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Summary 

Pathophysiology of Niemann-Pick Type C and Fabry diseases with 

Emphasis on Membrane Composition and Protein Trafficking 

 

Hadeel Shammas  

 

Lysosomal storage diseases (LSDs) are a group of progressive inherited metabolic 

disorders caused by compromised function of lysosomal proteins/enzymes. This 

leads to a progressive lysosomal accumulation of metabolites or untrafficked 

molecules in the late endosomes/lysosomes (LE/L).  

In our study we focus on two LSDs: Niemann-Pick disease type C (NP-C) 

(cholesterol storage disease) and Fabry disease (FD) (glycolipid storage disease). 

NP-C disease is caused by a mutation in the lysosomal protein NPC1 (95 % of the 

cases) or NPC2 (5 % of the cases). The clinical spectrum of NP-C ranges from a 

neonatal fatal disorder to adult-onset cases. Our aim was to understand the 

implication of particular mutations at the molecular leveland its correlation with 

clinical parameters like the age at onset of symptoms and the severity of the disease. 

To analyse the structural features, maturation pathways and subcellular localization 

in common mutations of NPC1, a cDNA construct harboring the mutation of interest 

was generated using site-directed mutagenesis PCR and expressed in mammalian 

cells.Interestingly, we were able to classify NPC1 mutants into three different clusters 

according to their trafficking pattern along the secretory pathway and their 

localization in the cellular compartments. The first cluster included mutations that 

were blocked in the ER as immature mannose-rich proteins, while the second group 

comprised mutations that were partially trafficked through the Golgi to the lysosomes. 

The third cluster included mutations that exhibited a pattern of trafficking and 

localization similar to the wild type. In addition, the three classes varied also in their 
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association with lipid rafts (LRs) and in their turnover rate. This is the first molecular 

analysis that relates different mutations in NPC1 with the trafficking behavior of 

NPC1 protein along the secretory pathway. These results can explain the variable 

biochemical presentation among the patients, the heterogeneity of symptoms and the 

response towards the current therapeutic agent for NP-C N-butyldeoxynojirimycin 

(NB-DNJ, Miglustat). The concept in this study might help to correlate the genotype 

with the clinical phenotype of NP-C disease and propose a mutation-based 

personalized therapeutical approach. 

On the other hand, the disruption of lipid homeostasis is a major feature inFD,in 

which the malfunction of alpha-galactosidase A (GLA) causes accumulation of 

glycosphingolipids (GSLs) in the lysosomes. Since GSLs are one of the major 

components in LRs together with cholesterol, we suggested that the LRs composition 

in FD might be impaired as downstream consequences of cellular lipid alteration.Our 

results indicate that the N215S mutation causes impairment of GLA trafficking 

revealed by the treatment of the protein with endoglycosidase H (endo H). The 

consequence of the defect in trafficking of GLA was investigated by analyzing LR 

composition. Interestingly, abnormalities in LRs composition in the Fabry fibroblasts 

were observedbased on the altered distribution of flotillin-2 in addition tocholesterol 

and GLSs analysis. Moreover, treatment of Fabry cells with 50µM or 100µM 

Miglustatrevertedthe LRs to a wild type-pattern. In this study we were able to show 

that LRs play a keyrole inLSDs. Thismayhelp to better understand the 

pathophysiologyin LSDs and possiblyidentify novel biomarkers. 
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Zusammenfassung 

 

Untersuchung der pathophysiologischen Veränderungen der 

Membranzusammensezung und des Proteintransports bei Morbus 

Niemann-Pick Typ C und Morbus Fabry 

 

Hadeel Shammas 

 

Lysosomale Speichererkrankungen (LSDs) sind eine Gruppe progressiv 

verlaufender, angeborener Stoffwechselerkrankungen, hervorgerufen durch die 

beeinträchtigte Funktion von lysosomalen Proteinen oder Enzymen. Hierdurch 

kommt es zu einer Akkumulation von Metaboliten oder nicht transportierten 

Molekülen in den späten Endosomen und Lysososmen. 

In dieser Studie lag der Fokus auf zwei LSDs: Morbus Niemann-Pick Typ C (NP-C) 

(Cholesterol Speichererkrankung) und Morbus Fabry (FD) (Glykolipid 

Speichererkrankung) 

NP-C wird durch Mutationen der lysosomalen Proteine NPC1 (in 95% der Fälle) oder 

NPC2 (in 5% der Fälle) hervorgerufen. Das klinische Spektrum reicht hierbei von 

einer neonatalen, letalen Erkrankung bis zu einer adulten Form. Ziel der Studie war 

es, zu klären, welchen Einfluss spezifische Mutationen auf Molekülebene haben und 

ob es eine Korrelation zwischen spezifischen Mutationen und klinischen Parametern 

wie Schwere der Krankheit und Alter zum Zeitpunkt der ersten Symptome gibt. 

Zur Analyse der Parameter Struktur, Prozessierung und intrazellulären Lokalisation 

bei gängigen NPC1 Mutationen, wurden cDNA-Konstrukte mit den spezifischen 

Mutationen mittels gezielter Mutagenese (site-directed mutagenesis PCR) hergestellt 

und in Säugerzellen exprimiert. Interessanterweise war es möglich die untersuchten 

NPC1-Mutationen anhand von Parametern wie intrazellulärer Lokalisation und 

Sekretionswegen in drei unterschiedliche Gruppen einzuteilen. Die erste Gruppe 
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beinhaltet Mutationen, welche zu einer Anhäufung von unfertigen, mannosereichen 

Proteinformen im Endoplasmatischen Retikulum führen. Die zweite Gruppe hingegen 

weist Mutationen auf, welche zu einem partiellen Transport über den Golgi-Apparat 

in die Lysosomen führen. Die dritte Gruppe wird von Mutationen gebildet, welche 

hinsichtlich Transport und Lokalisation keine Unterschiede zum Wildtyp aufweisen. 

Zusätzlich unterscheiden sich die drei Gruppen in ihrer Assoziation mit lipid rafts 

(LRs) und in ihren Umsatzraten. Bei dieser Studie handelt es sich um die erste 

molekulare Analyse von verschiedenen NPC1-Mutationen hinsichtlich des Transport-

Verhaltens des NPC1-Proteins entlang der Sekretionswege. Die hier dargestellten 

Ergebnisse sind eine mögliche Erklärung für die stark variierenden biochemischen 

Merkmale der Patienten und der Heterogenität ihrer Symptome sowie der variablen 

Antwort auf das gängige Therapeutikum für NP-C, N-butyldeoxynojirimycin (NB-DNJ, 

Miglustat). Das Konzept der Klassifizierung in dieser Studie kann genutzt werden, um 

eine Korrelation zwischen dem Genotyp und dem klinischen Phänotyp der NP-C 

Erkrankung zu ziehen und stellt somit einen Ansatz für eine mutationsbasierte 

personalisierte Therapie dar. 

Die Störung der Lipid-Homöostase ist auch bei FD ein wichtiges Merkmal. Hierbei 

kommt es durch die Fehlfunktion der alpha-Galaktosidase (GLA) zu einer Anhäufung 

von Glykosphingolipiden (GSLs) in denLysosomen. Die Glykosphingolipide stellen 

neben Cholesterol einen der Hauptbestandteile der LRs dar. Daraus ergibt sich, dass 

eine Störung des Glykosphingolipid-Haushaltes bei FD möglicherweise zu einer 

veränderten Komposition der LRs führt. Mittel einer Endoglycosidase H (endo H) 

Behandlung von GLA konnte gezeigt werden, dass die N215S Mutation zu einer 

Störung des GLA-Transportes führt. Als Folge des gestörten Transportes konnte 

gezeigt werden, dass die Veränderung der LR-Zusammensetzung gestört war. Dies 

zeigte sich nicht nur bei Cholesterol und GLSs, sondern auch durch eine veränderte 

Flotilin-2 Verteilung in den LRs. Zusätzlich konnte gezeigt werden, dass eine 

Behandlung mit 50µM oder 100µM Miglustat in Fabry-Fibroblasten zu einer 

Normalisierung des Phänotyps führte. Diese Studie zeigt somit, dass LRs eine 

essenzielle Rolle in LSDs spielen und sie somit für das Verständnis der 

Pathophysiologie und als potenzielle Biomarker ein entscheidender Faktor sein 

können. 



