal region of the protein (referred to as pAb1-37aa), and a 

second primary antibody, which was found and commercially accessible at the time of the 

experiments and targets 72 aa from the C-terminal region of MFSD8 (351-421 aa) (#24298-1-AP, 

Proteintech) (referred to as pAb351-421aa).   

Despite variations in band intensity, likely attributed to the particular epitope targeted by each 

antibody, both antibodies successfully identified multiple predicted MFSD8 bands, providing 

strong evidence of their specificity (Figure 5.2a). The approximate bands identified were of the 
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following molecular weights: 180 kDa, 120 kDa, 70 kDa, 60 kDa, 58 kDa, 50 kDa, 44 kDa, 40 

kDa, 37 kDa, and 33 kDa, among others. 
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Structurally, MFSD7 is a protein with a molecular weight of 57-58 kDa and has 12 transmembrane 

domains. It has been shown to be associated with endo-lysosomal vesicles (EVL) and functions as 

a chloride channel (Danyukova et al., 2018; von Kleist et al., 2019; Yayu Wang et al., 2021). To 

elucidate whether MFSD8 could be expressed in multiple forms, as observed in the blot probed 

with pAb1-37aa and pAb351-421aa (Figure 5.2a), the Ensembl database 

(https://www.ensembl.org/index.html) was consulted to determine the annotation of potential 

MFSD8 transcript variants. MFSD8 has 62 potential transcript variants across the 13 exons, with 

24 predicted to be protein-coding. Some of these annotated transcripts have been previously 

reported and could be of interest to understanding their underlying mechanism within the cell. For 

instance, the MFSD8 transcript ENST00000641690 is predicted to describe a splice variant that 

lacks exons 7 and 8 (CLN7Δex7/8) (50 kDa), which has been identified in human blood leukocytes 

c

Figure 5. 2. Validation of the specificity of the primary antibodies used to assess MFSD8 protein expression.

Immunoblotting of MFSD8 in different cells and experiments, using three available antibodies to validate their 

specificity and corroborate its expression. (a) Immunoblot of MFSD8 in HEK293T cell lysates using the same sample 

in the same gel, which was probed using two different anti-MFSD8 rabbit polyclonal antibodies (pAb1-37aa and pAb351-

421aa), by cutting the same membrane. (b) Immunoblot of a co-immunoprecipitation (co-IP) performed in SH-SY5Y 

cell lysates, where the antibody used in the co-IP was the pAb351-421aa and the MFSD8 was probed with the pAb1-37aa. 

(c) Immunoblot obtained from Damme et al. (2014), where they used a mouse-specific antibody generated to detect 

the Mfsd8 protein expression in mice samples.
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(Siintola et al., 2007). Additionally, the luminal loop 9 (L9) has been demonstrated to be susceptible 

to proteolytic cleavage, possibly by cysteine proteases (Steenhuis et al., 2012). However, the precise 

mechanism and site of cleavage are yet unknown. Therefore, additional transcript variants of 

MFSD8 are predicted to be produced by cysteine protease cleavage of the full-length MFSD8 (57-

58 kDa), resulting in a ~400 aa truncated protein (44 kDa), whilst cysteine cleavage of the 

CLN7Δex7/8 could produce a 336 aa protein variant (37 kDa). Collectively, there is strong evidence 

supporting the occurrence of both post-transcriptional and post-translational modifications of 

MFSD8, leading to the formation of multiple potential isoforms (Steenhuis et al., 2012, 2010). 

These potential MFSD8 isoforms that we propose according to the literature and Ensembl 

database are shown in Figure 5.3. 

 

 

 

 

 

 

Size MFSD8 predicted protein isoforms 

57-58 kDa Full-length 

50 kDa Transcript variant Δex7/8 (Siintola et al., 2007) 

44 kDa Transcript variant Cys potease digested (Steenhuis et al., 2012) 

37 kDa Transcript variant Δex7/8 Cys protease digested 

Figure 5. 3. Schematic representation of MFSD8 and its different potential isoforms. MFSD8 contains 13 exons 

which encode for the MFSD8 protein that encompasses 12 transmembrane domains. MFSD8 is described as 

presenting different loops that face either the lysosomal lumen or the cytoplasm. Specifically, in the loop L9, there is 

a proposed Cys cleavage site, where some MFSD8 variants can be cleaved, resulting in a different MFSD8 isoform, 

such as the CLN7Cys, which could be presenting a molecular weight of 44 kDa. Additionally, some MFSD8 isoforms 

could be generated as a result of the splicing produced by the deletion of exons 7 and 8, like the CLN7Δex7/8, potentially 

generating a truncated protein of 50 kDa. When the cysteine cleavage occurs along with the splicing due to the deletion 

of exons 7 and 8, a resulting MFSD8 of 37 kDa is presumably generated, represented as CLN7Δex7/8-Cys in this study. 
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As further evidence, both blots (one probed with pAb1-37aa and the other with pAb351-421aa) showed 

common bands. However, some bands were present in the blots detected with the pAb1-37aa, 

whereas they were absent in the blot probed with the pAb351-421aa antibody. For instance, the pAb351-

421aa should no detect the 44 kDa band because the loop 9 (L9) epitope structure is removed by 

protease cleavage. The 44 kDa is not present in the blot probed with pAb351-421aa and the 37 kDa 

band is most likely not either, even though it cannot be completely demonstrated by the western 

blot shown (Figure 5.2).  

An additional experiment to confirm that the two antibodies are specific for MFSD8 was to 

conduct co-immunoprecipitation (co-IP) with the pAb351-421aa followed by western blot with the 

pAb1-37aa (Figure 5.2b). This blot displayed some of the different bands of MFSD8, similar to 

previous findings in this study, providing more evidence of the specificity of both antibodies used.  

Specifically, there were three relevant bands detected in this blot with co-IP samples: a large band 

~180 kDa, the 70 kDa band, and the 57-58 kDa band (potentially representing the full-length 

MFSD8). The other two bands will be further investigated in this chapter. However, the protein 

quantity utilised in this experiment was significantly smaller in comparison to the prior blots 

depicted in Figure 5.2a. This disparity in protein quantity may explain the reduced quality and 

quantity of the bands observed in this particular set of blots resulting from the co-IP. Additionally, 

Damme et al. (2014) conducted several blots on the Mfsd8 protein in mice, which also revealed 

the existence of multiple bands (Figure 5.2c). Interestingly, our findings employing human cell 

lines align with these results.   

To examine whether the MFSD8 forms proposed here could result in truncated proteins, as 

observed in the previous blots, and corroborate that the bands identified in this work correspond 

to MFSD8 and are not a result of nonspecific binding of the antibodies used, the AlphaFold 

software was utilised to generate the molecular predicted structure of these putative isoforms. The 

acquisition of the predicted MFSD8 protein structures was conducted by Prof Sam Hay 

(Manchester Institute of Biotechnology, The University of Manchester). This study examined four 

different isoforms of MFSD8: i) the full-length isoform (57-58 kDa), ii) the variant with exons 7 

and 8 deleted (50 kDa, CLN7Δex7/8), iii) the isoform cleaved at a potential cysteine residue (~44 

kDa, CLN7Cys), and iv) the isoform with both exons 7 and 8 deleted and cysteine cleaved (~37 

kDa, CLN7Δex7/8-Cys) (Figure 5.4). 
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The findings from the AlphaFold MFSD8 structures (conducted and provided by Prof Sam Hay) 

demonstrate that all four possible variations of the MFSD8 could integrate into the membrane, 

irrespective of whether they are truncated proteins (Figure 5.4). Nevertheless, the specific regions 

of the CLN7Δex7/8, CLN7Cys401/8, and CLN7Δex7/8-Cys401/8 domains are not clearly defined in both the 

lumen and the cytosol (Figure 5.4). These results suggest that the MFSD8 truncated proteins are 

produced and transported to the cell membranes, where they may play a different role that might 

either be advantageous or harmful to cellular function.  

5.4 MFSD8 localises to the nucleus and is ubiquitously expressed in different 

cell types 

The previous chapter (Chapter 4) demonstrated that MFSD8 is observed in both the nucleus and 

the cytoplasm. Although previous studies have observed nuclear MFSD8 localisation in neurons 

and fibroblasts of controls and FTD patients with MFSD8 mutations (Geier et al., 2019), it has 

not been explicitly documented until now. However, these observations have been regarded as a 

“cross-reaction artefact” in the study by Sharifi et al. (2010). To provide additional evidence for 

the nuclear localization of the protein of interest in NPCs, a nuclear fractionation was performed.  

First, immunoblotting was performed using various cell types, such as HEK293T cells, SH-SY5Y 

cells, and NPCs (Figure 5.5). These blots revealed many bands indicating different molecular 

weights of MFSD8, ranging from 180 to 20 kDa (Figure 5.5, Table 5.1), which may provide new 

insights into the possible presence of distinct MFSD8 isoforms expressed across different cells 

and compartments. The full-length MFSD8 (57-58 kDa) was found to be present in all the cell 

lines examined in this study, primarily somewhere in the cytoplasm (Figure 5.5, Table 5.1). 

Assuming the specificity of the antibody demonstrated in the previous section, if all the bands seen 

corresponded to MFSD8, the heaviest bands (ranging from 120 kDa to 180 kDa) could be either 

oligomers or MFSD8 subjected to PTMs. Following this, the bands expressed below the higher 

Figure 5. 4. Predicted MFSD8 protein structures using AlphaFold. Structural representation of the full-length 

and three proposed MFSD8 isoforms using AlphaFold software, with their corresponding protein sequences. The 

structural images on the left represent the protein itself, whereas the images on the right display the distribution of 

those MFSD8 forms in the membranes, showing that these isoforms can be present in the membranes as 

transmembrane proteins either exerting a different function or being dysfunctional. The upper residues of the 

structural images show the MFSD8 loops facing the lumen of the lysosomes, while the lower residues represent the 

MFSD8 side that faces the cytoplasm. The structural representations of the MFSD8 protein were obtained and 

provided by Prof Sam Hay (The University of Manchester). 
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bands may be cleavage products or splice variants of MFSD8. Interestingly, some of the bands 

obtained in the blots using SH-SY5Y cells and NPCs (WT and CLN7) (Figures 5.5, Table 5.1), 

are consistent with the 57 kDa (full-length MFSD), as well as the proposed 50 kDa band 

(potentially corresponding to the deletion of exons 7 and 8, as described by Siintola et al. (2007)), 

the 44 kDa band (cysteine cleaved product), and the 37 kDa band (potentially referring to a product 

that lacks exons 7 and 8 and is protease cleaved), described in the previous section. However, there 

are additional bands such as the 39 kDa and 33 kDa and others that have not been characterised 

yet. For instance, the 33 kDa band seems to be present in SH-SY5Y cells but absent in HEK293T 

cells (Figure 5.5a). Additionally, this band was found to be prominent in WT and CLN7 NPCs 

(Figures 5.5b-d). 
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The differences in the expression of the potential MFSD8 isoforms observed in the nucleus of the 

different types of NPCs could shed light on the pathobiology of CLN7 disease. For instance, the 

50 kDa form is predominantly expressed in the nucleus of WT NPCs, whereas the nuclear fraction 

of NPCs with the p.T294K mutation exhibited different bands, including the 60-70 kDa, 50 kDa, 

44 kDa, 39 kDa, 37 kDa, and 33 kDa MFSD8 variants. Similarly, the NPCs with the p.R465W 

mutation presented the MFSD8 forms of 60-70 kDa, 50 kDa, 44 kDa, and 37 kDa in the nucleus 

(Table 5.1). These results suggest that some of the potential MFSD8 isoforms could lead to 

defective nuclear function, thus contributing to disease.  

N, nucleus (referring to the presence on the nuclear fraction of cell lysates). 

 

 

 

 

Table 5. 1. List of the proposed MFSD8 isoforms. 

Size HEK293T SH-SY5Y 
WT 

NPCs 
T294K 
NPCs 

R465W 
NPCs 

Potential MFSD8 isoform 

180 kDa ✓ ✓    Oligomer or PTM 

125-120 kDa ✓ ✓  ✓  Oligomer or PTM 

60-70 kDa ✓ ✓  ✓ (N) ✓ (N) Oligomer or PTM 

57-58 kDa ✓ ✓ ✓ ✓ ✓ Full-length 

50 kDa ✓  ✓ (N) ✓ (N) ✓ (N) Δex7/8  

44 kDa ✓ ✓ ✓ ✓ (N) ✓ (N) Cys protease digested 

39 kDa ✓ ✓ ✓ ✓ (N) ✓ Undefined 

37 kDa ✓ ✓ ✓ ✓ (N) ✓ (N) Δex7/8 + Cys protease digested 

33 kDa  ✓ ✓ ✓ (N) ✓ Undefined 

Figure 5. 5. MFSD8 is expressed across different cell types. Representative blots of the expression of MFSD8  

in HEK293T and SH-SY5Y cells, as well as WT and CLN7 (p.T294K and p.R465W) NPCs. (a) Immunoblotting of 

MFSD8 expression in HEK293T and SH-SY5Y cells. The primary antibody used to probe for MFSD8 was the anti-

MFSD8 rabbit polyclonal (#PA5-60832, Invitrogen™) with an expected molecular weight of 57-58 kDa. (b) Nuclear 

fractionation of WT NPCs was performed to show the MFSD8 protein expression in the total cell lysate, cytoplasm 

and the nucleus of NPCs by immunoblotting. (c) Immunoblotting of the total cell lysate, cytoplasmic fraction, and 

nuclear fraction obtained from the CLN7 NPCs presenting the mutation p.T294K. (d) Immunoblotting of the total 

cell lysate, cytoplasmic fraction, and nuclear fraction obtained from the CLN7 NPCs presenting the mutation 

p.R465W. Lamin B1 was used to corroborate the nuclear fraction (66-68 kDa) (n = 3, biological replicates). 
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Subsequently, a densitometry analysis of the two main bands found in the nucleus of NPCs, which 

included the 50 kDa (CLN7Δex7/8) and the 37 kDa band (CLN7Δex7/8-Cys), along with the 57 kDa 

band which seemed not present in the nuclear fraction on the blots but corresponds to the full-

length, was conducted. These results revealed the presence of the three protein isoforms in the 

cytoplasm of the NPCs. However, there were no significant differences in the expression levels of 

the 57 kDa, 50 kDa, and 37 kDa bands among the cytoplasmic fraction of the three distinct NPCs 