 

 

 

 

Chapter 1 

 
Introduction 
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Introduction 

1. Lysosomal Storage Diseases (LSDs) 

Lysosomal storage diseases (LSDs) have been described by Hers in 1965 (Hers 

1965). These are a group of almost 50 types (Meikle et al, 1999) of diverse metabolic 

disorders that are typically inherited as autosomal recessive traits (Platt et al, 2009). 

LSDs result from a deficiency of lysosomal hydrolytic activity or lipid transport 

(Schultz et al, 2016). Although LSDs are individually rare with an incidence of about 1 

in 7000 to 8000 live births (Meikle et al 1999; Poorthuis et al, 1999), they are among 

the most common diagnosed neurodegenerative diseases that cause morbidity in the 

pediatric population (Wilcox 2004)(Fig 1). 

 

 

Figure 1: Timeline of lysosomal storage disorders (LSD) discovery and their effect on 

different cell biology features (Parkinson-Lawrence et al, 2010). 

 

These diseases typically present in infancy or early childhood (Beutler 2006). Adult-

onset cases also occur and are under-diagnosed due to the similarity in the 

symptoms with other neurodegenerative disease (Rapola 1994). LSDs are 

characterized by the accumulation of storage molecules in the late 

endosomes/lysosomes compartments (LE/L) (Wraith 2002; Platt et al, 2008). Even 

though LSDs are monogenic multiple mutations can cause a reduction or a complete 
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loss of enzyme activity (Segatori 2014). These mutations affect the function of either 

the soluble lysosomal hydrolases, which are involved in the degradation of 

macromolecules (Platt et al 2009) or the non-enzymatic lysosomal soluble and trans-

membrane protein (LMPS)(Wilcox 2004). The mutation in a lysosomal 

protein/enzyme leads to lysosomal accumulation of undegraded macromolecules, 

such as sphingolipids, glycoproteins, sulfatides, oligosaccharides, sphingomyelin, 

gangliosides GM1 and GM2. The accumulation of these products causes an 

enlargement of the lysosomes that will occupy the intracellular space, which 

subsequently interferes with cellular functions and leads to deterioration of cellular, 

tissue and eventually organ function. As a consequence, severe symptoms and 

premature death might occur (Futerman et al, 2004; Ballabio et al, 2009; Vitner et al, 

2010). Almost all LSDs are progressive, however, it should be emphasized that the 

type and the amount of substrates accumulating in the lysosomes determine the 

extent and the severity of LSDs (Wilcox 2004). 

 

1.1. Classification of LSDs 

There are two complementary distinct classification schemes for LSDs. The first 

scheme classifies the disease based on the nature of the accumulated substrate 

(Platt et al 2009). This method was clinically well accepted but there are essential 

points that make it not fully systematic. For example, in some LSDs like Fabry, 

Gaucher and Tay-Sachs, the accumulated substrate varies from 

globotriasylceramide, glucosylceramide, and GM2 ganglioside, respectively. 

However, they were all classified as sphingolipidoses, based on the accumulation of 

the primary sphingolipid in the affected cells (Futerman et al 2004). It must be 

emphasized, however, that each hydrolase can act on more than one lysosomal 

substrate and this non-specificity will subsequently cause an accumulation of more 

than one compound. For instance, in GM1 gangliosidosis the deficiency of ß-

galactosidase leads to the accumulation of sphingolipids, oligosaccharides and 

keratan sulphate (Ballabio et al 2009).  Moreover, the diversity of the clinical 

manifestations of LSDs suggested that the secondary biochemical pathways involve 

the storage of more than one compound (Fuller 2010). For example, secondary 

accumulation of GM2 and GM3 in Niemann- Pick disease type C (NP-C), which is 
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characterized by the accumulation of cholesterol and sphingolipids, might be due to 

the (secondary) defect in lysosomal calcium homeostasis (Lloyd-Evans et al, 2008).  

The previously described method resulted in incorrect disease characterization. 

Therefore, the second type of classification was based on the defective 

enzyme/protein (Platt et al 2008) or the co-factors/co-activators required for 

lysosomal enzyme function(Biffi 2016). For instance, Mucolipidosis (ML II and ML III) 

were classified based on the defect in lysosomal lipases. However, it was confirmed 

later that the cause of these LSDs is the defective transport of lysosomal enzymes 

(glycosidase or sulphatase) to the lysosomes through the mannose-6- phosphate 

receptor system (Futerman et al 2004). Similarly, NP-C disease was initially 

characterized as a sphingomyelin disorder and grouped together with Niemann-Pick 

disease type A (NP-A) and type B (NP-B) under the sphingomyelinase category, 

whereas the cause of NP-C disease is the defective activity of the cholesterol 

transporter protein NPC1 or the cholesterol binding protein NPC2 (Futerman et al 

2004). Furthermore, some substrates may accumulate in neurons, but to a lesser 

extent than in fibroblasts. Therefore, the cell type used for studying these diseases is 

critical (Vitner et al 2010) (Table 1). 
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Table .1: Summerized from (Ballabio et al 2009; Parkinson-Lawrence et al 2010; Platt et al, 2012)Adapted by (Kuech et al, 2016) . 

Disease Affected protein Storage material Mechanism Affected Organs Symptoms 

Niemann-Pick 

disease type C 

 

NPC1, 

NPC2 

Cholesterol, 

Sphingolipids 

Lysosomal cholesterol and 

lipid export, 

Foam cells in visceral 

organs and neuronal 

storage 

Liver, 

CNS 

Ataxia, Dysarthria, 

Dysphagia, Dystonia, 

Dementia, Seizures, 

Hepatosplenomegaly, 

Thromobcytopenia 

Fabry disease 

 
α-Galactosidase A 

Globotriaosylceramide, 

Galabiosylceramide, 

Globotriaosylsphingosin

e, blood-group-B 

glycolipids 

Lipid storage in endothelial 

and smooth muscle cells of 

blood vessels 

Kidney, 

Heart, 

CNS etc. 

Paresthesias, 

Angiokeratoma, Renal 

failure, Stroke, Vertigo 

Cardiomyopathy,  hearing 

difficulties, Gastrointestinal 

symptoms 

Gaucher 

disease 

 

β-Glucosidase/ 

Glucocerebrosidase 

Glucosylceramide, GM1, 

GM2, GM3, GD3,  

Glucosylsphingosine 

Lipid storing macrophages 

cause dysfunction of liver, 

spleen, bone marrow 

Spleen,Liver, 

Bone marrow, 

CNS (not in type 1) 

Hepatosplenomegaly, 

Thrombocytopenia, 

Anemia, Skeletal 

deformations, Bone 

fractures 

Pompe disease 

 
α-Glucosidase Glycogen 

(Autophagic) accumulation 

in type II muscle fibers 

Skeletal muscle, 

Cardiac muscle, liver 

Cardiomegaly, Hypotonia, 

Cardiorespiratory failure, 

Hepatomegaly, Muscle 

weakness 
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1.2. Pathophysiology of LSDs 

LSDs are considered among the first genetic diseases in which the biochemical 

analysis was clarified. However, the correlation between the genetic deficiency and 

the symptoms of the disease is still not well understood. Moreover, the accumulation 

of different storage materials in various storing cells or organs causes an alteration in 

different basic cell processes, which make the understanding of the pathophysiologic 

mechanisms in LSDs a complex task and requires an integrated approach including 

genetics, biochemistry and cell biology. Additionally, many downstream pathways are 

implicated in the pathophysiology of LSDs such as alteration of signaling pathways, 

impaired calcium homeostasis, altered lipid biosynthesis and trafficking, oxidative 

stress and neuroinflammation (Neufeld 1991), alteration in cellular morphology, 

endoplasmic reticulum (ER) stress and defective autophagy (Ballabio et al 2009; 

Bellettato et al, 2010; Vitner et al 2010). 