(comparing WT and CLN7 NPCs) (Figure 5.6a). Nevertheless, the full-length 57 kDa MFSD8 

form was absent from the nucleus of all NPCs (Figure 5.6b), corroborating its lysosomal 

localisation. Additionally, the densitometry results validate the observation that both the 50 kDa 

and 37 kDa isoforms localise to the nucleus, as seen in the previous blots (Figures 5.5b-d).  
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Figure 5. 6. MFSD8 is expressed in different isoforms within the cytoplasm and nucleus of WT and CLN7 

NPCs. Quantification of the different MFSD8 protein bands in the blots of nuclear fractionation from WT and CLN7 

(p.T294K and p.R465W) NPCs by densitometry. (a) Cytoplasmic expression of the different MFSD8 isoforms in WT 

and CLN7 NPCs. The data are presented as a ratio of nuclear MFSD8 and β-actin expression, which was used as a 

loading control. (b) Nuclear expression of the different MFSD8 isoforms in WT and CLN7 NPCs. The data are 

presented as a ratio of nuclear MFSD8 and Lamin B1 expression, which was used as a loading control. The cytoplasmic 

57 kDa band was set as the control, with ratio = 1, and the rest of the bands/isoforms are relative to this one. The 

data were normally distributed, and a one-way ANOVA test was used for statistical analysis, followed by Tukey’s post 

hoc test for multiple comparisons. Significant differences among the distinct MFSD8 bands are indicated with the 

corresponding p-value (n = 3, biological replicates).
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Altogether, these findings are consistent and support the idea of the potential existence of different 

MFSD8 isoforms within NPCs, as well as the fact that the 50 kDa and 37 kDa variants are 

structurally different from the full-length MFSD8 (57 kDa). Specifically, the 50 kDa form could 

be a product of the deletion of exons 7 and 8, and the 37 kDa form could be a result of the deletion 

of those exons in addition to a protease cleavage at a cysteine residue. 

5.5 MFSD8 is glycosylated and phosphorylated 

After observing various bands of MFSD8 and verifying the specificity of the antibodies, the next 

objective was to determine the corresponding identity of each band. Given that MFSD8 is a 

transmembrane protein, it is plausible that it undergoes certain post-translational modifications 

before its translocation to the membrane. Before conducting any experiment, the expected PTMs 

for MFSD8 were examined. The PhosphoSitePlus® database (v6.7.1.1) was used to visualize a 

graphical representation of the predicted phosphorylation sites of the MFSD8 protein (Figure 

5.7). The specific sites where these phosphorylation modifications occur may be at p.T17 

(threonine at position 17), p.S54 (serine at position 54), p.Y63 (tyrosine at position 63), and p.Y134 

(tyrosine at position 134). It was determined that this protein has the potential to undergo 

phosphorylation and glycosylation, as described by (Steenhuis et al., 2010). Therefore, a 

dephosphorylation experiment was conducted to assess the phosphorylation of MFSD8 using the 

Lambda Protein Phosphatase (Lambda PP). The dephosphorylation results revealed the presence 

of an extra band with a molecular weight of approximately 130 kDa when Lambda Protein 

Phosphatase was added (Figure 5.8). Considering that the removal of a phosphate molecule (MW 

= 94.97 Da) or four (which are the number of phosphorylation sites predicted, see Figure 5.7) 

cannot result in the reduction in weight of 50 kDa (observing that the largest form is about 180 

kDa), this may be indicative of a structural change. Therefore, we suggest that the heavy MFSD8 

bands could represent oligomeric MFSD8 forms, and phosphorylation might cause a specific 

oligomerisation event that can be reversed with dephosphorylation.   
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Figure 5. 7. Graphical representation of the predicted phosphorylated sites of MFSD8. The search for the 

predicted phosphorylation sites of MFSD8 using the PhosphoSitePlus® database (v6.7.1.1) indicated that this protein 

may exhibit phosphorylation residues at the position T17 (threonine 17), S54 (serine 54), Y63 (tyrosine 63), and T134 

(tyrosine 134).  
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Subsequently, a deglycosylation experiment was performed by adding 5 ng of PNGase F to SH-

SY5Y cells. The deglycosylation results revealed a shift in the band of the 60-70 kDa (where 

PNGase F was not utilised) to the 57-58 kDa band, which corresponds to the full-length MFSD8 

(Figure 5.9). This suggests that the 60 kDa MFSD8 band corresponds to the form that has 

undergone glycosylation.  

 

Figure 5. 8. Phosphorylation of MFSD8. Immunoblot of the MFSD8 phosphorylation using the Lambda Protein 

Phosphatase enzyme on SH-SY5Y cells. Cell lysates were treated with Lambda Protein Phosphatase or buffer as a 

negative control. The blots were probed with anti-MFSD8 rabbit polyclonal (#PA5-60832, Invitrogen™) with an 

expected molecular weight of 57-58 kDa. β-actin (42 kDa) was used as a loading control. (n = 3, biological replicates). 

 

Figure 5. 9. Glycosylation of MFSD8. Immunoblot of MFSD8 glycosylation using the PNGase F enzyme on SH-

SY5Y cells. Cell lysates and cytoplasmic fractions were treated with PNGase F for deglycosylation and assay buffer as 

a negative control. The blots were probed anti-MFSD8 rabbit polyclonal (#PA5-60832, Invitrogen™) with an 

expected molecular weight of 57-58 kDa. Lamin B1 was probed to demonstrate the cytoplasmic fraction of the 

samples, and β-actin was used as a loading control. (n = 3, biological replicates). 
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Despite the absence of any other predicted PTMs in the indicated databases, and not knowing 

what the heaviest bands represented, the investigation of another PTM called SUMOylation was 

conducted to explore the possibility of a larger molecular weight addition to the full-length 

MFSD8. To achieve this, an experiment was performed to remove the SUMO modification using 

a SUMOylase enzyme. The findings indicated that MFSD8 does not undergo SUMOylation, as 

there were no discernible variations in the bands of the blots at 1, 2, 4, and 6 h following treatment 

with the SUMO protease at a temperature of 30˚C (Figure 5.10). 

 

 

 

 
 

Figure 5. 10. SUMOylation study on MFSD8.  Representative immunoblot using the SUMO protease to study 

SUMOylation on MFSD8 of SH-SY5Y cells. Cell lysates were subjected to SUMO protease for different periods (1, 

2, 4, and 6 h) and incubated at 30ᵒC (n = 3, biological replicates). The blots were probed with the anti-MFSD8 rabbit 

polyclonal (#PA5-60832, Invitrogen™) with an expected molecular weight of 57-58 kDa. β-actin employed as a 

loading control. (n = 3, biological replicates). 
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Typically, Western blotting requires the application of heat to denature the samples before loading 

them onto a gel. Nevertheless, Tsuji (2020) conducted research on transmembrane iron transporter 

proteins, including the divalent metal transporter 1 (DMT1). The study revealed that only unheated 

samples, when loaded onto the gel, resulted in a clearer resolution of the DMT1 protein (Tsuji, 

2020). Conversely, samples heated at 95˚C for 5 min led to a loss of resolution due to the formation 

of protein aggregates. Hence, to assess the heavy bands observed in most of the MFSD8 blots of 

this study and elucidate whether they could be protein aggregates, it was decided to perform 

immunoblotting on both heated and unheated samples using SH-SY5Y cells. These cells were used 

instead of NPCs, as they are neuroblastoma cells easy to maintain in cell culture and can offer a 

more comprehensive insight into the MFSD8 mechanism than HEK293T cells. However, once 

the immunoblotting was conducted, there were no discernible variations in the MFSD8 protein 

when samples were heated for 5-10 min at 95.5˚C (to be consistent with all the blots performed in 

this thesis) before being loaded onto the gel for subsequent protein transfer, compared to those 

that were not heated (Figure 5.11). 

Figure 5. 11. Immunoblotting of MFSD8 using heated and non-heated samples. Cell lysates obtained from SH-

SY5Y cells were prepared and a 5× loading buffer was added. Additionally, from the same biological replicates, a 

sample with the same amount of protein (10 µg) was taken and heated at 95.5˚C for 5-10 min and another sample 

with 10 µg of protein was not heated. The same procedure was conducted in samples from three biological replicates 

(n = 3), and they were loaded for gel electrophoresis. Then, protein transfer and Western blotting were carried out 

and the blots were probed with the primary anti-MFSD8 antibody. β-actin was used as a loading control (42 kDa).
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Taken together, these results provide new insights into some of the MFSD8 forms considered 

oligomeric or subjected to PTMs. More precisely, the 60-70 kDa band was found to correspond 

to N-glycosylation of the MFSD8, consistent with previous studies by Steenhuis et al. (2010), and 

corroborating the N-glycosylation sites at positions 371 aa and 376 aa (Steenhuis et al., 2010). 

Additionally, the MFSD8 seems to be phosphorylated, which might cause structural events that 

lead to the formation of oligomers, resulting in heavier MFSD8 structures than the full-length. 

Therefore, the different proposed MFSD8 isoforms in this study are described in Table 5.2. 

 

Table 5. 2. Potential MFSD8 isoforms proposed in this study.  

N, nucleus (referring to the presence on the nuclear fraction of cell lysates). 

 

 

5.6 MFSD8 shows stability after protein synthesis inhibition and limited 

proteolysis 

Previous results, along with the predicted protein structures indicate that MFSD8 can be expressed 

in the form of a transmembrane protein despite being truncated. To validate the results from the 

predicted MFSD8 structures (Figure 5.8), the subsequent aim was to conduct various experiments 

to evaluate protein stabilisation, including the use of Cycloheximide (CHX) to inhibit protein 

synthesis and limited proteolysis. Following the administration of 100 µM Cycloheximide 

treatment for 0 and 18 h, MFSD8 protein expression remained unchanged in SH-SY5Y cells, WT 

NPCs, CLN7T294K/T294K NPCs, and CLN7R465W/R465W NPCs. This was observed when comparing the 

absence of Cycloheximide treatment with its presence in the various cell types (Figure 5.12). These 

findings are in line with the observed protein stabilisation in the predicted MFSD8 structures using 

Size HEK293T SH-SY5Y 
WT 

NPCs 
T294K 
NPCs 

R465W 
NPCs 

Potential MFSD8 isoform 

180 kDa ✓ ✓    Oligomer (phosphorylated) 

125-120 kDa ✓ ✓  ✓  Oligomer or PTM 

60-70 kDa ✓ ✓  ✓ (N) ✓ (N) N-glycosylated 

57-58 kDa ✓ ✓ ✓ ✓ ✓ Full-length 

50 kDa ✓  ✓ (N) ✓ (N) ✓ (N) Δex7/8  

44 kDa ✓ ✓ ✓ ✓ (N) ✓ (N) Cys protease digested 

39 kDa ✓ ✓ ✓ ✓ (N) ✓ Undefined 

37 kDa ✓ ✓ ✓ ✓ (N) ✓ (N) Δex7/8 + Cys protease digested 

33 kDa  ✓ ✓ ✓ (N) ✓ Undefined 
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AlphaFold (section 5.3, Figure 5.4), where the different MFSD8 seem to fold stably so that they 

might translocate to the membrane without being degraded. 

Furthermore, the blot where protein stability was assessed with CHX treatment, shows the 

different profiles of MFSD8 in SH-SY5Y cells compared to NPCs (Figure 5.12). Interestingly, 

SH-SY5Y cells seem to exhibit predominantly the 57-58 kDa band, whereas in the NPCs the 

prevalent MFSD8 isoform appears to be the 50 kDa. Although, the underlying molecular biology 

that could explain this remains unknown, it is of interest to notice the different patterns comparing 

different cell lines for a better understanding of the potential cellular mechanisms explained by 

further experiments. 

 

 

 

 

Figure 5. 12. MFSD8 protein stability after inhibition of protein biosynthesis. Protein synthesis was inhibited 

using 100 µM Cycloheximide (CHX) for 18 h in SH-SY5Y cells, WT NPCs, and CLN7-mutated NPCs. After cell 

harvesting and immunoblotting, the CLN7/MFSD8 protein showed no degradation (n = 3, biological replicates). 

β-actin was used as a loading control (42 kDa). 
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When subjecting the same cell types to limited proteolysis using varying concentrations of trypsin, 

the findings revealed that the full-length MFSD8 and its glycosylated form remained stable in the 

SH-SY5Y cells when treated with trypsin at most of the concentrations. The bands began to 

diminish in intensity, starting from 75-90 µg/mL trypsin (in the range of 0-125 µg/mL trypsin 

added) (Figure 5.13). This suggests that MFSD8 is highly stable in terms of structure, as the bands 

exhibited consistent patterns even when higher amounts of trypsin were added to the cell lysates. 