 

LSDs are caused by defects in multiple aspects of lysosomal function. For instance, a 

mutation in a gene that encodes a lysosomal hydrolase disrupts the catalytic function 

of this enzyme, which with time leads to storage of related substrates. Notably, 

lysosomal dysfunction could result from a defect in either post-translational 

processing or the trafficking of the lysosomal enzymes. This will subsequently cause 

an accumulation of non-degraded proteins or lipids that are the substrates of the 

dysfunctional enzyme(s) (Schultz et al, 2011; Micsenyi et al, 2013). For instance, 

some mutations cause misfolding of the lysosomal protein, which results in a defect 

of its transport out of the ER. Defective glycosylation processes in Golgi apparatus 

affect either the catalytic activity of the enzyme or its targeting to the lysosomes. Any 

defect in lysosomal membrane proteins (LMPs) like transporters or regulators is 

considered as an important reason for LSDs development (Fig 2). 
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Figure 2: Potential biochemical and cellular causes of several lysosomal storage diseases 

LSDs (Futerman et al 2004). 

 

It should be emphasized, however, that regardless of the distinctive types of the 

accumulated substrates, many LSDs share common biochemical, cellular and clinical 

features. Therefore, trying to understand any LSD can extend our knowledge about 

other LSDs (Ballabio et al 2009). Almost all LSDs are considered as progressive 

disorders with a combination of visceral, neurological, skeletal, hematologic and 

cellular manifestations (Kuech et al 2016). LSDs have distinct clinical and 

pathological manifestations and different ages of onset and severity of the clinical 

symptoms. For instance, in NP-C disease the severe infantile (SI) appears normal at 

birth but the patients develop progressive neuropathological and/or visceral 

symptoms including seizures, psychiatric disturbances, developmental delay and 

motor weaknessbetween the neonatal period and infancy, which leads to death at an 

early age (Fernandez-Valero et al, 2005). Patients with late infantile (LI) form develop 

neurological and visceral symptoms at ages 3-5 whereas the onset of neurological 

symptoms in the juvenile form, which is the intermediate between infantile and adult 

forms, is at age 5-16 years (Fernandez-Valero et al 2005). Finally, the progression of 

the disease in adult patients is slower and mainly affects the peripheral organs, 

leading to symptoms like hepatosplenomegaly and skeletal dysplasia but also 

includes neurodegeneration. It is important to mention here that this heterogeneity in 

LSDs is due to different mutations that cause impairment and alteration in the folding, 

processing and catalytic activity of the enzymes. Moreover, the environmental factors 

and modifying genes play an important role in the clinical manifestation of LSDs (Biffi 

2016). 
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1.3. Therapy of LSDs 

The expansion of our knowledge about the late ensodome/lysosome (LE/L) system 

as well as the cellular mechanisms that cause the storage of undigested material in 

the cell help us to develop many therapeutic strategies for LSDs. Moreover, the 

understanding of the function of the lysosomal enzymes and the well-characterized 

animal models are considered as very important points in the development of novel 

therapies.  One considerable technical challenge that still remains is finding a therapy 

that can be effective in both central nervous system (CNS) and the peripheral 

manifestations (Platt et al 2008). The therapeutic strategies of LSDs are based on 

two approaches: 

a. Increase enzyme activity: The therapeutic concept of this method mimics the 

biological mechanism in which the cell can re-internalize the lysosomal enzymes that 

were secreted from the cell- via the mannose-6-phosphate receptors (M6PRs) on the 

cell surface. The enzyme augmentation can be done in different ways, which will 

subsequently allow the diseased cells to take up the high purity exogenous M6P-

tagged lysosomal enzymes (Platt et al 2009).  

I. Direct enzyme replacement therapy (ERT): This method was first developed 

for a patient suffering from Gaucher disease but it has also been achieved for 

patients with Fabry disease (Schiffmann et al, 2001; Beck et al, 2004)  

mucolipisaccharidosis types I, II and VI (Wraith 2002; Harmatz et al, 2004; 

Muenzer et al, 2006), and Pompe disease (Van den Hout et al, 2004; Beck 

2007).It should be emphasized, however, that the inability of the exogenous 

enzyme in this way to cross the blood brain barrier and to penetrate the CNS, 

makes the application of ERT limited (Platt et al 2008).  

II. Chemical chaperones: Because of their ability to cross the blood brain barrier 

(Schultz et al 2011), chemical chaperones have been successfully used as a 

treatment for several LSDs including Gaucher disease (Sawkar et al, 2005), 

Tay-Sachs (Maegawa et al, 2007) and gangliosidosis (Suzuki 2008). In 

principle, the chemical chaperones bind to the protein active site to promote 

the folding of the protein and to stabilize its native state (Schultz et al 2016). 

III. Bone marrow transplantation (BMT):Introduced in the 1980s, this was the first 

specific therapeutic approach to be used in a number of LSDs like severe 

mucopolysaccharidosis types I, II and VI (Hoogerbrugge et al, 1995; Peters et 
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al, 1996; Herskhovitz et al, 1999). The rationale behind this procedure is that 

transplanted bone marrow will produce cells that secrete functional enzymes 

and will be internalized by diseased cells (Wilcox 2004). The advantage in this 

method is its efficacy against the CNS; the transplanted bone marrow from 

healthy matched donors will produce functional microglia cells, which 

repopulated the brain of the patient. These cells will become a source of the 

secreted enzyme to correct other cell types in the CNS (Krivit et al, 1999). 

BMT can prevent CNS deterioration, reduce hepatosplenomegaly and improve 

cardiac functions if given to infants (prior to three years of age) before 

neurological damage is clinically evident (Futerman et al 2004). Bone and joint 

problems are not prevented but only show slower progression (Platt et al 

2009).  

IV. Gene therapy: This method is considered as the most promising and effective 

treatment for LSDs and has been studied in animal models (Sands et al, 

2006). The difference between ERT and gene therapy is that in the latter, 

patients are provided with an endogenous source of the enzyme by supplying 

a copy of the gene encoding the defective protein (Cardone 2007). This type 

of therapy can be achieved by two ways: either by direct delivery of the gene 

to specific organs, or by the genetic correction of haematopoietic stem cells 

from the patient to be able to produce the enzyme followed by the BMT 

(Poenaru 2001; Yew et al, 2013). 

V. Induced pluripotent stem cells (iPSC): Studies on human iPSC-derived cell 

transplants have assessed their efficacy for treatment of several lysosomal 

storage disorders, including Gaucher disease, Pompe disease, Fabry disease, 

Niemann-Pick types A and C1.First attempts to make use of this strategy were 

done on mice model with two LSDs metachromatic leukodystrophy (MLD) and 

Sly disease (MPS VII). This technical principle of this method is based on 

reprogramming the adult fibroblasts into iPSCs, which can be differentiated 

into different lineages such as neural precursor cells (Borger et al, 2017). It 

has been illustrated that correcting brain pathology using reprogrammed 

iPSCs was success. However, further experiments must be performed to 

ensure the effectivity of this approach in reducing disease symptoms (Doerr et 

al, 2015). 
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b. Reduce substrate biosynthesis: This therapeutic method prevents the 

accumulation of non-degraded substrates in the lysosomes. This small molecular 

therapy is termed substrate reduction therapy (SRT) (Platt et al 2009). The concept 

of this method was proposed by Norman Radin for type 1 Gaucher disease, which is 

characterized by the accumulation of glucocerebroside (glucosylceramide) due to a 

defect in β-glucocerebrosidase (β-glucosidase) (Vunnam et al, 1980; Radin 1996). 

The therapy uses a drug that inhibits the first committed step in glycosphingolipid 

(GSLs) biosynthesis, by targeting the glucosylceramide synthase (GlcCer), the 

enzyme that catalyzes the first step in the conversion of ceramide to 

glucosylceramide (Platt et al, 1994). As a result, fewer GSL molecules will be 

synthesized and enter the lysosomes and this will give the residual enzyme activity 

the opportunity to degrade these molecules and redress the balance of synthesis and 

degradation of storage material (Platt et al 2009). This method could be effective for 

any glucosylceramide-derived GSLs such as Gaucher, Fabry, GM1 and GM2 

gangliosides and NP-C disease (in which GSLs are accumulated as a secondary 

consequence) (Wilcox 2004). Moreover, as most GSLs involve CNS pathology 

(Wraith 2002) the ability of these molecules to cross the blood-brain barrier (BBB) 

and reverse the CNS pathology give it the advantage over the ERT (Jeyakumar et al, 

2005). A chemical compound that is currently used at clinical stage for both Gaucher 

disease and NP-C disease is the imino sugar drug N-butyldeoxynojirimycin (OGT 

918, NB-DNJ, Miglustat, Zavesca) that inhibits the ceramide-specific 

glucosyltransferase GlcCer synthase (Platt et al 1994; Futerman et al 2004). It is 

derived from nojirimycin, a natural glucose analogue found in certain species of 

Streptomyces (Inouye et al, 1968). Miglustat is currently the only EMEA-approved 

treatment for NP-C disease (Patterson et al, 2007; Patterson et al, 2012). It is 

considered as a disease-modifying agent that reverses the lipid abnormality in NP-C 

patients (Fig 3). 
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Figure 3: Chemical structures of a) nojirimycin, b) 1-deoxynojirimycin and c) N-butyl 

deoxynojirimycin 

 

Miglustat is a competitive inhibitor for ceramide and a non-competitive inhibitor for 

uridine diphosphate-glucose (Butters et al, 2005). It has the ability to cross the BBB 

and hence, it has the potential to reduce the manifestations of the disease in the 

CNS and in the peripheral tissues. 

Miglustat was originally developed as a drug against HIV-infection (Ficicioglu 2008), 

pharmacological testing revealed its effect on glucosyltransferase. However, at 

clinical level using Miglustat on HIV patients was unsuccessful due to the adverse 

effects of required antiviral concentrations of Miglustat (Tierney et al, 1995). 

 

The ability of Miglustat to reduce substrate burden in LSDs has been demonstrated 

first in an in vitro model of Gaucher disease (Platt et al 1994; Alfonso et al, 2005). 

Additionally, Miglustat blocked the development of disease symptoms in Tay-Sachs-

disease mouse model by preventing the storage of GSLs in the CNS (Platt et al, 

1997). However, the storage amount of GSLs in the peripheral organs (e.g. liver) was 

remarkably more declared than in the CNS, indicating that a small portion of orally 

administrated drug is able to reach the brain (Butters et al, 2003). Studies in mouse 

models for Fabry, GM1 gangliosides and NP-C revealed the general utility of this 

drug in LSDs (Zervas et al, 2001; Heare et al, 2007; Elliot-Smith et al, 2008). 

However, Miglustat shows adverse effects, although it has been well tolerated by the 

majority of patients studied (Elstein et al, 2004; Heitner et al, 2004; Pastores et al, 

2005). The most common adverse events include diarrhea due to the inhibition of 
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intestinal disaccharidases (Butters et al 2003; Amiri et al, 2016), weight loss and 

tremor which are related to possible peripheral neuropathy (Elstein et al 2004). It 

should be kept in mind that the amount of drug that crosses the BBB and the level of 

residual enzyme activity determine the efficacy of SRT (Platt et al 2008). Therefore, 

Miglustat has significant therapeutic benefits for juvenile or adult patients where a 

substantial amount of active enzyme is still available (Cox et al, 2003; Jeyakumar et 

al 2005). However, in infantile-onset disease cases, the benefit of Miglustat is limited, 

due to the low level of residual enzyme (Jeyakumar et al, 1999). In this case, the 

combination of SRT with ERT, targeting the secondary consequences of the storage 

such as CNS inflammation (Jeyakumar et al, 2004), or modulating the calcium 

homeostasis (Ginzburg et al, 2004), can play a key role for clinical management of 

LSDs.  

 

Finally, in LSDs the damage of the lysosomes may cause lysosomal membrane 

permeabilization. This situation triggers the cascade that can lead to cell death, due 

to the accumulation of ubiquitinated proteins in the cytosol of neurons of NP-C brain 

(Micsenyi et al 2013). This leakage of lysosomal contents into the cytosol of neurons 

is considered as an important reason for the disease neuropathology. Therefore, any 

attempt to find a new therapy for LSDs that targets the lysosomal quality control 

pathway should take this point in consideration (Schultz et al 2016) (Fig 4). 

 

 

 

 



Chapter 1. Introduction 

16 
 

 

Figure 4: Treatment strategies for lysosomal storage disease LSDs (Futerman et al 2004). 

 

2. Niemann-Pick disease type C (NP-C) 

NP-C disease is an autosomal recessive neurodegenerative disease which belongs 

to the group of LSDs. It is a severe fatal lipidosis disease, caused by loss of function 

of either NPC1 (95 % of cases) or NPC2 (5 % of cases) (Carstea et al, 1997; Loftus 

et al, 1997). NP-C disease was described by Albert Niemman and Ludwig Pick in the 

early 20th century (Pentchev 2004) with two other types, namely NP-A and NP-B 

(Kolodny 2000). NP-C disease differs from NP-A and NP-B in the type of 

accumulated substrate. The last two are characterized by sphingomyelin 

accumulation due to the deficiency in lysosomal sphingomyelinase activity (Brady et 

al, 1966), whereas NP-C is characterized by a prominent intracellular accumulation of 

unesterefied cholesterol (Liscum et al, 1989), bis-monoacylglycerol phosphate 

(Kobayashi et al, 1999) and GSLs (Watanabe et al, 1998) in the degenerative 

compartments of the endocytic pathway (Simons et al, 2000). However, the type of 

GSLs varies in different tissues: gangliosides GM2 and GM3 (Watanabe et al 1998; 

Zervas et al 2001; te Vruchte et al, 2004) accumulate in the CNS, whereas 

sphingomyelin is most significantly accumulated in peripheral tissues (Simons et al 

2000; Lloyd-Evans et al, 2010). It is suggested that the accumulation of one lipid (e.g. 

cholesterol) in the LE/L can lead to the concomitant 
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accumulation of other lipids such as GSLs (Simons et al 2000). Recent studies have 

suggested the chronology of events in NPC1 cells in which the lipid accumulation 

starts with sphingosine leading to alterations in calcium homeostasis and 

downstream accumulation of cholesterol and GSLs (Lloyd-Evans et al 2008; 

Tharkeshwar et al, 2017). 

However, it is still unclear whether the accumulation of cholesterol in NPC1 deficient 

cells is a secondary event that happens as a result of the primary accumulation of 

gangliosides or vice versa (Borchardt et al, 1987; Goldin et al, 1992; Noga et al, 

2002). 