However, in the case of the NPCs, the protein bands of MFSD8 began to diminish after adding 

the lowest concentration of trypsin. The bands that remained unaffected were those representing 

the 44 and 37 kDa variants. Notably, the 37 kDa band demonstrated greater resistance to trypsin 

compared to the 44 kDa band. The differences between SH-SY5Y cells and NPCs may arise from 

the fact that SH-SY5Y cells are neuroblastoma cells, which possess distinct cellular machinery and 

protein stability as a result of their immortalised nature as a cell line. In contrast, NPCs more 

closely resemble primary cells, as they are differentiated, and cannot be continuously. Moreover, 

the differences observed among the NPCs in comparison to prior blots, where the complete 

MFSD8 and glycosylated MFSD8 were more apparent in the whole cell lysates, may be attributed 

to the cellular condition during harvesting or variations in the cell cycle.  
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Limitations 

While this chapter aimed to examine the expression of MFSD8 and investigate its molecular 

biology, it is crucial to acknowledge its limitations. Initially, the process of nuclear fractionation 

was conducted in NPCs, as they were the main cells of interest for investigating the vLINCL 

CLN7. However, nuclear isolation could also have been carried out in SH-SY5Y cells and 

HEK293T cells to provide a comparison of the distinct bands expressed in each cellular fraction 

of other cell types as well. Additionally, to corroborate the specificity of the antibody, it would 

have been advantageous to use NPCs in addition to HEK293T or SH-SY5Y cells. However, the 

reason to just employ HEK293T and SH-SY5Y cells was based on their convenience in terms of 

growth and maintenance, as compared to NPCs. Moreover, the use of cell knockouts would have 

provided more rigorous evidence for the anti-MFSD8 antibodies’ specificity. Despite numerous 

attempts to knockdown MFSD8 using siRNAs and collaborating with another research group 

(from St George’s, University of London) with expertise in knockout experiments, the complexity 

Figure 5. 13. Study of MFSD8 protein stability by limited proteolysis. SH-SY5Y cells, WT NPCs, and CLN7 

patient-derived NPCs (with the mutations p.T294K and p.R465W) were treated with different concentrations (from 

0 to 125 µg/mL) of trypsin to evaluate CLN7/MFSD8 protein stability. 
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of the MFSD8 protein prevented the obtention of knockouts during the development of this 

thesis. Ultimately, some experiments aimed to study the heaviest bands obtained in the blots using 

the anti-MFSD8 antibody. Nevertheless, it was overlooked to test various concentrations of the 

reducing agent DTT, which was present in the loading buffer for gel electrophoresis and 

subsequent immunoblotting. This oversight should have been taken into account when evaluating 

this aspect of the project. 

Conclusions 

The findings of this chapter provide evidence about specific biochemical characteristics of 

MFSD8, including glycosylation and phosphorylation. Additionally, the results of this study 

revealed the possible existence of many MFSD8 variants in both WT and CLN7 patient-derived 

NPCs, as well as in other types of cells (like HEK293T and SH-SY5Y cells) due to the ubiquitous 

expression of MFSD8. These novel insights indicate that the potential different MFSD8 isoforms 

may be localised in distinct cellular compartments, hence performing different activities inside the 

cell and being beneficial or detrimental for the cell. To obtain more robust results regarding the 

potential MFSD8 splice variants, further research would be required. Nevertheless, these findings 

offer valuable insights into the complexity of MFSD8’s molecular biology and biochemistry. They 

also provide direction for future investigations into the vLINCL CLN7 and other diseases 

involving this protein, such as ALS, FTLD, and adult maculopathies and retinopathies.  
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Chapter 6 

Protein binding partners of MFSD8 

 

Summary 

Acquiring knowledge of the cellular and molecular biology of MFSD8 in Chapters 4 and 5 was 

crucial for comprehending the molecular mechanisms that drive CLN7 disease. However, a better 

understanding of these mechanisms is essential for the development of novel therapeutic strategies 

to ameliorate or cure the vLINCL CLN7. Given that disease mechanisms are often mediated by 

interactions between proteins, the objective of this chapter was to explore the protein binding 

partners of MFSD8 to gain insight into the disease aetiology, progression, and pathogenesis to 

investigate potential druggable targets in the future. To accomplish this, co-immunoprecipitation 

(co-IP) experiments were conducted on SH-SY5Y cells, followed by mass spectrometry (MS) and 

DAVID analysis using Gene Ontology (GO). The findings indicated that cytoplasmic MFSD8 

may play a role in perinuclear stress granules (SG), as evidenced by the identification of stress 

granules-associated proteins Caprin1 and G3BP1 in the co-IP and MS experiments. Furthermore, 

the results obtained from MS and the analysis using the DAVID tool indicated that MFSD8 may 

be a constituent of protein complexes responsible for the transportation of mRNA molecules from 

the nucleus. Additionally, these complexes may also have an impact on the regulation of 

translation, either by activating or inhibiting it. 

Introduction 

6.1 Protein-protein interactions (PPIs) 

The human genome comprises approximately 20,000-30,000 genes that encode for more than 

500,000 distinct proteins (International Human Genome Sequencing Consortium, 2004; Lander 

et al., 2001; Venter et al., 2001). Among these proteins, the cell can create over 10,000 at any given 

moment, collectively referred to as the cellular ‘proteome’. It has been estimated that 80% of 



CHAPTER 6 
 

 

152 

 

proteins function in complexes forming protein-protein interactions (PPIs) rather than alone. 

Multiple processes regulate these interactions between proteins. For instance, the presence of 

metal-binding or PTMs might cause conformational alterations that modify the affinity, co-

operativity, and kinetic properties of the interactions. The cellular network of PPI is constructed 

by protein nodes that are highly connected (known as ‘hubs’) and many nodes that are poorly 

connected. Significant protein complexes include the spliceosome, the ribosome, and the nuclear 

pore complex. 

Previous studies have demonstrated that the elimination of a protein that plays a crucial role in 

several networks tends to result in lethality (Jeong et al., 2001). The prevailing perspective that the 

majority, if not all, of cellular processes are connected either directly or indirectly in a cellular PPI 

network has significant consequences for how we describe cellular pathways. Therefore, a specific 

pathway, such as vesicle trafficking, apoptosis, or cell cycle control, can be understood as a 

subgroup of interactions that present extensive interconnections with other pathways.  

Several novel techniques for the identification and analysis of PPIs have been introduced and are 

widely used in laboratories worldwide. Over the past three decades, we have observed significant 

advancements in the development of some of these techniques, such as proteomics, especially 

mass spectrometry (MS), which has simplified the process of protein identification.  

6.2 Co-immunoprecipitation 

Co-immunoprecipitation (co-IP) is a widely employed technique for validating PPIs. In a standard 

experiment, bait proteins are isolated from a cell lysate by employing a particular antibody. The 

antibody is subsequently fixed by covalently binding it to Sepharose beads that have protein A or 

protein G linked to them, or magnetic beads (Figure 6.1). Following bead washing, the antibody, 

bait, and proteins bound to the bait are extracted, often through boiling, in the case of the 

Sepharose beads or using a magnetic rack for the magnetic beads (Figure 6.1). The proteins that 

are bound can subsequently be identified by immunoblotting and MS. Co-IP experiments typically 

produce substantial background noise, making it crucial to perform simultaneous negative control 

studies. Co-IP studies can be conducted using many methods. First, they can be performed using 

cell lines or tissues that express their native proteins, which have the benefit of studying 

endogenous protein complexes. Consequently, any artificial impacts caused by affinity tags or 

overexpression are prevented. An inherent drawback is the requirement of antibodies that are 

greatly specific. Another option is to utilise cells that have been transfected with a plasmid 

containing a labelled bait protein (Masters, 2004). In this case, an antibody targeting the tag (rather 

than the bait protein) can be employed. A benefit of this method is that it provides a high level of 
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confidence that the antibody targeting the tag is selective and does not have any unintended 

reactions with other proteins. Moreover, proteins labelled with epitope tags can frequently be 

separated by exposing them to competing peptides or other small molecules, rather than boiling 

them. Precise elution frequently decreases the quantity of contaminating proteins in the eluate. A 

third method is to conduct co-IP experiments by transfecting cells with genetically modified copies 

of two potential interacting proteins, which are labelled with tags. 

 
 

 
Interestingly, multiple commercial co-IP kits are accessible for mammalian protein expression 

systems, which enhance the effectiveness of different steps on the co-IP protocol, including 

washing steps and the formation of covalent bonds between antibodies and the protein A/G 

support. Thus, minimising antibody interference and facilitating elution.  

6.3 Applying proteomics to PPI analysis 

MS-based proteomics has made a substantial contribution to the study of protein complexes. Most 

proteins perform their activity by PPI and enzymes are often maintained in tightly restricted 

locations of the cell by such interactions. Thus, one of the first questions frequently addressed 

regarding a new protein is to what proteins it binds to. To examine this question by MS, the protein 

itself is used as an affinity reagent to isolate its binding partners.  

Figure 6. 1. Protein complex immunoprecipitation process using magnetic beads. (1) Coupling of beads and 

antibody. (2) Protein extract from cell lysates. (3) Incubation of cell lysate with the covalently coupled beads to select 

the bait protein and its interactors. (4) Elution of the proteins from the antibody-conjugated beads. This method is 

based on the published protocol by Lagundžin et al. (2022). 
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Even though MS is a highly sensitive and specific technology, only a subset of the actual protein 

interactions will be detected by MS-based methods in a basic affinity experiment because many 

biologically significant interactions are low affinity, transient, and typically dependent on the 

particular cellular environment in which they occur. Direct connections and general architecture 

of multiprotein complexes can frequently be further clarified with the use of bioinformatics 

techniques, correlation of MS data with other methods’ results, or repeated MS measurements 

combined with chemical crosslinking.  

Significant insights into physiology have been derived by studying large protein complexes, 

organelles, and subcellular compartments. For instance, the first complex investigated using this 

approach was the spliceosome, a large RNA-protein complex that plays a crucial role in catalysing 

the removal of introns from nuclear pre-mRNA (Lamond, 1993; Neubauer et al., 1998, 1997). A 

subsequent re-evaluation of the spliceosome was conducted using improved equipment and more 

advanced databases. A study identified over 30 proteins, and further examination of their 

sequencing revealed a set of 55 unique proteins involved in splicing and RNA processing 

(Rappsilber et al., 2002). 

Aims and objectives 

The overall aim of this chapter was to explore the potential protein binding partners of MFSD8 

to gain a better understanding of MFSD8’s function after the identification of several possible 

protein forms. This was accomplished by the pursuit of the following objectives: 

i) To visualise the predicted PPIs of MFSD8 that have been previously studied or reported, 

using the STRING database, to gain an initial understanding and facilitate further 

comparisons with experimental data. 

ii) To pull down the endogenous MFSD8 from SH-SY5Y cells, which are neuroblastoma 

cells that are easy to maintain and provide enough material for co-IP assays. 

iii) To analyse the samples acquired from the co-IP experiments using MS-based 

proteomics to uncover the potential interactors of MFSD8. 

Results  
 

6.4 Predicted MFSD8 protein-protein interactions 

Before starting the co-IP experiments and studying the PPIs of MFSD8 using MS-based 

proteomics, the predicted MFSD8 protein interactions were queried on the STRING database 

(https://string-db.org/). This database systematically compiles and integrates protein-protein 
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interactions, encompassing both physical and functional interactions (Enright and Ouzounis, 2001; 

Guala et al., 2020; Snel et al., 2002). The data are obtained from several sources, such as automated 

text analysis of scientific literature, computational predictions of interactions based on co-

expression, conserved genomic context, databases of experimental interactions, and established 

complexes/pathways from reviewed sources (Szklarczyk et al., 2023). Each of these interactions 

undergoes rigorous evaluation, scoring, and is then automatically translated to less extensively 

researched organisms based on hierarchical orthology information. 

The interaction network of MFSD8 on the STRING database mostly consisted of 11 nodes, which 

were associated with other NCL genes. The genes identified are the following: palmitoyl-protein 

thioesterase 1 (PPT1 or CLN1), tripeptidyl peptidase 1 (TPP1 or CLN2), CLN3, DnaJ heat shock 

protein family (Hsp40) member C5 (DNAJC5 or CLN4), CLN5, CLN6, CLN8, cathepsin D 

(CTSD or CLN10), cathepsin F (CTSF or CLN13), and potassium channel tetramerization domain 

containing 7 (KTCD7 or CLN14) (Figure 6.2). The STRING database suggests that NCL genes, 

such as PPT1, TPP1, CLN3, and CLN5, which encode either soluble or transmembrane lysosomal 

proteins, are potential interactors with MFSD8 (Figure 6.2). This finding aligns with the recent 

study by Wang et al. (2021) indicating that MFSD8 may function as a chloride channel within the 

lysosomes, underscoring the critical role of MFSD8 in lysosomal function. 
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Major MFSD8 interactors 

Gene Function 

PPT1 Catalyses the cleavage of thioester-linked fatty acyl groups such as palmitate, from 
modified cysteine residues in proteins or peptides during lysosomal degradation. 

TTP1 Lysosomal serine protease with tripeptidyl-peptidase I activity. May function as a non-
specific lysosomal peptidase that produces tripeptides from the degradation products 
generated by lysosomal proteinases.  

CLN3 Involved in microtubule-dependent, anterograde transport of late endosomes and 
lysosomes. 

DNAJC5 Functions as a general chaperone in controlled exocytosis (by similarity). Functions as a 
co-chaperone for the SNARE protein SNAP-25 (by similarity). Participates in the 
calcium-dependent regulation of a late stage of exocytosis (by similarity). May play a 
crucial role in presynaptic function. May participate in the release of neurotransmitters 
at nerve endings, which is dependent on calcium (by similarity). 

CLN5 Plays a role in influencing the retrograde trafficking of lysosomal sorting receptors 
SORT1 and IGF2R from the endosomes to the trans-Golgi network by controlling the 
recruitment of retromer complex to the endosomal membrane. Controls the localisation 
and activation of RAB7A, which is necessary for recruiting the retromer complex to the 
endosomal membrane. 

CLN6 Facilitates the transfer of certain proteins and lipids from the endoplasmic reticulum to 
lysosomes. 

CLN8 May contribute to cellular proliferation during neuronal differentiation and serve as a 
protective mechanism against cell death. 

CTSD Acid protease active in intracellular protein breakdown. Contributes to the processing 
of APP following cleavage and activation by ADAM30, resulting in the degradation of 
APP. 

CTSF Thiol protease which is believed to be involved in the intracellular degradation and 
turnover of proteins. 

KTCD7 May play a role in regulating the excitability of cortical neurons. 

 

Figure 6. 2. Predicted MFSD8 protein interactions obtained from the STRING database. The term ‘MFSD8’ 

(Homo sapiens) was searched on the STRING database (https://string-db.org/network/9606.ENSP00000296468) to 

visualize its potential protein-protein interaction network. The nodes (circles) represent proteins and the edges connect 

pairs of interacting proteins. The 11 nodes obtained in the PPI network of MFSD8 correspond to other NCL genes.  
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During the development of this thesis, the discovery of various potential isoforms of MFSD8 and 

their presence in both the cytoplasm and nucleus of cells prompts the question of whether this 

protein might also play a role in other cellular compartments and have additional functions. To 

investigate the potential binding partners of MFSD8 and understand its various activities 

depending on the isoform, co-IP experiments were conducted, followed by MS-based proteomics. 

6.5 Co-IP optimisation 

As abovementioned, co-IP is a widely used method for investigating protein-protein interactions 

by extracting protein complexes from cellular lysates. However, establishing accurate co-IP 

experiments often requires considerable optimisation. This study employed an initial protocol 

provided by Dr Richard Unwin (from the University of Manchester) (described in Chapter 2 

Materials and Methods, section 2.3.8), which utilised Protein G-sepharose beads and SH-SY5Y 

cells. These cells were used since a substantial number of cells were needed to conduct four 

biological replicates, which were necessary to obtain statistically significant results in this 

experiment. The initial co-IP experiment was performed following a protocol that was previously 

established for the pull-down of another protein using different cells. In this case, the following 

modifications were introduced: (i) the use of the anti-MFSD8 polyclonal antibody (pAb) (#PA5-

60832, ThermoFisher, and (ii) the addition of a negative control in which an irrelevant antibody 

was used (either anti-Lamin B1 or anti-SIRT1, both raised in rabbit, the same species as the anti-

MFSD8 pAb). The anti-Lamin B1 was first chosen since it was one of the antibodies available to 

us that was produced in rabbit, as well as the anti-MFSD8 pAb. After completing all the steps for 

the co-IP, the samples with the bait protein – the MFSD8, in this case – were separated from the 

beads using heat. While monoclonal antibodies exhibit greater specificity than polyclonal 

antibodies as they recognise a single epitope on the target protein, the latter are more advantageous 

in co-IP experiments. This is due to the fact that co-IP assays aim to establish a stable complex 

between antibodies and proteins. As polyclonal antibodies can bind to multiple epitopes on the 

target protein, they form more tightly bound antibody-protein complexes compared to 

monoclonal antibodies.  

The collected samples were subsequently processed and utilised for immunoblotting. The blots 

probed with anti-MFSD8 pAb (#PA5-60832) exhibited distinct bands in the lanes corresponding 

to the samples treated with the anti-MFSD8 pAb. One band displayed a molecular weight of 

approximately 120 kDa, consistent with our previous observations in blots containing SH-SY5Y 

cell lysates (Figure 6.3a). Another band, with high intensity, corresponded to a molecular weight 

of approximately 57-60 kDa, suggesting the presence of the full-length MFSD8 protein (Figure 

6.3a). However, in the experimental samples where the anti-Lamin B1 antibody was used during 
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the co-IP, a consistent 57-60 kDa protein band was observed. This suggested that MFSD8 may 

potentially interact with Lamin B1, as shown in Figure 6.3a. Lamin B1 is expected to have a 

molecular weight of 66 kDa, although it usually appears as 70 kDa on blots. Even though the PPIs 

of MFSD8 are currently unidentified, the interaction of the anti-Lamin B1 antibody was 

unexpected. To gain a clearer understanding of the results obtained from this co-IP experiment, 

communication was established with Dr Jon Humphries from Manchester Metropolitan 

University. Subsequently, it was recommended to replace the secondary horseradish peroxidase 

(HRP) antibody with a light chain-specific secondary antibody. This is because the band observed 

at around 57-60 kDa might potentially have masked the MFSD8 protein band and also 

corresponded to the heavy chain of the antibody employed in the co-IP assay, as the heavy chain 

of an antibody typically has a molecular weight of 50 kDa. Consequently, when the same co-IP 

procedure was repeated using a light chain-specific HRP secondary antibody and an unrelated 

antibody, such as anti-SIRT1, the intensity of the 57-60 kDa band was reduced. This suggested 

that the 57-60 kDa band observed in the previous blot (Figure 6.3a) may not accurately represent 

a band associated with MFSD8. However, a distinct and strong band was observed at a molecular 

weight of 25 kDa in this instance, indicating that the light chain-specific secondary antibody picked 

the antibody’s light chain instead of the heavy chain (Figure 6.3b). SIRT1 is a protein consisting 

of 747 aa with an estimated molecular weight of 82 kDa. However, in Western blots, its measured 

molecular weight ranges from 110 to 130 kDa. Based on these findings, the light chain-specific 

HRP secondary antibody was consistently employed for the subsequent co-IP blots. These blots 

were conducted to observe the results of the co-IP and determine if the obtained samples were 

appropriate for further analysis using MS-based proteomics.  
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While the previous co-IP experiments showed the presence of MFSD8 in the samples when the 

anti-MFSD8 pAb (#PA5-60832) was used along with a light chain-specific secondary antibody, 

the detection of certain bands with the irrelevant antibodies introduced some doubt regarding the 

reliability of the co-IP results. To obtain four replicates of samples using the anti-MFSD8 pAb 

(PA5-60832) and four control samples, a substantial quantity of antibodies would have been 

required. Due to these factors, it was decided to follow a recently published protocol by Lagundžin 

et al. (2022) based on the co-IP of endogenous proteins. In this new protocol, magnetic beads were 

employed as an alternative to Sepharose beads, potentially minimising the damage to the captured 

protein complexes and, thus, enhancing the accuracy of the co-IP results. Nevertheless, this 

protocol required a substantial amount of input material (SH-SY5Y cells) to obtain 2.5 mg of 

protein. Despite the need for several 10 mm cell culture dishes for four replicates of samples, the 

use of SH-SY5Y cells facilitated the process of obtaining the required amount of protein. 

Additionally, this approach needed a great amount of antibody. However, another commercially 

accessible anti-MFSD8 pAb, which is available at a higher concentration and volume compared to 

the anti-MFSD8 pAb (#PA5-60832) was used for conducting this new co-IP protocol. After 

performing the co-IP using Lagundžin’s protocol, various modifications were made in comparison 

to the previous one involving Sepharose beads. In Lagundžin’s protocol, magnetic beads and a 

magnetic rack were employed as an alternative to Sepharose beads and centrifugation steps, which 

were used in the previous co-IP method. In addition, the new anti-MFSD8 pAb (24298-1-AP, 

Poteintech®) was utilised, and its specificity was checked in Chapter 5, section 5.5. Furthermore, 

rabbit IgGs were used as a negative control instead of the use of an irrelevant antibody. Rabbit 

IgGs serve as an isotype control antibody, employed to assess the non-specific binding of target 

primary antibodies caused by Fc receptor binding or other protein-protein interactions. 

After the first co-IP performed using this new protocol to pull down endogenous MFSD8 from 

SH-SY5Y cells, the antibody used to probe the MFSD8 by immunoblotting was the same one as 

Figure 6. 3. Immunoblots of MFSD8 co-IP using Protein G-sepharose beads. (a) In the process of this co-IP 

protein G-sepharose beads, as well as anti-MFSD8 pAb (#PA5-60832) to probe MFSD8, and anti-Lamin B1 as a 

negative control were used. A conventional secondary HRP antibody was used and intense bands were detected 

around the 57-60 kDa size area, which generated doubt in the results obtained. (b) To clarify those doubts, another 

co-IP following the same protocol (provided by Dr Richard Unwin from the University of Manchester) was conducted 

using an alternative irrelevant antibody, such as anti-SIRT1 and a secondary HRP antibody specific for the light chain 

to avoid the detection of the heavy chain of the antibody. These co-IP experiments were first performed with two 

biological replicates to avoid the waste of antibodies, due to the high amount of antibody needed for co-IP 

experiments. 
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used in the co-IP, the new anti-MFSD8 pAb (24298-1-AP, Poteintech®) and as a secondary HRP 

antibody the light-chain specific antibody was also used. The results showed a similar heavy band 

of approximately 120-125 kDa, which is consistent with the findings from earlier co-IP 

experiments and immunoblots conducted using SH-SY5Y cells. However, in this instance, a 

prominent 65-70 kDa band was observed in both the lane containing the cell lysate and the lane 

containing the co-IP samples with the anti-MFSD8 pAb (24298-1-AP, Poteintech®) (Figure 6.4). 

This indicated that the new anti-MFSD8 antibody used effectively identified the MFSD8 protein 

and the co-IP experiment was successful. Two bands were detected in the lane containing the co-

IP sample in which the rabbit IgGs were added instead of the anti-MFSD8 pAb. One band was 

observed at a molecular weight range of 57-60 kDa, likely indicating the heavy chain of the IgGs 

(50 kDa) (Figure 6.4). Another band, around 30 kDa in size, was also detected, representing the 

light chain of the IgGs (25 kDa). This band was also present in the sample in which the anti-

MFSD8 pAb was added (Figure 6.4). More specifically, IgGs are macromolecules with a molecular 

weight of around 150 kDa, consisting of two distinct types of polypeptide chains. The heavy or H 

chain has a molecular weight of approximately 50 kDa, while the light or L chain has a molecular 

weight of 25 kDa. Altogether the results demonstrated an effective co-IP and pull-down of the 

protein of interest, specifically MFSD8. Consequently, the four replicates acquired by following 

Lagundžin’s protocol were prepared and sent for MS-based proteomics, as outlined in the next 

section.  
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6.6 Gene ontology (GO) and KEGG pathway enrichment analysis using 

ShinyGO 

To investigate the potential MFSD8 binding partners, from the co-IP control (IgGs) and MFSD8 

(anti-MFSD8 antibody, 24298-1-AP, Proteintech®) samples in SH-SY5Y neuroblastoma cells, the 

pull-down of MFSD8 was first corroborated by immunoblotting with the other anti-MFSD8 

primary antibody (#PA5-60832, ThermoFisher) (Chapter 5, Figure 5.2b). Subsequently, the 

same samples were sent for mass spectrometry to the Bio-MS facilities at the University of 

Manchester. Raw data were obtained from the Bio-MS facilities and they were analysed by Dr Jon 

Humphries (from Manchester Metropolitan University). Following raw data analysis (by Dr Jon 

Humphries), a total of 290 proteins were found to have an enrichment of at least >2-fold (with a 

Benjamini-corrected p < 0.05) for the MFSD8 pAb in comparison to the IgG control in SH-SH5Y 

cells. Following this, a Gene Ontology analysis was performed using the ShinyGO 0.77 

(http://bioinformatics.sdstate.edu/go/) software and the DAVID web server 

Figure 6. 4. Immunoblot of MFSD8 co-IP using magnetic beads. In this co-IP experiment, the protocol by 

Lagundžin et al. (2022) was followed, using magnetic beads, a different anti-MFSD8 pAb (24298-1-AP, Poteintech®), 

and a light chain-specific secondary HRP antibody. Rabbit IgGs were employed as a negative control and four 

biological replicates for each condition (four samples for the anti-MFSD8 pAb and four samples for the IgGs) were 

generated, which were used to produce the co-IP samples and sent for mass spectrometry and further proteomics 

analysis after the MFSD8 pull-down. 
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(https://david.ncifcrf.gov/). Out of the 290 proteins that were discovered, it is worth noting that 

33 of them showed a substantial drop in iNPCBD compared to iNPCWT when cultured under 

normal conditions (see Chapter 5, section 5.1), which further corroborates the results obtained 

from the co-IP.  

GO enrichment analysis of significant identified proteins from the MFSD8 pull-down was 

categorized into Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) 

using ShinyGO 0.77 software. Among the 290 genes on our list, translational initiation (GO:0006413, 

indicating the accession number of the term at GO) was the most significantly enriched biological 

process considering that among the top three BPs with higher Fold Enrichment (FE), it was the 

GO term with a higher bubble (dot) size and a lower p-value (expressed as FDR, in this case) (FDR 

= 2.2×10-62), which indicates higher significance. The p-values are expressed as false discovery rates 

(FDR), which are calculated based on nominal p-values from the hypergeometric test. An FDR of 

5% indicates that, out of all the features identified as significant, 5% of them are null. Similar to 

how α is established as a threshold for the p-value in order to manage the false positive rate (FPR), 

it can also be established as a threshold for the q-value (corrected p-value), which serves as the 

FDR equivalent of the p-value.  Other important BP terms associated with these identified genes 

in the co-IP were cytoplasmic translation (GO:0002181) (FDR = 8.1×10-57), nuclear-transcribed mRNA 

catabolic process (GO:0000956) (FDR = 3.8×10-55), and mRNA catabolic process (GO:0006402) (FDR 

= 8.5×10-60) (Figure 6.5). Additionally, the most significantly enriched CC linked with the 

identified genes were eukaryotic translation initiation factor complex 3 (GO:0005852) (FDR = 2.9×10-

20), eukaryotic translation initiation factor complex 3 (eIF3m) (GO:0071541) (FDR = 7.7×10-13), eukaryotic 

48S preinitiation complex (GO:0033290) (FDR = 7.6×10-17), eukaryotic 43S preinitiation complex 

(GO:0016282) (FDR = 4.6×10-18), and translation preinitiation complex (GO:0070993) (FDR = 

1.1×10-17), all linked to translational initiation (Figure 6.6). However, among the 20 most enriched 

GO terms from the input gene list related to CC, other significantly enriched GO terms related to 

the localisation of the MFSD8 interactors with a lower FE than the abovementioned are polysome 

(GO:0005844), cytoplasmic stress granule (GO:0010494), ribosome (GO:0005840), nucleolus 

(GO:0005730), and nuclear-protein-containing complex (GO:0140513), among others. This could also 

corroborate the multifunctionality and different localisation of the distinct MFSD8 protein 

isoforms, even though these cellular compartments can also be related according to the biological 

processes enriched in these genes. Furthermore, the most significantly enriched GO terms for MF 

included translation initiation factor activity (GO:0003743) (FDR = 2.4×10-25), translation initiation factor 

binding (GO:0031369) (FDR = 1.5×10-10), exoribonuclease activity producing 5'-phosphomonoesters 
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(GO:0016896) (FDR = 1.3×10-8), and translation factor activity RNA binding (GO:0008135) (FDR = 

3.5×10-20) (Figure 6.7). 