NP-C disease can affect the viscera (liver, spleen, and sometimes lung) and CNS 

with the most common symptoms (over 70% of cases) being clumsiness, learning 

difficulties (Garver et al, 2007), saccadic eye movement abnormalities, cerebellar 

ataxia, dysphagia, dysarthria, dysmetria (Vanier 2010; Helquist et al, 2013) and 

vertical gaze palsy (Salsano et al, 2012). The neuropathology of NP-C disease 

includes neurodegeneration, neuroinflammation, loss of Purkinje cells in the anterior 

cerebellar lobules (Walkley et al, 2004; Elrick et al, 2010), delayed forebrain 

myelination (Yu et al, 2011) and reactive gliosis (Yu et al, 2013). However, a 

comprehensive understanding of the neurological problems in NP-C disease is still 

missing. The key question is whether the neurological problems are due to the 

overflow of lipids in the LE/L, or to the absence of these lipids from other cellular 

compartments because of their entrapment in the LE/L.  

The clinical manifestation of NP-C disease is heterogeneous, and the spectrum of the 

disease ranges from a neonatal potentially fatal liver failure to an adult-onset 

neurodegenerative disease (Vanier 2010). The progressive neurological impairment 

is due to the loss of functional NPC1 protein in the nervous system (Loftus et al, 

2002). The incidence of severe NP-C is approximately 1/92,104 live births and 

estimated at 1/19,000-1/36,000 for the late-onset NP-C phenotype (Wassif et al, 

2016). 

The diversity of clinical symptoms, the wide range in age of onset, in addition to the 

variation in the severity of the cellular cholesterol lesion, make the clinical diagnosis 

of NP-C disease difficult. Staining of cultured fibroblasts with filipin (a fluorescent 

sterol binding compound which detects lipid accumulation in the lysosomes) is 

frequently performed, supplemented by genetic testing (Jiang et al, 2016). This 

method helps to distinguish between the severe and the mild alteration in cellular 
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cholesterol, which are known as classic and variant biochemical phenotypes 

respectively (Vanier et al, 1991). Several plasma biomarkers (e.g. cholestane-

3β,5α,6β-triol, lysosphingomyelin isoforms) and bile acid metabolites are elevated in 

NP-C disease. Although these biomarkers have been added to the spectrum of 

diagnostic procedures, they did not offer the prominent and essential standard test 

for NP-C disease (Vanier et al, 2016). In fact, high oxysterol levels can be 

unspecifically found in neonatal cholestasis, thus cholestasis might be a pitfall (Polo 

et al, 2016). 

 

2.1. Treatment strategies for NP-C disease 

Due to the improved understanding of NP-C disease pathogenesis and the growing 

knowledge about protein folding/trafficking and lipid homeostasis in health and 

disease, several approaches and targets for modulating NP-C lipid storagehave been 

developed. The following section describes the various therapeutic strategies being 

used:  

I. Substrate reduction therapy SRT: By using Miglustat that inhibits the 

ceramide-specific glucosyltransferase is currently the only EMEA-approved 

treatment for NP-C (Patterson et al 2007; Patterson et al 2012).  

II. Autophagy induction: A study of the neurons of NPC1 mice and patients’ 

fibroblasts revealed an accumulation of autophagosomes due to the defect in 

the fusion with the lysosomes (Tharkeshwar et al 2017). This subsequently 

impaired the autophagy process within the cells (Schultz et al 2016). 

Moreover, it has been suggested that the induction of macroautophagy could 

improve many neurological diseases (Rubinsztein et al, 2007). In this case 

autophagy induction could be a beneficial alternative pathway to clear the 

accumulated substrates (Sarkar et al, 2013; Schultz et al 2016).  

III. Molecular chaperones: Such as the Hsp70 family, which are considered as 

potential therapeutic targets based on their function to promote either the 

folding or the degradation of misfolded proteins by recruiting the ubiquitination 

machinery (Schultz et al 2016).  

IV. Histone deacetylase inhibitors (HDACi): Recently, it was found that increasing 

gene expression by inhibiting the enzymes that deacetylate histones and other 

proteins using HDACi can effectively reduce the cholesterol accumulation in 
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fibroblasts derived from NPC1 patients (Helquist et al 2013). HDACi could also 

diminish cholesterol accumulation in NPC1 null neural stem cells (Yang et al, 

2006; Kim et al, 2007; Pipalia et al, 2011).  

Researchers in NP-C disease focused on chemical chaperon such as 

oxygenated derivatives of cholesterol, or oxysterols that has been reported 

today as a biomarker for NP-C disease (Porter et al, 2010; Jiang et al, 2011).  

V. 2-hydroxypropyl-β-cyclodextrin (HPβCD): Other therapeutic strategies aimed 

to develop cholesterol removing agents such as 2-hydroxypropyl-β-

cyclodextrin (HPβCD) (Ottinger et al, 2014), which is composed of glucose 

units in a ring configuration (Fig 5). The systematic administration of 

cyclodextrin causes a reduction of the lipid storage in the peripheral organs 

(Liu et al, 2009; Ramirez et al, 2010). The studies in animal models, clinical 

studies and the patient case reports all support the disability of HPβCD to 

cross the blood brain-barrier (BBB) (Calias 2017). Moreover, It has been 

reported that cyclodextrin has adverse effects on cell viability, in addition to its 

cytotoxic effect (Kline et al, 2010) and loss of hearing (Ward et al, 2010). The 

clinical studies demonstrated that cyclodextrin is able to restore neuronal 

cholesterol homeostasis and to slow in the progression ofneurological 

symptoms (Ory et al, 2017). 
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Figure 5: Structure of 2-hydroxypropyl-β-cyclodextrin (HPβCD) (Calias 2017). 

 

2.2. NPC1 protein structure and function 

NPC1 is a large multispan transmembrane glycoprotein localized predominantly in 

late endosomes and may cycle between these compartments and the trans-Golgi 

network (TGN) (Higgins et al, 1999). Human NPC1 cDNA sequence predicts a 

protein consisting of 1278 amino acid with an estimated molecular mass of 190kDa 

(Liscum et al, 1995; Watari et al, 1999). NPC1 is composed of 13 transmembrane 

domains (TMD), three big luminal domains/loops and a small cytoplasmic tail (Davies 

et al, 2000). Domain A, which is known as leucine zipper motif is connected to TM1. 

The middle loop or domain C is connected to TM2, while the third loop, the cyctein-

rich loop or domain I, is connected to TM8 (Davies et al 2000; Watari et al, 2000; 

Gong et al, 2016). The region from TM3-TM7 comprises a sterol sensing domain 

(SSD) (Carstea et al 1997). Interestingly, NPC1 shares this region with other proteins 

that are involved in cholesterol homeostasis such as the sterol-regulatory-element-

binding protein (SREBP) (Simons et al 2000; Vance 2006) (Fig 6). 
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Figure 6:Structural model of the Human NPC1 (Gong et al 2016). 