 

Figure 6. 5. Gene ontology analysis of the potential genes interacting with MFSD8 for the Biological Process 

category. (a) Fold enrichment of the top 20 enriched GO terms in the Biological Process (BP) category and (b) 

network analysis using ShinyGO 0.77. (a) FDR is the estimated probability that a gene set with a given enrichment 

score (normalised for gene set size) represents a false positive. It is calculated based on the nominal p-value from the 

hypergeometric test. Fold enrichment represents the percentage of genes in the list belonging to a pathway, divided 

by the corresponding percentage in the background. (b) The network diagram describes the link between enriched 

GO terms for the BP category. Two BPs (nodes) are connected if they share 20% (default) or more genes. Darker 

nodes represent more significantly enriched gene sets and bigger nodes describe larger gene sets. Thicker edges (lines) 

indicate more overlapped genes. 

a 

b 

GO Biological Process 
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Figure 6. 6. Gene ontology analysis of the potential genes interacting with MFSD8 for the Cellular 

Component category. (a) Fold enrichment of the top 20 enriched GO terms in the Cellular Component (CC) 

category and (b) network analysis using ShinyGO 0.77. (a) FDR is the estimated probability that a gene set with a 

given enrichment score (normalised for gene set size) represents a false positive. It is calculated based on the nominal 

p-value from the hypergeometric test. Fold enrichment represents the percentage of genes in the list belonging to a 

pathway, divided by the corresponding percentage in the background. (b) The network diagram describes the link 

between enriched GO terms for the CC category. Two CCs (nodes) are connected if they share 20% (default) or more 

genes. Darker nodes represent more significantly enriched gene sets and bigger nodes describe larger gene sets. 

Thicker edges (lines) indicate more overlapped genes. 

 

a 
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 a 

b 

GO Molecular Function 

Figure 6. 7. Gene ontology analysis of the potential genes interacting with MFSD8 for the Molecular 

Function category. (a) Fold enrichment of the top 20 enriched GO terms in the Molecular Function (MF) category 

and (b) network analysis using ShinyGO 0.77. (a) FDR is the estimated probability that a gene set with a given 

enrichment score (normalised for gene set size) represents a false positive. It is calculated based on the nominal p-

value from the hypergeometric test. Fold enrichment represents the percentage of genes in the list belonging to a 

pathway, divided by the corresponding percentage in the background. (b) The network diagram describes the link 

between enriched GO terms for the MF category. Two MFs (nodes) are connected if they share 20% (default) or 

more genes. Darker nodes represent more significantly enriched gene sets and bigger nodes describe larger gene sets. 

Thicker edges (lines) indicate more overlapped genes. 
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Following this, a KEGG pathway enrichment analysis was performed with the same gene list input 

using the ShinyGO software. Among the six most significantly enriched KEGG pathways, the 

terms related to ribosome and RNA degradation were the most remarkable, meaning that most of the 

MFSD8 interactors assessed by the KEGG pathway analysis might be involved in these two 

pathways (Figure 6.8). This correlates with the GO analysis, where translation initiation seemed to 

be the most enriched biological process in which MFSD8 interactors might be involved as 

translation occurs in the ribosomes. Additionally, consistent with the enriched RNA degradation 

pathway in KEGG, in the GO analysis, CC-enriched terms were linked to RNA binding and catalytic 

activity acting on RNA, with the latter having the highest number of genes as part of RNA binding 

(Figure 6.6). Even though the term Coronavirus disease was displayed in the KEGG pathway analysis 

(with a low FE of 11.6%), suggesting that some genes linked to this pathway might be interacting 

with MFSD8, the Coronavirus disease pathway (node) in the network analysis shows that this term is 

connected with mRNA surveillance in viral infection (Figure 6.8b). Specifically, the genes selected 

as the potential interactors of MFSD8 are the ribosome subunits 40S and 60S (80S ribosome) (see 

Appendix, Supplementary Figure 6.4), which are not specific to Coronavirus disease nor viral 

infection. More precisely, the 40S and 60S genes constitute the 80S ribosome, which is consistent 

with the most significantly enriched pathway, the Ribosome (FE = 20%) (Figure 6.8a). 
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Figure 6. 8. KEGG pathway analysis of the potential genes interacting with MFSD8. (a) Fold enrichment of 

the top enriched KEGG pathways on the list of the genes and (b) network analysis using ShinyGO 0.77. (a) FDR is 

the estimated probability that a gene set with a given enrichment score (normalised for gene set size) represents a false 

positive. It is calculated based on the nominal p-value from the hypergeometric test. Fold enrichment represents the 

percentage of genes in the list belonging to a pathway, divided by the corresponding percentage in the background. 

(b) The network diagram describes the link between enriched KEGG pathways. Two pathways (nodes) are connected 

if they share 20% (default) or more genes. Darker nodes represent more significantly enriched gene sets and bigger 

nodes describe larger gene sets. Thicker edges (lines) indicate more overlapped genes. 

 

a 
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KEGG pathways 
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6.7 GO Functional Annotation Clustering using DAVID  

From the previous analysis, a lot of information was obtained about the possible biological 

processes, cellular components, and molecular functions that the MFSD8 might be part of. 

However, the abundance of terms can make it difficult to build a coherent idea about what is 

precisely occurring inside the cells. Therefore, in this section, the Functional Annotation Clustering 

tool from the DAVID server (https://david.ncifcrf.gov/tools.jsp) was utilised to get a more 

cohesive overview of the exact processes in which MFSD8 might be involved. This clustering tool 

consists of gathering all the terms that have been enriched in each block (BP, CC, and MF) and 

clustering them according to significance. For this, only the GOTERM_BP_DIRECT, 

GOTERM_CC_DIRECT, and GOTERM_MF_DIRECT from Gene Ontology were selected. 

Subsequently, a Functional Annotation Clustering was conducted and, as a result, 17 clusters were 

obtained with Enrichment scores ranging from 28.55% to 0.48%. In this case, only the three 

clusters with the highest scores were selected, as their Enrichment scores ranged from 28.55% to 

15.69%, with the fourth having an Enrichment score of 4.45%, which is notably lower than the 

third cluster. The GO categories are presented with the number of genes, the p-value and the 

corrected p-value using FDR. This Functional Annotation Cluster was obtained considering 274-

277 genes, as they were identified and annotated by the DAVID web server from the list of 290 

genes uploaded. 

In the first Functional Annotation Cluster, a total of 52 genes were associated with the same seven 

GO categories. These GO categories were cytosolic ribosome (36 genes, p = 6.62×10-42, FDR = 

1.0×10-39), cytoplasmic translation (36 genes, p = 1.4×10-41, FDR = 1.8×10-38), translation (41 genes, p 

= 8.9×10-33, FDR = 3.9×10-30), structural constituent of ribosome (33 genes, p = 6.8×10-25, FDR = 

7.4×10-23), cytosolic small ribosomal subunit (20 genes, p = 6.4×10-24, FDR = 5.1×10-22), ribosome (30 

genes, p = 4.2×10-23, FDR = 2.2×10-21), and cytosolic large ribosomal subunit (17 genes, p = 1.0×10-16, 

FDR = 2.5×10-15) (Figure 6.9).  

In the second Functional Annotation Cluster, a total of 26 genes were attributed to the same three 

GO categories. These GO categories were cytosolic small ribosomal subunit (20 genes, p = 6.4×10-24, 

FDR = 5.1×10-22), ribosomal small subunit biogenesis (20 genes, p = 2.1×10-16, FDR = 3.8×10-14), and 

small-subunit processome (17 genes, p = 2.8×10-15, FDR = 5.9×10-14) (Figure 6.10). 

In the third Functional Annotation Cluster, a total of 29 genes were associated with nine GO 

categories. These GO categories were translational initiation (27 genes, p = 4.8×10-34, FDR = 3.1×10-

31), translation initiation factor activity (23 genes, p = 6.8×10-25, FDR = 7.4×10-23), eukaryotic 43S 

preinitiation complex (13 genes, p = 1.2×10-18, FDR = 3.4×10-17), formation of cytoplasmic translation 
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initiation complex (12 genes, p = 3.9×10-18, FDR = 1.0×10-14), eukaryotic 48S preinitiation complex (12 

genes, p = 5.8×10-17, FDR = 1.5×10-15), eukaryotic translation initiation factor 3 complex (11 genes, p = 

1.1×10-15, FDR = 2.6×10-14), eukaryotic translation initiation factor 3 complex, eIF3m (6 genes, p = 

8.4×10-9, FDR = 1.2×10-7), viral translational terminating-reinitiation (5 genes, p = 1.9×10-7, FDR = 

1.7×10-5), and IRES-dependent viral translation initiation (4 genes, p = 4.1×10-4, FDR = 1.3×10-2) 

(Figure 6.11). 

 

 

 

 

 



 MFSD8 PROTEIN-PROTEIN INTERACTIONS 
 

171 
 

 

Figure 6. 9. Annotation cluster diagram 1 of the potential MFSD8 interactors. This annotation cluster diagram 

has an Enrichment score of 28.55% and was obtained using the Functional Annotation Tool from the DAVID web 

server by selecting the GOTERM_BP_DIRECT, GOTERM_CC_DIRECT, and GO_TERM_MF_DIRECT at 

Gene Ontology. Each row represents a different gene from the gene list run with the DAVID server, and each column 

indicates one of the different GO terms enriched for this specific cluster of genes. In this cluster, 52 genes were 

identified as related to seven GO categories.   
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Figure 6. 10. Annotation cluster diagram 2 of the potential MFSD8 interactors. This annotation cluster diagram 

has an Enrichment score of 17.81% and was obtained using the Functional Annotation Tool from the DAVID web 

server by selecting the GOTERM_BP_DIRECT, GOTERM_CC_DIRECT, and GO_TERM_MF_DIRECT at 

Gene Ontology. Each row represents a different gene from the gene list run with the DAVID server, and each column 

indicates one of the different GO terms enriched for this specific cluster of genes. In this cluster, 26 genes were 

identified as related to three GO categories.   
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Altogether, these results suggest that the most significant clusters of enriched genes (and therefore, 

with the highest Enrichment Score) as potential MFSD8 interactors, might primarily be associated 

with cytoplasmic translation, being ribosome constituents and involved in translation initiation. 

Additionally, other clusters with lower Enrichment Score, as less enriched genes are related to 

Figure 6. 11. Annotation cluster diagram 3 of the potential MFSD8 interactors. This annotation cluster diagram 

has an Enrichment score of 15.69% and was obtained using the Functional Annotation Tool from the DAVID web 

server by selecting the GOTERM_BP_DIRECT, GOTERM_CC_DIRECT, and GO_TERM_MF_DIRECT at 

Gene Ontology. Each row represents a different gene from the gene list run with the DAVID server, and each column 

indicates one of the different GO terms enriched for this specific cluster of genes. In this cluster, 29 genes were 

identified as related to nine GO categories.   
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those GO terms, that were also identified in the Functional Annotation Custer analysis were 

associated with chromosome segregation, spliceosome, RNA processing/cytoplasmic and nuclear 

exosome (RNase complex), dendritic spine and presynapse, as well as vesicle-mediated transport, 

lysosome and autophagy, among others. These findings suggest that MFSD8 might be also 

involved in the previous step of RNA processing and its nuclear/cytoplasmic export, as well as 

processes related to autophagy, which include the lysosome, as consistently demonstrated by 

previous studies, and the dogma of the MFSD8 being part of the lysosomal membrane.  

6.8 BIOCARTA pathway enrichment analysis using DAVID  

To gain further insights and explore all the potential pathways that can be enriched in our list of 

290 genes, another pathway analysis was conducted using the DAVID web server. In this instance, 

the BIOCARTA pathway analysis was performed, where 42 out of the 280 DAVID IDs (Homo 

sapiens genes annotated on the DAVID web server from our list) were enriched for different 

potential pathways. In this case, the results indicated that some of these genes were related to four 

significantly enriched pathways in BIOCARTA, represented with their corresponding level of 

significance as p-value, and the adjusted p-value using FDR. Specifically, the most significantly 

enriched pathway in those 42 genes from the output was eukaryotic protein translation (8 genes, p = 

3.7×10-8, FDR = 1.8×10-6). Interestingly, the other three enriched pathways in BIOCARTA were 

the mTOR signalling pathway (8 genes, p = 1.8×10-6, FDR= 4.3×10-5), the internal ribosome entry pathway 

(5 genes, p = 1.2×10-5, FDR = 1.9×10-4), and the regulation of eIF4e and p70 S6 kinase (5 genes, p = 

1.8×10-3, FDR = 3.1×10-2) (Table 6.1). From these results, the eukaryotic protein translation and the 

internal ribosome entry pathway are consistent with the pathways obtained in the KEGG pathways 

analysis conducted using ShinyGO and the GO analysis in the DAVID web server. However, two 

novel pathways were identified utilising the BIOCARTA database in the DAVID server were the 

mTOR signalling pathway and the regulation of eIF4e and p70 S6 kinase, opening new avenues to 

constructing a unifying hypothesis of the MFSD8 interactome, considering that MFSD8 has been 

reported as a chloride channel in endosomal/lysosomal membranes. 
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6.9 MFSD8 might be primarily involved in cytoplasmic stress granules, the 

mTOR signalling pathway, and translation  

After conducting the functional annotation analysis using GO, KEGG, and BIOCARTA, the 

genes from our list participating in the different potential pathways, biological processes, cellular 

compartments, and molecular functions associated with MFSD8, were represented to obtain a 

general and more cohesive idea of the exact mechanisms MFSD8 could be involved in (Figure 

6.12). The primary pathways of the MFSD8 interactome might be the following: cytoplasmic stress 

granule, ribosome (translation), RNA degradation, ribosome biogenesis, spliceosome, mRNA 

surveillance pathway, autophagy, eukaryotic protein translation, mTOR signalling pathway, and 

regulation of eIF4e and P70 S6 kinase. These pathways were identified with different significant 

levels and fold enrichment as explained in the previous sections of this Chapter. However, some 

of them seem to be interconnected even though the same significance level was not achieved and 

Category Term (pathway) 
Number of 

genes 
Genes p-value FDR 

BIOCARTA 
Eukaryotic protein 
translation 

8 

EIF4A2, EIF4A1, 
EIF6, EIF1AX, 
EIF2S2, EIF3A, 
EIF4G2, EIF4G1 

3.74E-08 1.8E-06 

BIOCARTA mTOR Signaling Pathway 8 

EIF4A2, EIF4A1, 
RPS6, TSC2, TSC1, 
EIF3A, EIF4G2, 
EIF4G1 

1.79E-06 4.3E-05 

BIOCARTA 
Internal Ribosome entry 
pathway 

5 
EIF4A2, EIF4A1, 
EIF3A, EIF4G2, 
EIF4G1 

1.16E-05 1.90E-04 

BIOCARTA 
Regulation of eIF4e and 
p70 S6 Kinase 

5 
EIF4A2, EIF4A1, 
PABPC1, EIF4G2, 
EIF4G1 

0.002586 0.031674 

BIOCARTA Spliceosomal Assembly 3 
SNRPD1, 
SNRPD3, SNRPF 

0.046774 0.458382 

BIOCARTA 
CDK Regulation of DNA 
Replication 

3 
MCM4, MCM6, 
MCM2 

0.073823 0.602887 

Table 6. 1. Functional annotation chart of the enriched pathways associated with MFSD8 using 
BIOCARTA in DAVID analysis. 
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it might be important to consider all of them, even if they exhibited a lower significance level, as 

it might depend on the cell cycle or cell state at the time of cell harvesting for the co-IP experiment, 

additionally to the impact of other factors throughout the development of this co-IP and MS-

based proteomics.  

 

 

 

 

 

Figure 6. 12. Potential MFSD8 interactome obtained from MS-based proteomics and functional annotation 

analysis. Representation of the different genes involved in each enriched pathway obtained from the GO analysis, as 

well as KEGG and BIOCARTA pathway analysis, after MS-based proteomics analysis of the co-IP results (conducted 

by the Bio-MS facilities from the University of Manchester and raw data processing by Dr Jon Humphries from 

Manchester Metropolitan University). The genes that were present in different pathways are highlighted with the same 

colour. This might indicate that pathways sharing the same genes could be linked, which can help elucidate the exact 

pathways in which the MFSD8 protein may participate.  
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Interestingly, most of the molecular pathways and biological processes demonstrate a potentially 

significant involvement of MFSD8 around translation initiation and translation, involving 

eukaryotic initiation factors (eIFs) and ribosomal proteins (RPs), which occur in the cytoplasm of 

eukaryotic cells. Additionally, autophagy was also a mechanism present in the pathway analysis of 

the genes resulting from the co-IP experiment, which is consistent with the current dogma 

regarding the primary localisation and function of the MFSD8 protein as a chloride channel in the 

lysosomal membrane (Steenhuis et al., 2010; Yayu Wang et al., 2021). Another notable pathway 

that was enriched in the BIOCARTA pathway analysis was the mTOR signalling pathway, which 

is related to lysosomal and translation regulation (Puertollano, 2014; Yang et al., 2022), both in line 

with the results obtained in this study and the association of MFSD8 with the lysosomes. 

Furthermore, the regulation of eIF4e and p70 S6 kinase was enriched in BIOCARTA, 

corroborating its link with the mTOR pathway, as the eIF4e and p70 kinase experience 

phosphorylation in response to insulin or mitogen (an agent that induces mitosis) stimulation, 

which is partially hindered by rapamycin. Previous research has shown that the protein mTOR is 

the specific target that the rapamycin/FKB12 complex uses to remove phosphate groups and 

deactivate the p70 S6 kinase. Consequently, certain mTOR mutants that are unable to bind to the 

rapamycin/FKB12 complex can prevent the p70 S6 kinase from being dephosphorylated and 

deactivated by rapamycin (Hara et al., 1997). Finally, other significantly enriched cellular 

compartments where MFSD8 might be interacting with are stress granules. These cell components 

are structures without membranes located in the cytoplasm that consist of ribonucleoprotein 

(RNP) complexes. Their main role is to enhance cell survival by condensing mRNAs that are stuck 

in translation, as well as ribosomal elements, translation initiation factors, and RNA-binding 

proteins (RBPs), as a response to stress stimuli (Anderson and Kedersha, 2008). The 

phosphorylation of eukaryotic initiation factor 2 alpha (eIF2α) can be induced by cellular stress, 

and this is commonly believed to be the cause of stress granule assembly. The formation of stress 

granules can occur regardless of the phosphorylation of eIF2α and is instead initiated by eukaryotic 

translation initiation factor 4A (eiF4A), which was a protein present in our list of genes also related 

to mTOR and the regulation of the eIF4e and p70 SA kinase (Low et al., 2005; Mazroui et al., 

2006). This demonstrates the part of the potential interconnection among the enriched pathways, 

which makes the results obtained more precise and coherent. Moreover, as previously reported, 

some of the main stress granules-associated proteins are Ras-GTPase-activating protein (GAP)-

binding proteins (G3BPs) and cytoplasmic activation/proliferation-associated protein-1 (Caprin-

1), which were also present in our list of genes and identified as stress granules components.  
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Altogether, the results of this work provide new insights into the potential MFSD8 interactome, 

indicating that MFSD8 cytosolic puncta could mostly consist of perinuclear stress granules and are 

rarely associated with endolysosomal vesicles (ELV). The co-IP MS data also suggest that MFSD8 

forms an association with proteins involved in the transport of mRNA from the nucleus, as well 

as with complexes that have an impact on the initiation or suppression of translation.  

Limitations 

While this chapter provides novel insights on the potential different roles of MFSD8 within the 

cell considering the various interactors that may be involved, it is important to understand its 

limitations. One limitation of the co-IP technique in this study is the use of a capture antibody a 

detection antibody derived from the same species (rabbit, in this instance). The reason for using 

capture and detection antibodies from different species in co-IP assays is to prevent interference 

from the heavy and light chains of the capture antibody during the detection step using 

immunoblotting. However, during the co-IP optimisation, it was noticed that the band 

representing MFSD8 may have been masked by the detection of the heavy chain of the antibody, 

as they both exhibit similar molecular weights in the range of 50-58 kDa. Consequently, a 

resolution was proposed. This approach utilised an alternative secondary HRP antibody that 

specifically targeted the light chain. Another limitation is that subsequent experiments are required 

to validate the findings obtained using MS-based proteomics. These further experiments may 

involve transfecting SH-SY5Y cells with plasmids containing the sequences for Caprin-1 and 

G3BP1 proteins (with a GFP tag, for instance). The aim would be to evaluate the extent to which 

these proteins coexist with MFSD8 by conducting immunofluorescence staining of MFSD8. 

Additionally, it would be more accurate to conduct co-IP experiments, followed by MS-based 

proteomics, in both WT NPCs and CLN7 NPCs. This will allow for a comparison of the potential 

difference in the binding partners of MFSD8 between healthy and cells with disease-causing 

mutations, similar to the proteomics experiment previously conducted by Dr Aseel Sharaireh (see 

Chapter 5, section 5.1). By doing so, we can gain a deeper understanding of how the pathobiology 

of vLINCL CLN7 may impact the function of this protein. 

Conclusions 

Proteomics plays a crucial role in systems biology research as proteins contain abundant 

information that is highly relevant for describing biological processes. This chapter presents new 

and valuable information about putative binding partners of MFSD8. The main interactors of 

MFSD8 identified in this study are Caprin-1 and G3BP1, both of which are components of stress 

granules. This conclusion was further corroborated by the terms associated with mTOR signalling 
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and the regulation of p70 S6 Kinase. Caprin-1 is an mRNA-binding protein that functions as a 

regulator of mRNA transport, translation, and stability. It plays a role in synaptic plasticity in 

neurons and cell proliferation and migration in various cell types (T. H. Kim et al., 2019; Solomon 

et al., 2007). Furthermore, G3BP1 is a protein that binds to RNA and plays a role in the formation 

of stress granules. These granules are clusters that form in the cytoplasm in response to 

translational stress (Martin et al., 2013). Moreover, the results obtained from the MS (by Dr Jon 

Humphries) and DAVID analysis utilising GO, suggest that the interactors of MFSD8 may play a 

role in the transportation of mRNA molecules from the nucleus. Additionally, these interactors 

could potentially influence the regulation of translation, either by activating or suppressing it. The 

results obtained in this chapter, along with downstream studies for corroboration, have the 

potential to provide significant insights into the identification of targets for treatment to improve 

CLN7 disease. 
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Chapter 7 

Discussion 

 

The variant late-infantile NCL CLN7 is a progressive severe neurodegenerative disease that affects 

children from 2 to 7 years old, resulting in a life-restricting and fatal disorder. It is caused by biallelic 

mutations (in both copies of a gene) in the MFSD8 gene and there is no current available cure or 

treatment. A thorough comprehension of the molecular biology of MFSD8, along with an 

understanding of how genetic mutations affect the functionality of this protein, is essential for the 

advancement of new treatments for CLN7 disease. 

7.1 The use of iPSCs: a novel model to study CLN7 disease 

The majority of research on CLN7 disease thus far has been carried out in animal models in which 

Mfsd8 has been knocked out. Two Mfsd8 knockout mice models have been published, including 

one with a deletion of exon 2 using Cre-mediated Floxed exon 2 deletion (Mfsd8Δex2) (Brandenstein 

et al., 2016), and another with a targeted deletion of a 3148 nt region from exons 4-6 using 

CRISPR-Cas9 (Mfsd8Δex4-6) (Yayu Wang et al., 2021). In both cases, these deletions lead to the 

absence of stable Mfsd8 expression. Both mouse models exhibit delayed and partial cerebral 

neurodegeneration (Jankowiak et al., 2016; Yayu Wang et al., 2021), but neither model completely 

replicates the severity of CLN7 disease in humans. There is limited evidence of neuroinflammation 

or cerebral atrophy. The modelling of disease using Mfsd8 knockout mice implies that the loss of 

function is the unique mechanism of the disease, even though most CLN7 patients are expected 

to stable but structurally damaged MFSD8. 

Therefore, for the development of this work, it was crucial to establish a relevant model to study 

the variant late-infantile NCL CLN7. Given the inaccessibility of acquiring neurons to investigate 

neurological disorders, as well as the limited availability and potential damage of post-mortem 

tissues derived from patients, it becomes difficult to effectively investigate the disease progression 

of this disorder. Moreover, acquiring post-mortem control donor samples poses significant 
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challenges. An additional disadvantage that requires the use of an accessible and reliable model to 

study CLN7 disease is the rareness of this genetic neurodegenerative disorder, along with other 

NCLs. These diseases typically result in a short lifespan for patients due to their early onset and 

rapid advancement, which presents a significant obstacle to the study of CLN7 phenotypes, 

particularly when attempting to address them through a more individualised approach. 

Nevertheless, the N-of-one approach, implemented by Kim et al. (2019) in a single patient with 

CLN7, challenged this belief and provided insights into the advancement and potential of 

employing such technologies for personalised medicine in CLN7 disease, with the opportunity for 

application in other genetic disorders as well. Although this clinical method was a significant 

breakthrough in the field of NCLs, there is currently no treatment or cure available for patients 

suffering from the variant late-infantile NCL CLN7.  

Since the discovery of the reprogramming of iPSCs by Tahashi and Kamanaka (2006), these cells 

have been used in a wide range of studies, starting from the generation of iPSCs in vitro as disease 

models to investigate the pathogenesis and pathobiology of neurodegenerative diseases such as 

PD (Spathopoulou et al., 2022), through to the purification and injection of human-induced 

pluripotent stem cell-derived cardiomyocytes (iPS-CM) into the myocardium after myocardial 

infarction in mice, resulting in an improvement after four weeks (Jiang et al., 2020), or one of the 

first human trials employing clinical-grade hiPSC-CM patches to treat ischemic cardiomyopathy in 

humans (Miyagawa et al., 2022), among many other examples.  

Considering the abovementioned reasons and the availability and feasibility of reprogramming 

somatic cells, such as epithelial cells, skin fibroblasts from CLN7 patients and aged-matched 

controls were previously obtained and reprogrammed by former members of McKay’s group, 

followed by their genomic and pluripotency characterisation. These CLN7 patient-derived iPSCs 

and age-matched controls were the main cells used in this project to generate neuron-like cells, 

particularly NPCs, which facilitated the study of the MFSD8 protein. In this case, the generation 

of iPSCs from human fibroblasts was conducted through nucleofection of episomal vectors by 

previous members of McKay’s group, which consists of non-integrating non-viral vectors. This 

technique has been created to produce iPSCs that are entirely free of viral contamination and 

reduce the risk of mutations caused by genomic integration (Belviso et al., 2020).  

This study pioneered the use of patient-derived iPSCs to study the vLINCL CLN7 phenotype in 

differentiated neural cells in vitro. Specifically, this work aimed to assess the molecular pathobiology 

in neural cells produced from iPSCs of patients with two of the most prevalent MFSD8 mutations 

in the vLINCL CLN7. As described in Chapter 3, iPSC lines were derived from fibroblasts 
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obtained from a male patient with the p.R465W mutation and a female patient with the T294K, 

both of whom exhibited the usual age of onset and disease progression.  

7.1.1 Relevance of NPCs as a model to study CLN7 disease 

Instead of generating neurons from CLN7 patient-derived iPSCs, which is also possible, NPCs 

were generated as a previous stage to neurons. The reason for that was that the generation of 

neurons requires a longer time (from 2-3 months, in the case of the generation of motor neurons, 

for example) (Akter et al., 2022) and they are more difficult to maintain and expand in cell culture. 

Additionally, the purpose of this study was to study the cellular and molecular biology using a 

closer simulation of what could be occurring in the human body of the patients carrying the 

p.T294K and p.R465W mutations in homozygosity in CLN7 disease. This approach could provide 

a better understanding of the underlying molecular mechanism of MFSD8, due to the original 

endogenous CLN7 mutations in homozygosity, using cells from CLN7 patients. This strategy to 

study a neurodegenerative disease is consistent with what Schweitzer et al. (2020) used for 

investigating Parkinson’s disease with a more clinical practice of the implantation of these cells in 

a patient, among other examples. 