 

It should be mentioned here, that the precise function of both lysosomal proteins 

NPC1 and NPC2 in facilitating the egress of lipids, and particularly cholesterol out of 

the lysosomes is still not clear (Vance 2006). It has been suggested that both 

proteins bind the cholesterol at opposite ends, and this allows them to handle the 

cholesterol and facilitate its efflux out of the lysosomes (Infante et al, 2008). The 

studies suggested that after the endocytosis of the low-density lipoprotein (LDL) 

complex, the derived cholesterol is trafficked to particular vesicular structures within 

the lysosomes, known as inner lysosomal membranes. Afterwards, the cholesterol 

reaches NPC1 protein through a mechanism called ‘’hydrophobic handoff’’ (Kwon et 

al, 2009; Wang et al, 2010). According to this mechanism, domain C of NPC1 protein 

recruits NPC2 protein (Deffieu et al, 2011), which extracts the lipids in these inner 

membranes and transfers them to domain A of NPC1 protein (Infante et al 2008; 

Wang et al 2010; Gong et al 2016; Schultz et al 2016). In the last stage NPC1 works 

as a lipid exporter and transports the cholesterol and the lipids out of the LE/L system 

(Davies et al 2000). It is not well understood yet whether NPC1 mediates the 
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insertion of cholesterol into the limiting membrane of the lysosomes or if it does really 

pump it through the membrane (Schultz et al 2016). Interestingly, studies revealed 

that a deletion of a cytosolic ER linker protein caused an accumulation of unesterified 

cholesterol in the lysosomes (Du et al, 2011), indicating that NPC1 interacts and 

transfers the cholesterol to an ER-anchored protein, oxysterol-binding protein–related 

protein 5 (ORP5) that is implicated in lipid transfer between the ER and other 

membranes (Yu et al, 2014; Du et al, 2018). 

 

2.3. NPC1 Biosynthesis 

NPC1 biosynthesis starts in the ER and follows the secretory pathway to TGN. 

Afterwards, this protein is transported from TGN via clathrin coated vesicles to its 

final intracellular destination in the LE/L system (Trowbridge et al, 1993; Traub et al, 

1997; Bonifacino et al, 2003). Several studies tried to understand the mechanism 

underlying the trafficking of NPC1 to its proper location. However, these studies 

came out with contradictory reports concerning the signals involved in this 

mechanism. NPC1 protein can reach the LE/L system either through a direct pathway 

from TGN to the LE/L compartment, or through an indirect route via the plasma 

membrane. The indirect pathway of NPC1 trafficking can give an explanation to the 

unexpected function of NPC1 in controlling the internalization of filovirues such as 

Ebola (Poirier et al, 2013). Two common signals in NPC1 are responsible for 

targeting the transmembrane proteins to the endosomes and lysosomes. These 

signals are the tyrosine-based signals and dileucine-based motifs. It was suggested 

that the adapter proteins of the clathrin-coated vesicles interact with these signals to 

mediate the sorting of the transmembrane proteins (Setaluri 2000). An interesting 

study by Poirier et al provided evidence that the fully functional cytosolic clathrin 

adaptor AP-1A complex targets both lysosomal proteins NPC1 and NPC2 to LE/L 

compartments. This process is essential to conserve the intracellular lipid 

homeostasis (Poirier et al 2013).  

Watari et al elicited that the putative dileucin motif, which is localized at the C 

terminus of the cytoplasmic tail of NPC1 has an essential role in the sorting of NPC1 

to the LE/E compartments. They confirmed this suggestion by showing that any 

truncation of this motif will subsequently abolish the NPC1 protein function (Watari et 

al 1999). 
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However, one year later, a study from Davis and Loannou revealed contradictory 

results. They proved that the total removal of the 27-amino acids from the 

cytoplasmic tail did not influence the protein capability in correcting the NPC1 

phenotype. This indicated that the motif is not critical for NPC1 localization to LE/L 

(Davies et al 2000). So the question still remains: which regions / signals in NPC1 are 

essential for the delivery of the protein? 

Other studies showed that the tyrosine motif at position 16 (Tyr16) of the cytoplasmic 

tail mediates the targeting of the protein from TGN to lysosomes (Hunziker et al, 

1996). Cysteine residue (Cys10) of the cytoplasmic tail has been reported by 

Schweizer et al to influence the trafficking of NPC1 protein (Schweizer et al, 1996). 

A study by Scott et al confirmed that the proper targeting of NPC1 to its final 

destination requires the combination of various regions within the protein.They 

confirmed that the truncation of 4 and 8 amino acids at the C-terminal end resulted in 

a predominant retention of NPC1 protein in the ER. This indicates that these 

sequences are critical for directing the protein to LE/L by concentrating the NPC1 

protein in COPII-coated vesicles prior to ER Golgi transport. Moreover, they showed 

that a mutation in the C-terminal dileucine motif did not interrupt the function of the 

mutated protein in correcting the filipin-positive NP-C phenotype. Therefore, it has 

been hypothesized that the dileucine motif is not essential for directing NPC1 to its 

location (Scott et al, 2004). On the other hand, Watari et al showed that a mutation in 

the dileucine motif resulted in an increase trafficking of the mutated protein to late 

endosomes via the plasma membrane not via the tarns-Golgi-network (Watari et al 

1999). Thus, it was further suggested that this motif plays a crucial role in 

internalizing the mis-localized NPC1 by retrieving it from the plasma membrane. 

Additionally, any mutation in (Tyr16) or (Cys10)  of the cytoplasmic tail, or even the 

deletion of the entire transmembrane domain 13 (TM13) did not influence  NPC1 

function, indicating that the cytoplasmic tail of NPC1 protein is not critical for the 

localization or the function of the protein, but it is, however, important for ER 

maturation and export. Most interestingly, Scott et al suggested that the 

transmembrane domain 3 (TM3) alone contains important targeting information that 

facilitate the targeting of the protein to the LE/L system by both direct and indirect 

pathways via the TGN and plasma membrane route respectively (Scott et al 2004). 
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We should highlight here, however, that the structure and the functional mechanisms 

of TM3 is still unclear. Moreover, understanding how the various domains are 

organized also needs to be elucidated. 

 

3. Fabry disease (FD) 

Fabry disease (FD) (OMIM 301500)- also known as Anderson disease in the 

Angloamerican literature- has been described by Johannes Fabry and William 

Anderson in 1898 (Anderson 1898; Fabry 1898). It is LSD inherited as an X-linked 

trait, with the defective gene located on the long arm of the X-chromosome (Xq22.1) 

which encodes the alpha-galactosidase A (GLA) enzyme (Mehta 2002). Therefore, 

the clinical picture in hemizygous males is frequently more severe as compared to 

the milder phenotype in female hemizygotes (Olivera-Gonzalez et al, 2018). The 

estimated incidence is 1:40,000 to 1:100,000 (Meikle et al 1999), however, the 

newborn screening surveys and the unspecific clinical features suggest that the 

incidence may be 1:3,100 in male newborn (Spada et al, 2006). More than 599 

mutations have been identified (Desnick et al, 2003) with no clear genotype-

phenotype correlation (Desnick et al, 2001). 

FD is a multisystemic disease involving many organs. The onset of the disease in the 

male usually occurs in childhood to adolescence (Das et al, 2009). Moreover, the 

symptoms vary according to the age of onset; in childhood the first characteristic 

clinical feature is angiokeratoma, which is accompanied by acroparesthesia (burning 

pain in the extremities), and hypohidrosis (Ries et al, 2003; Ramaswami et al, 2006; 

Hopkin et al, 2008; Das et al 2009). Other common presenting signs include fatigue 

and cornea verticillata. The adolescence symptoms include proteinuria, renal 

dysfunction, gastrointestinal problems and elevated cardiac mass in addition to white 

matter lesions that were observed in MRI images. Adult patients show chronic kidney 

failure and cardiac hypertrophy, hearing loss and cerebral symptoms/stroke 

(MacDermot et al, 2001). The clinical features and the disease severity in female 

hemizygotes can extremely vary due to lyonization (Lyon 1989). 

 

3.1. Biochemical basis and disease pathology 

FD is characterized by the accumulation of GSLs, predominantly 

globotriaosylceramide (Gb3, also referred to as ceramidetrihexoside) (Desnick 
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2001)due to the deficiency in the lysosomal enzyme alpha-galacosidase A (GLA)(EC 

3.2.1.22)  , which is responsible for the degradation of Gb3 (Kint 1970; Kint 1970). 

GLA is encoded by the GLA gene, which is localized to the chromosomal region 

Xq22 (Bishop et al, 1988). It is a glycoprotein with complex glycosylated form that 

appears as a 48-kDa and immature mannose-rich form that appears as a 41-kDa 

Protein (Elder et al, 1982). GLA is transported to the lysosome via the M6P - 

pathway.  

This enzyme is translated to a homodimer that hydrolyses the terminal alpha-

galactosyl moieties from glycolipids and glycoproteins. Additionally, GLA 

predominantly hydrolyzes ceramidetrihexoside, and it can catalyze the hydrolysis of 

melibiose into galactose and glucose. A substitution of amino acids that are located 

in the core region of the protein or in the functionally important region, including the 

active-site pocket or even far away from the active site, is responsible for the protein 

loss of function and the disease onset (Fig 7). 

 

 

Figure 7: The structure of human alpha-galactosidase A. 

 

It has been revealed that the elevated concentration of GSLs in FD is not limited to 

lysosomes, but it was also observed in the plasma (Aerts et al, 2008). Although the 

deficient enzyme is known, the pathogenetic mechanism is still not well understood. 

The deposition of glycosphingolipids is also observed in organ cells like epithelial 

cells, corneal cells and cardiomyocytes (Kelly et al, 2000). In the CNS the Gb3-
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storage is limited to scattered neurons in the spinal cord, brainstem, hypothalamus, 

and entorhinal cortex (Das et al 2009). 

 

3.2. Diagnosis and treatment strategies 

Several screening tests are available for FD diagnosis such as measuring the Gb3-

levels in the urine or blood, or measuring the activity of GLA in dry blood spots 

(Chamoles et al, 2001). However, these two methods are not considered as reliable 

diagnostic methods. Genetic testing is more reliable. The mass screening of the 

newborn by using different analytical tests (Gb3, enzyme activity and mutation 

analysis) has been recommended by some colleagues (Bodamer 2008; Matern 2008; 

Zhang et al, 2008; Matern et al, 2013). The treatment of FD includes several 

strategies: 

I. Enzyme replacement therapy ERT: Two enzyme preparations of the 

defective GLA are commercially available: agalsidase alpha (Replagal; 

Shire) and beta (Fabrazyme®; Sanofi-Genzyme corporation). Both 

enzymes are useful to stabilize the disease in most patients. Agalsidase 

alpha can significantly reduce plasma Gb3 levels, storage in both kidney 

and skin, in addition to promoting a remarkable reduction in the pain scores 

(Hoffmann et al, 2007). However, ERT is not able to alleviate valvular 

disease and acroparesthesia (Wang et al, 2011). Importantly, the 

neurological symptoms cannot be alleviated due to the inability of these 

enzymes to cross the blood brain-barrier (Das et al 2009) 

II. Substrate reduction therapy (SRT): In the NP-C disease, inhibition of GSLs 

synthesis by using Miglustat can redress the balance between the 

synthesis and the catabolism of the storage compounds (Abe et al, 2000; 

Aerts et al, 2003). Although Miglustat can influence the intracerebral 

manifestation due to its ability to cross the blood brain-barrier, however 

more studies are required to evaluate the clinical benefits of this imino 

sugar in FD. 

III. Pharmacological chaperone therapy: This is one of the therapeutic options 

for Fabry disease. This method relies on using a competitive inhibitor for 

GLA which only works in certain amenable mutations. This inhibitor, like 

other chaperones, stabilizes the misfolded enzyme, giving it the chance to 
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be trafficked to the lysosomes and be active in degrading Gb-3 (Wang et al 

2011) (Fig 8). 

 

 

Figure 8: Scheme shows the enzymatic function of Alpha-galactosidase A (GLA) and the 

principle of substrate reduction therapy (Das et al 2009). 

 

LSDs have generally common symptoms and share similar pathomechanism. These 

diseases share defects in protein/enzyme synthesis and trafficking. Therefore, it is 

important to understand the nature of lysosomal proteins and their function in the 

cells. The following section will describe the normal mechanisms of protein 

biosynthesis, folding, glycosylation and trafficking. 

 

4. The mechanism of protein biosynthesis, folding and trafficking 

The biosynthesis of proteins and lipids in mammalian cells is carried out at the 

cytosolic face of the ER membrane. These proteins and lipids are produced for most 

of the cell organelles, including the Golgi apparatus, lysosomes, endosomes, 

secretory vesicles, plasma membrane and the ER itself (Alberts et al, 2002). 
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Particularly, protein synthesis starts by a process called translation in which the 

mRNA is decoded in the ribosomes to produce a long chain of amino acid or what is 

called the polypeptide backbone (Varki et al, 2009). The nascent protein then enters 

the ER lumen through the Sec61 translocon complex in a process known as 

translocation (Ruddock et al, 2006); this is considered as the first obligatory step in 

the synthesis of integral membrane proteins, extra-cellular secreted proteins and the 

proteins which are destined for residence within the secretory pathway (Fewell et al, 

2009). The translocation process in mammalian cells can be co- or post- 

translational: in the first case, the import of the proteins to the ER is concomitant with 

protein synthesis such as the proteins destined for the secretory and endocytic 

compartments (ER, Golgi, endosomes, lysosomes) and to the plasma membrane. In 

the second case, however, the polypeptide enters the ER after it has been 

completely synthesized by the cytosolic ribosomes, such as cytosolic proteins as well 

as the proteins that are imported into mitochondria, nuclei and peroxisomes (Fewell 

et al 2009).   

The ‘’primary structure’’ of the protein, which is the amino acid chain ultimately 

contains the essential and basic information that determines the functions of each 

protein. However, this primary structure is not enough to make the protein functional 

for the cell. Therefore, the newly synthesized polypeptide chain undergoes a physical 

process to obtain its unique native 3-dimentional shape or ‘’conformation’’. This 

process is referred to as ‘’protein folding’’ and it results in the ‘’native’’ functional 

conformation of the protein (Hebert et al, 2007). In living cells the folding of the 

protein begins when the newly synthesized polypeptide chains enter the ER through 

the translocon complex and often when they start their posttranslational modification 

(Fedorov et al, 1997). The folding process is accomplished via the molecular 

chaperones that bind non-covalently to the newly synthesized polypeptide and 

prevent the aggregation of unfolded chains (Alberts et al 2002; Hebert et al 2007). It 

is important to mention here, that any alteration in the specialized environment of the 

ER will ultimately cause an accumulation of unfolded proteins (Ellgaard et al, 2003; 

Fonseca et al, 2009). The misfolded protein will be targeted to the ER-associated 

degradation pathway (ERAD) (Kaufman et al, 2002) or sent back to other folding 

cycles (Fig 9). However, if the protein failed in establishing its proper native 

conformation and accumulated in the ER, then the unfolded protein response (UPR) 

is triggered. All processed proteins are unable to leave the ER before attaining their 
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functional folded state via the co- and post translational modification processes. In 

these processes, proteins undergo a variety of chemical changes such as cleavage 

of specific sites in the amino acid chain, formation of disulfide bonds and the covalent 

binding of functional groups to the polypeptide chain (Chakrabarti et al, 2011). Since 

the majority of proteins synthesized in the ER are glycoproteins, we will further 

elaborate the glycosylation process in protein synthesis. 

 

 

Figure 9: Secretory pathway organelles that are involved in quality control. (Ellgaard et al 

2003). 