The cell culture of the iPSCs and the generation of NPCs were followed by their characterisation 

primarily using ICC of different markers for pluripotency and neural progenitor cells. The markers 

for pluripotency studied in the iPSCs were OCT3/4, SOX2, TRA-1-60, and NANOG, as they 

were also used by Adewumi et al. (2007) to corroborate the pluripotency of the cells they used. 

Consistently, when the NPCs were generated, they were characterised by ICC, using SOX2, 

Nestin, Pax6, and BLBP as neural markers. Despite not having conducted RT-qPCR, to 

corroborate the expression of these genes at the mRNA level, as other studies suggest (Kang et 

al., 2017; Rehakova et al., 2020), as well as flow cytometry for protein expression, or 

electrophysiology in the case of neurons generation, immunocytochemistry was the only technique 

used for characterisation in this case, as shown in other reports (Bell et al., 2019; Gunhanlar et al., 

2018; Hu et al., 2010).  

During hiPSCs and NPCs cell culture, plates and flasks were coated with Matrigel® Matrix to 

recapitulate the extracellular matrix (ECM), facilitating cell attachment and providing a growth 

factor reservoir. The use of Matrigel® Matrix was employed as a replacement of iMEFs once the 

iPSC colonies were stable and it was used routinely for NPCs culture. This synthetic Matrigel has 

been demonstrated to be an effective substitute for iMEFs due to its composition of many ECM 

components, including laminin, collagen IV, heparin sulphate proteoglycans, and nidogen. Even 

though Matrigel remains extensively utilised in research due to its well-documented efficacy, it is 
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not suitable to culture clinical-grade cells, as it is obtained from animals and can vary from batch 

to batch. To grow and maintain clinical-grade iPSCs for cell therapy, other protein- or peptide-

based growth factors should be used, such as laminin-511, laminin-521, vitronectin, SynthemaxTM 

II, and cyclic RGD. However, the purpose of the use of WT and CLN7 patient-derived iPSCs and 

NPCs in this study was to investigate the molecular biology of MFSD8 associated with two specific 

mutations, with no clinical or cell therapy involvement. This led the investigation to be less strict 

in terms of regular genetic verification, as these cells were not required to be clinical grade because 

there were no clinical approaches involved in this project. If the purpose of these cells were for 

clinical practice, they would have undergone regular quality control and consistent documentation 

of biological material, culture, freezing, genetic testing and distribution following the current good 

manufacturing practices (cGMP), defined by the European Medicines Agency (EMA) in the 

European Union and by the US Food and Drug Administration (FDA) in the case of the US. 

7.1.2 Future potential of the use of iPSCs in the study of neurodegenerative diseases 

iPSCs have been employed in vitro to establish 2D cultures. However, these cultures fail to 

replicate the physiological three-dimensional cellular environment due to the absence of 

nutritional, waste, and oxygen gradients, as well as interactions between cells and the extracellular 

matrix (ECM). Therefore, several studies have developed 3D organoids using iPSCs to replicate 

the natural environment of living organisms (Chang et al., 2020). These organoids reproduce the 

interactions between cells and the extracellular matrix and demonstrate various cellular processes 

such as growth, proliferation, migration, protein production, and gene expression (Bott et al., 2010; 

Chang et al., 2020; Pineda et al., 2013; Zahumenska et al., 2020). The 3D organoids used to 

investigate neurodegenerative diseases consist of a diverse group of neural cells derived from iPSCs 

that have been differentiated into motor neurons, astrocytes, and oligodendrocytes (Lancaster et 

al., 2013; Pamies et al., 2017; Zahumenska et al., 2020). These 3D organoids show great potential 

as an alternative method for understanding the pathogenesis and progression of neurodegenerative 

disorders and can be used for the development of novel treatments for neurological disorders 

(Chang et al., 2020). 

As abovementioned, there is compelling evidence that brain organoids represent a highly 

innovative scientific breakthrough due to the limited availability of generating human brain tissue 

and the complexity of neurological diseases. They have become an invaluable method for 

modelling characteristics of human brain development that are not accurately represented in 

animal models. However, the extensive usefulness of this approach can be reduced by several 

limitations that still need to be resolved. These limitations include the lack of accurate cell types, 
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limited growth, abnormal physiology, and the absence of optimal organisation, which may restrict 

their applicability for certain purposes (Andrews and Kriegstein, 2022), even though the 

overcoming of these limitations is constantly advancing (Adlakha, 2023). 

7.2 Autophagy-lysosomal pathway as a potential therapeutic target in CLN7 

disease 

In Chapter 4, we demonstrated that the use of tamoxifen ameliorated the aberrant lysosomal 

phenotype observed in CLN7 NPCs produced by the accumulation of the Gb3 enzyme. In 

Chapter 4, the presence of the Gb3 and SCMAS accumulation in CLN7 iPSC-derived NPCs was 

observed, which is in line with what has been observed in Cln7Δex2 cortical neurons grown in vitro, 

demonstrating homologies and corroborating the conservation of MFSD8 across species 

(Connolly et al., 2019). 

The pathophysiology underlying why CLN7 is predominantly a neurodegenerative disease remains 

unclear. However, the variant late-infantile CLN7 is commonly categorised as a lysosomal storage 

disease and the current dogma is that MFSD8 localises to the lysosomal membrane, where it may 

function as a chloride channel (Yayu Wang et al., 2021), and its loss of function leads to impaired 

lysosomal activity, which in turn causes neurodegeneration (Sharifi et al., 2010). However, the exact 

mechanism by which this occurs is not yet understood. The loss of function of Mfsd8 has been 

demonstrated to disrupt the normal activity of lysosomal enzymes, specifically Cln5 and Cln10 

(Cathepsin D, CtsD) (Huber et al., 2020; von Kleist et al., 2019). This indicates a possible 

connection between different types of NCLs, which is in line with the STRING database analysis 

that was conducted in Chapter 6, showing the predicted MFSD8 interactors. Recent studies have 

revealed a broader range of intracellular localisation, encompassing late endosomes and autophagic 

vesicles (Yayu Wang et al., 2021). 

In the experiments conducted under normal cell culture conditions, we observed that MFSD8 

cytosolic puncta could interact with early endosomes (RAB5), autophagic (LC3, p62), and 

lysosomal (LAMP2) compartments in WT NPCs (see Chapter 4, section 4.6). However, we did 

not detect co-localisation of MFSD8 with endosomal, autophagic, or lysosomal markers in CLN7-

derived NPCs, suggesting a potential alteration in the phenotype of CLN7 patients. The disease 

phenotype observed in CLN7 patient-derived NPCs was replicated in WT NPCs when lysosomal 

acidification was inhibited by suppressing vATPase activity with Baf A1 treatment. Baf A1 

prevents the fusion between autophagosomes and lysosomes, possibly through a mechanism that 

is not solely dependent on vATPase but it is also influenced by calcium (Ca2+), leading to a 

diversion in the autophagic process. Our findings suggest that the autophagic phenotype observed 
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in CLN7 disease is similar to the effects of Baf A1 treatment in NPCs. Accordingly, the pattern of 

increased ATG9A, Beclin-1, LC3B, and p62 caused by Baf A1 in WT NPCs aligns with the 

observations made by Wang et al. (2021) regarding the loss of function of MFSD8 protein. 

Specifically, Wang et al. (2021) described MFSD8 as a chloride channel located on endo-lysosomal 

vesicles (ELV) that controls the fusion of autophagosomes and lysosomes by regulating the release 

of Ca2+ from lysosomes through a Ca2+/calmodulin-dependent mechanism (Wang et al., 2021). 

This funding could correlate with the role of Ca2+/calmodulin-dependent protein kinase II 

(CAMK2) in promoting autophagic flux in response to short-term starvation as described by Zhan 

et al.  (2022). However, further investigation into autophagic mechanisms in CLN7 disease, 

incorporating a larger number of replicates, is necessary to validate these preliminary observations. 

The results obtained in Chapter 4, in collaboration with Prof Juan P Bolaños, regarding 

mitochondria condensation in the perinuclear region of CLN7 patient-derived NPCs, suggest a 

potential disruption in autophagy. However, the precise mechanism by which mitochondrial 

function becomes deregulated, resulting in aberrantly condensed mitochondria in the perinuclear 

region of NPCs, remains unclear. 

7.3 Understanding the MFSD8 biology 

In this study, we generated control (WT) and CLN7 patient-derived NPCs employing a pre-

validated neural differentiation protocol from hiPSCs (FitzPatrick et al., 2018). The purpose of 

this thesis was to investigate the potential role of the MFSD8 gene within the nucleus of the cells 

and how MFSD8 mutations could contribute to CLN7 disease pathobiology. This work followed 

a preliminary transcriptomics study conducted by Dr Aseel Sharaireh (a former member of 

McKay’s group), which was performed to compare the differences in the downregulated and 

upregulated genes in control and CLN7 patient-derived NPCs, as described in Chapter 5 (see 

section 5.1). The unbiased iTRAQ proteomics analysis of NPCs from two unrelated individuals 

with CLN7 disease, each carrying a distinct missense mutation (p.T294K and p.R465W), compared 

to two unrelated age-matched controls, revealed strong evidence of a nuclear dysfunction specific 

to the vLINCL CLN7. Out of the 559 proteins that exhibited a decrease of more than 2-fold in 

CLN7 NPCs compared to WT NPCs, 442 of them, which accounts for 72%, were shown to have 

a nuclear role. This includes functions such as mitosis, DNA repair, RNA transcription, RNA 

processing, RNA splicing, and RNA export. The nuclear defect exhibited similar characteristics in 

terms of proteins that were deregulated, and the corresponding key GO terms, regardless of 

whether Baf A1 treatment was administered. This suggests that the defect is not worsened by Baf 

A1 and is therefore likely unrelated to autophagic diversion. Regarding downregulated proteins in 
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CLN7 NPCs, the most prevalent GO term was mRNA splicing. The results of these experiments 

revealed intriguing insights that lead to hypothesise that the MFSD8 protein is not only present in 

the lysosomes, as previously described (Sharifi et al., 2010; Steenhuis et al., 2010; Yayu Wang et al., 

2021), but it could also localise to the nucleus, playing additional unknown roles. Moreover, 

previous studies have shown that mutations in MFSD8 not only cause the variant late-infantile 

CLN7, but can also lead to other adult neurodegenerative diseases, such as ALS, FTLD, 

maculopathies, and retinopathies (Nagy et al., 2022; Ogonowski et al., 2023; Roosing et al., 2015). 

The MFSD8 mutations that cause other neurodegenerative diseases consist of heterozygous 

mutations, opposite to what happens in CLN7 disease, where the majority of the mutations occur 

in a homozygous manner. Therefore, the study of MFSD8 is of great relevance, especially in the 

NCL field, but also in adult dementias due to its incidence in other neurodegenerative disorders 

as mentioned above. Consequently, the discovery of potential therapeutic strategies targeting this 

gene or CLN7 disease, could also be translated in the mitigation or treatment for ALS and FTLD, 

as well as maculopathies and retinopathies.  

Current understanding of MFSD8 biology has primarily been acquired from studying disease 

models in mice, Drosophila melanogaster (fly) (Connolly et al., 2019), Dictyostelium discoideum (amoeba) 

(Huber, 2016), and a Japanese macaque (McBride et al., 2018b). Additionally, the Chihuahua dog 

has been proposed as a potential animal model to study CLN7 disease after the identification of 

mutations in some NCL genes, including MFSD8 (Faller et al., 2016; Guo et al., 2015; Katz et al., 

2017). Our understanding of MFSD8 biology has also come from using ectopic gene expression 

of CLN7 cDNA in human and animal cell lines not similar to neurons (Sharifi et al., 2010; 

Steenhuis et al., 2012).  

Mfsd8 knockout mice only replicate protein loss-of-function (LOF) (Brandenstein et al., 2016; 

Danyukova et al., 2018), while most of the MFSD8 disease-causing mutations are missense or 

intronic, which are unlikely to hinder protein production or disrupt transport across the ER and 

Golgi apparatus. This is reflected in the protein stability assays performed in this study, as well as 

the predicted protein structures obtained using AlphaFold by Prof Sam Hay (University of 

Manchester). Our data suggest that MFSD8 carrying the p.T294K and p.R465W mutations 

preserved the stability after limited proteolysis and protein synthesis inhibition, compared to WT 

MFSD8.   

7.3.1 Potential nuclear function and localisation of MFSD8 

Siintola et al. reported the presence of transcript variations for both CLN3 and CLN7/MFSD8. 

They specifically detailed a transcript that lacks exons 7 and 8. According to other studies, the 
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transmembrane loop 9 (L9) of MFSD8 can be cleaved by cysteine protease, however, the specific 

cleavage site has not yet been identified. We detected bands on the Western blot of NPC lysates 

that corresponded to the expected sizes of full-length MFSD8 (57 kDa), MFSD8Δex7/8 splice 

isoform (50 kDa), as well as the L9 protease cleaved 18 N-terminal product (44 kDa), and the 

MFSD8Δex7/8 splice isoform protease cleaved (37 kDa). The MFSD8Δex7/8 isoforms (50 and 37 kDa) 

were found in the nucleus, suggesting that they may play a role in nuclear processes. A defined 

nucleus localisation signal is not known to be present in MFSD8, but the nuclear fractionation 

experiment includes the membranous nuclear lamina (as shown by Lamin B1) and, based on the 

AlphaFold predicted structural models, it may be inferred that MFSD8Δex7/8 maintains a 

transmembrane protein structure. 

One potentially interesting finding from this research was the observation of part of MFSD8 in 

the nucleus, detected through immunocytochemistry and immunoblotting of NPCs (sections 4.5 

and 5.4). Our results suggested no significant differences in the nuclear expression of MFSD8 in 

CLN7-mutated NPCs compared to WT NPCs, though further investigation is needed to 

corroborate this. Interestingly, these observations appear to align with those of Geier et al. (2019), 

who also reported also the presence of MFSD8 in the nuclei of neurons in the middle frontal 

gyrus, as well as in cultured dermal fibroblasts from patients with MFSD8 missense mutations 

associated with FTLD (Geier et al., 2019). However, it is important to not that Sharifi et al. (2010) 

previously detected nuclear MFSD8 but described it as artefactual, highlighting the need for further 

research to explore the potential presence and role of nuclear MFSD8. 

7.4 Uncovering the MFSD8 interactome 

Cells are highly dynamic structures, where organelles are interconnected by the process of vesicular 

transport and membrane contact sites, CLN3 has recently been identified as playing a role in the 

transportation of vesicles from the Golgi apparatus to the lysosome. The communication between 

the ELV network and the nucleus is effectively facilitated by the mTOR/TFEB network. To 

establish a connection between ELV and nuclear NCL characteristics, we conducted an MFSD8 

co-immunoprecipitation (co-IP) experiment in SH-SY5Y cells to evaluate potential MFSD8 

binding partners. 

However, in the list of genes obtained from the raw data and downstream analysis comparing the 

co-IP samples with the anti-MFSD8 antibody to the control samples with IgGs, MFSD8 was not 

detected. Considering that the co-IP experiment was performed with a total of four replicates (n 

= 4), and in any of the raw data output the MFSD8 gene seemed to be detected, we assumed that 

this could be due to the unrecognition of the MFSD8 peptides by the databases used to obtain the 
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data from mass spectrometry. Additional reasons could have produced this, including different 

steps in the process of mass spectrometry, as the proteins are digested into small peptides, which 

could have generated troubles in the detection of MFSD8, as it is not the most commonly studied 

protein in the literature. Therefore, we decided to continue the analysis of the data, acknowledging 

these limitations for further conclusions.   

We found MFSD8 interactors that are linked to the regulation of mTOR signalling and are located 

in the nucleus. Intriguingly, most of the potential MFSD8 interactors are related to the control of 

RNA translation at the stress granule. A stress granule is an intracellular structure located in the 

cytoplasm that lacks a membrane and consists of mRNAs and RNA-binding proteins. Its main 

function is to control the transport and translation of mRNA at the ribosome. Stress granules have 

recently been linked to Charcot-Marie-Tooth type 2 neuropathies (Cui et al., 2023; Zeng et al., 

2023) and to CLN3 biology (Relton et al., 2023). In a similar manner to our investigation, Relton 

et al. (2023) demonstrated through co-immunoprecipitation that CLN3 also interacts with two 

crucial stress granule proteins G3BP1 and Caprin 1. In addition, Liao et al. (2019) have recently 

elucidated a new method of RNA transportation in neurons. They found that ANXA11 serves as 

a molecular tether, enabling the binding of RNA granules to lysosomes. This facilitates axonal 

transport and localised protein synthesis in specific regions. This research indicates that CLN7 and 

CLN3, in addition to their ELV function, are involved in stress granule function. However, the 

specific mechanism of their involvement remains unknown.  

Chronic and aberrant stress granules that contain the G3BP protein are frequently observed in 

several neurodegenerative diseases characterised by the accumulation of proteins, including ALS, 

FTD, AD, PD, and HD (Sanchez et al., 2021; Shukla and Parker, 2016; Vanderweyde et al., 2016; 

Wolozin and Ivanov, 2019). Accumulating evidence suggests that abnormal stress granules play a 

role in the development of neurodegenerative disorders (Sanchez et al., 2021; Shukla and Parker, 

2016; Vanderweyde et al., 2016; Wolozin and Ivanov, 2019). In ALS, the presence of disease-

causing mutations can lead to the accumulation of these proteins within stress granules. Two such 

proteins, TDP-43 and FUS, have also been identified as potential interactors with MFSD8 in this 

study. At the genetic level, there is significant overlap between FTD and ALS (Gao et al., 2017), 

with also some shared disease-causing mutations in the MFSD8 gene in some cases. Additionally, 

ALS and FTD are regarded as two extremes of a spectrum disorder, sharing similar changes in 

essential biological processes, including stress granule assembly and disassembly (Gao et al., 2017). 

Therefore, considering that ALS and FTD also share disease-causing mutations in MFSD8 in some 

cases, the common alterations occurring in these adult neurodegenerative disorders in stress 

granule dynamics may have a link with CLN7, which would need further investigation. 
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7.4.1 Potential novel hypothesis on the mechanism of MFSD8 

Altogether, our data show strong evidence of the potential multifunctionality of MFSD8. This 

protein is known to act as a chloride channel on the outer surface of ELV membranes (Wang et 

al., 2021), and we have also discovered a novel nuclear function that was not previously reported. 

It is quite probable that this nuclear function relates to the transportation of RNA from the nucleus 

to the cytoplasm and its link with the regulatory stress granule. Essentially, this would lead to the 

integration of lysosomal and nuclear stress responses that go beyond or are connected to the 

mTOR/TFEB pathway. Our suggested new hypothesis is that MFSD8 is present in at least two 

protein isoforms: the full-length MFSD8 (57 kDa) and the MFSD8Δex7/8 isoform formed through 

alternative splicing (50 kDa). Some of the MFSD8 isoforms can undergo post-translational 

modifications, such as glycosylation and phosphorylation (as demonstrated in Chapter 5, section 

5.5), as well as protease cleavage, which may generate further functional variants. Furthermore, 

the increasing similarities between the biology of CLN7/MFSD8 and CLN3 (Relton et al., 2023) 

may improve our understanding of how mutations in these two genes contribute to the 

pathogenesis of Batten disease. However, additional research is necessary, particularly focused on 

the interactions of MFSD8 protein and its structural characteristics, to further investigate and 

validate this hypothesis.  

Future work 

Acquiring a more detailed understanding of MFSD8 biology is crucial to developing novel 

therapies for CLN7 disease. In this work, we have shown some in vitro evidence of the intricacy 

and potential innovative mechanisms and signalling pathways that could be further assessed to 

develop novel therapies to treat CLN7 disease. However, it remains clear that there are many key 

questions still to be answered and the work conducted needs further corroboration with a higher 

number of replicates and subsequent experiments.   

First, whilst these data demonstrate the possible existence of different MFSD8 variants due to 

mRNA splicing, which produces alternative transcripts with functional significance, it cannot be 

replicated by using cDNA constructs in gene therapy. It is crucial to note that the only advanced 

therapy that has demonstrated clinical effectiveness to date in treating CLN7 disease is Milasen, 

an N-of-1 therapy. Milasen is an antisense oligonucleotide specifically created to reverse an 

abnormal and distinct splicing event in the MFSD8 mRNA of one specific patient (J. Kim et al., 

2019). 

We have not yet determined whether the CLN7 disease phenotype is caused by a decrease in the 

nuclear MFSD8Δex7/8 50 kDa variant or an increase in the levels of its 37 kDa cleavage product. 
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Nevertheless, our results suggest that the ectopic expression of the full-length MFSD8 cDNA will 

not completely ameliorate the vLINCL CLN7. Therefore, additional studies are required to fully 

recapitulate the cellular and molecular mechanisms of action of MFSD8 and its potential variants, 

to gain a deeper and fundamental understanding to generate an effective therapy to treat CLN7 

patients. This further research and treatment development could help benefit patients not only 

suffering from the vLINCL CLN7 but also from other associated neurodegenerative diseases who 

carry the same disease-causing mutations as CLN7 patients. One such possible way to identify the 

MFSD8 isoforms, including the splicing variants, is to conduct long-read RNA sequencing using 

RNA or cDNA from WT and CLN7 patient-derived NPCs, with the addition of Baf A1 and a 

vehicle as a control. By conducting these experiments, the differences among the levels of MFSD8 

transcripts could be determined for each condition and MFSD8 mutation, which would contribute 

to a better understanding of the underlying pathogenesis and pathobiology of CLN7 disease. 

Additionally, these potential MFSD8 variants could be identified in control cells, followed by their 

corroboration in downstream experiments. These experiments would consist of the construction 

and transfection of the equivalent transcripts into NPCs and further assess how their 

overexpression could impact the different lysosomal and autophagy phenotypes that have been 

presented in this work, as well as to evaluate cellular apoptosis to elucidate whether these 

transcripts could be considered as therapeutic targets. 

With strong evidence suggesting that calcium (Ca2+) signalling is impaired in neurodegenerative 

diseases and considering its requirement in excitable cells like neuronal cells, it would be of great 

interest to study its potential defect in CLN7 disease (Pchitskaya et al., 2018). For this, calcium 

signalling could be assessed in WT and CLN7 NPCs carrying the p.T294K and p.R465W 

mutations to observe whether in the most severe disease-causing mutation (p.R465W) calcium 

signalling is presented as more defective. These findings could lead to the discovery of novel 

therapeutic strategies to ameliorate CLN7 disease by targeting Ca2+ entry pathways.  

Furthermore, considering the MS-based proteomics data obtained in this project and accumulating 

evidence suggesting that defective stress granules are involved in the development of 

neurodegenerative disorders (Sanchez et al., 2021; Shukla and Parker, 2016; Vanderweyde et al., 

2016; Wolozin and Ivanov, 2019), it could be of use to investigate this further. Therefore, 

additional experiments starting from the analysis of stress granule expression in WT and CLN7 

NPCs could determine whether there are differences in distinct CLN7 genotypes that can be 

associated with stress granule dynamics. Additionally, co-localisation experiments of MFSD8 and 

G3BP1, G3BP2, or Caprin-1 proteins can lead to more robust results corroborating our findings. 

Experiments focused on stress granules can not only open new avenues of CLN7 research but 
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also shed light on the discovery of novel therapeutic strategies to ameliorate CLN7 disease and 

other adult neurodegenerative diseases.  

Given that motor dysfunction is a cardinal manifestation of CLN7 disease, characterised by 

progressive ataxia (difficulty in coordinating movements), myoclonus (muscle twitches), and 

deteriorating motor skills (Simonati and Williams, 2022), the development of a CLN7 disease 

model utilizing differentiated motor neurons could be of significant consideration (Akter et al., 

2022). This approach would complement the use of NPCs to study this disease. Additionally, the 

implementation of advanced functional assays, such as multielectrode array (MEA) recordings and 

quantitative neuromorphological analyses, could elucidate potential electrophysiological and 

morphological differences between WT and CLN7 patient-derived cellular phenotypes (Halliwell 

et al., 2021; Kapucu et al., 2022; Mossink et al., 2021). A crucial consideration is the potential to 

generate iPSC isogenic controls for further differentiation. This could be achieved through the use 

of CRISPR-Cas9 or other gene-editing technologies, enabling a clear comparison between healthy 

cells and those harbouring disease-causing mutations. This will ensure that any observed 

phenotypic differences can be attributed directly to the mutation rather than other genetic 

variations. Overall, these approaches may provide additional valuable insights into the 

pathophysiological mechanism underlying the motor deficits observed in CLN7 disease and 

potentially identify novel therapeutic targets. 

General conclusion 

In conclusion, this thesis has examined the molecular biology of MFSD8 associated with the most 

common disease-causing mutations (p.T294K and p.R465W). This has been achieved through the 

use of NPCs derived from iPSCs as a novel in vitro model to study the vLINCL CLN7 that can 

closely recapitulate the phenotype of neuronal cells in CLN7 disease. Significantly, these data 

demonstrate the inherent differences between CLN7 and healthy NPCs in MFSD8 expression and 

cellular localisation. Furthermore, these data suggest an autophagic-lysosomal deficiency, as well 

as mitochondria dysfunction, consistent with previous studies, potentially leading to the 

dysregulation of neuronal cells in CLN7 disease, causing pathological phenotypes and leading to 

the progression of this devastating disorder. Finally, through MS-based proteomics, this thesis 

opens new directions in the study of the CLN7 disease by focusing on potential novel MFSD8 

interactors, which could lead to the discovery of more effective therapeutic modalities that prevent 

the failure of the development of CLN7 disease treatment.  
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Appendix 

 

Supplementary Figure 6. 1. Ribosomal proteins from KEGG pathway analysis. Schematic representation of the 

proteins constituting the ribosomes obtained from the KEGG pathway analysis of the list of the potential genes 

interacting with MFSD8. The genes highlighted in red represent the identified genes from the co-IP and MS-based 

proteomics performed on SH-SY5Y cells to study the potential MFSD8 interactors. 
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Supplementary Figure 6. 2. Proteins involved in RNA degradation from KEGG pathway analysis. Schematic 

representation of the proteins involved in RNA degradation obtained from the KEGG pathway analysis of the list of 

the potential genes interacting with MFSD8. The genes highlighted in red represent the identified genes from the co-

IP and MS-based proteomics performed on SH-SY5Y cells to study the potential MFSD8 interactors. 

 



APPENDIX 
 

 

194 

 

 

Supplementary Figure 6. 3. Proteins involved in ribosome biogenesis in eukaryotes from KEGG pathway 

analysis. Schematic representation of the proteins that play a role in ribosome biogenesis obtained from the KEGG 

pathway analysis of the list of the potential genes interacting with MFSD8. The genes highlighted in red represent the 

identified genes from the co-IP and MS-based proteomics performed on SH-SY5Y cells to study the potential MFSD8 

interactors. 
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Supplementary Figure 6. 4. Proteins involved in Coronavirus disease from KEGG pathway analysis. Schematic 

representation of the proteins participating in Coronavirus infection obtained from the KEGG pathway analysis of 

the list of the potential genes interacting with MFSD8. The genes highlighted in red represent the identified genes 

from the co-IP and MS-based proteomics performed on SH-SY5Y cells to study the potential MFSD8 interactors. 
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Supplementary Figure 6. 5. Spliceosome components from KEGG pathway analysis. Schematic 

representation of the proteins that form the spliceosome obtained from the KEGG pathway analysis of the 

list of the potential genes interacting with MFSD8. The genes highlighted in red represent the identified genes 

from the co-IP and MS-based proteomics performed on SH-SY5Y cells to study the potential MFSD8 

interactors. 
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Supplementary Figure 6. 6. Proteins involved in mRNA surveillance from KEGG pathway analysis. Schematic 

representation of the proteins that participate in the mRNA surveillance pathway obtained from the KEGG pathway 

analysis of the list of the potential genes interacting with MFSD8. The genes highlighted in red represent the identified 

genes from the co-IP and MS-based proteomics performed on SH-SY5Y cells to study the potential MFSD8 

interactors. 
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