 

Glycosylation 

Glycosylation is the most common and widespread co- or post-translational 

modification and one of the major biosynthetic functions of the ER (Weerapana et al, 

2006). Glycosylation refers to the covalent addition of oligosaccharide chains 

(glycans) to the proteins, which subsequently influence the protein itself as well as 

several physiological processes on the cellular level. Most of the soluble and 

membrane-bound proteins are glycoproteins. However, this chemical modification 

also occurs in lipids biosynthesis resulting in the formation of glycolipids (Sola et al, 

2010). Addition of the glycan occurs during the translocation of the newly synthesized 

proteins in the lumen of the ER (Alberts et al 2002). In eukaryotic cells glycosylation 
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is classified as N-, C- or O-glycosylation. C-gylcosylation involves the attachment of 

the glycan with the proteins through the carbon-carbon bonds (Furmanek et al, 

2000). However, in the N-, and O-glycosylation it occurs through carbon-nitrogen or 

carbon-oxygen bonds respectively (Nicotra 1997; Furmanek et al 2000).  

 

N-Glycosylation 

N-glycosylation starts in the lumen of the ER, while a pre-synthesized 

oligosaccharide, held by a special lipid carrier (dolichol-pyrophosphate) (Kornfeld et 

al, 1985; Burda et al, 1999), is transferred en bloc to the polypeptide chain via the 

enzymatic action of oligosaccharyltransferase (Burda et al 1999; Spiro 2000). This 

glycan is typically composed of 14 sugars, including 2 N-acetylglucose amine, 9 

mannose, and 3 glucose residues (Alberts et al 2002). The binding of the 

oligosaccharide occurs at the side-chain NH2 group of asparagine residues through 

the Asn-X-Thr/Ser consensus sequence, where the X could be any amino acid 

except proline. This is an important step to ensure proper folding and stability of the 

newly synthesized protein. Additionally N-glycosylation regulates other cellular 

processes such as protein turnover, mediating the interaction with pathogens and 

conferring resistance to the glycoprotein against digestion by proteolytic enzymes 

(Helenius et al, 2004; Sola et al 2010). Therefore, it is considered as an essential 

step in protein biosynthesis. There are two classes of N-linked oligosaccharides, 

namely the high-mannose oligosaccharide and the complex oligosaccharide. The 

original high-mannose oligosaccharide in the ER is subjected to trimming of three 

glucoses via the sequential action of glucosidase I and II (Ruddock et al, 2006) and 

one mannose via the action of ER mannosidase. It is important to point out that the 

high-mannose oligosaccharide is used as a tag to distinguish the progression of 

protein folding. This interesting mechanism is carried out via the calnexin-calreticulin 

chaperon cycle that works when two of the three glucoses on the oligosaccharide 

have been removed (Ruddock et al 2006). Briefly, if the protein failed in establishing 

its native conformation, it will not be able to leave the ER and will be recognized by 

the ‘’ER degradation-enhancing α- mannosidase-like protein’’ (EDEM) and forwarded 

to the ERAD pathway (Määttänen et al, 2010). If the protein is properly folded, it will 

leave the calnexin-calreticulin cycle and the final glucose will be removed by α- 

glucosidase II; the protein will then be ready to leave the ER and continue its way to 

the Golgi apparatus (Ruddock et al 2006). Some inhibitors, such as Alpha-
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glucosidase inhibitors, interfere with the association of the protein with the calnexin-

calreticulin chaperon cycle by preventing the glucose trimming of the glycoprotein, 

which subsequently causes ER retention of the protein (Peyrieras et al, 1983; Parodi 

2000).  In the Golgi apparatus, the oligosaccharide undergoes further removals and 

additions of sugar residues to form the second class of N-linked oligosaccharide, the 

complex oligosaccharide, which is the type that is attached to the mature protein. 

In this pathway, Golgi mannosidase I in Golgi stacks removes three mannoses, 

followed by N-acetylglucoseamine transferase adding N-acetylglucoseamine, and 

then mannosidase II removing two mannoses. Finally, the complex form of 

oligosaccharide is completed upon the addition of N-acetylglucoseamines, 

galactoses and sialic acids (Alberts et al 2002) (Fig10).  

 

 

Figure 10: Processing of oligosaccharide in the ER and the Golgi apparatus. (Alberts et al 

2002). 

 

It must be emphasized that the N-Linked glycan looks different in each step of 

modification. The first version of the glycan that occurs in the ER helps in the proper 

folding of the protein. The second phase occurs in the ER, Golgi complex and TGN, 

whereas the third phase occurs in the Golgi apparatus (Helenius et al 2004). These 

different versions of the glycan have different functions during the biosynthesis of the 

protein; using inhibitors of N-glycosylation could be used as a method to determine 

the glycosylation status of proteins. Two important glycosidases that are 
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experimentally used to evaluate protein glycosylation are endoglycosidase H (endo 

H) and peptide: N-glycosidase F (PNGase F). Endo H enzyme can cleave the glycan 

when the core has three mannoses. So glycoproteins, upon addition of N- 

acetylglucoseamine, become resistance to endo H activity, indicating that the protein 

is in its mature form, whereas proteins that haven’t completed the glycosylation steps 

and are still considered non-mature, will be endo-H sensitive (Varki et al 2009). This 

experimental method is very effective to follow the glycosylation process of proteins, 

to distinguish between the mature versus the non-mature protein forms and to trace 

protein trafficking within the cell. Meanwhile, all forms of N-glycans are sensitive to 

PNGase F. This enzyme can cleave the linkage between the N-acetylglucoseamine 

and the asparagine (Kim et al, 2013). 

 

O-Glycosylation 

This type of glycosylation occurs in the Golgi apparatus and has several functional 

aspects. It plays a role in the sorting of glycoproteins and influences protein 

conformation as well as cell adhesion. Moreover, the O-linked glycan is involved in 

cell-cell or cell-matrix interaction and during inflammatory and immunological 

processes (Hanisch 2001). There are several types of O-linked glycans classified 

according to the terminal sugar residue: the most common one is the musin type O-

glycan, which is initiated by the additon of N-acetylglucosamine (GlcNAc) to the 

oxygen atom of a serine orthreonine residue (Tran et al, 2013). Interestingly, O-

glycans are considered as a heterogeneous family because of the variation of the 

core glycan. For instance, in the mosin O-glycan several sugars can bind the terminal 

GlcNAc (Amiri 2014) (Fig 11). 
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Figure 11: Schematic diagram of serine/threonine residues of the polypeptide attached with 

different cores of the mucin type O-glycans. Adapted by (Amiri 2014). 

 

5. Membrane trafficking 

Intracellular vesicular traffic is a highly specific mechanism in eukaryotic cells that 

refers to the trafficking of the cellular components from one intracellular membrane 

compartment to another. Two main pathways are responsible for this transport and 

more than ten distinct membrane-bound organelles are involved in the sorting of 

proteins, carbohydrates and lipids in a selective way within the cell (Alberts et al 

2002). The first pathway is the biosynthetic-secretory pathway, in which the newly 

synthesized proteins cross the ER membrane to move from the cytosol to the ER 

lumen where they undergo several modifications to start their journey from the ER to 

the Golgi, and furthermore to the plasma membrane, lysosomes or to the 

extracellular space. The second pathway is the endocytic pathway, in which the cell 

endocytoses proteins and other plasma membrane components: even though  some 

proteins such as  receptors will be recycled to the plasma membrane, however other 

endocytosed components will be delivered via endocytic vesicles to the LE/L pathway 

for degradation (van Vliet et al, 2003). 
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6. Lysosomes 

Lysosomes have been described for the first time in 1955 by Christian de Duve as 

membrane-bound organelles (de Duve 2005). They constitute up to 5% of the 

intracellular volume and have heterogeneous size and morphology with an acidic 

lumen (pH 4.6-6.0) due to the activity of the proton-pumping ATPases (Mellman et al, 

1986). The lysosomes are considered as central and dynamic organelles because of 

their crucial role in various physiological processes. The substrates that are 

endocytosed, phagocytosed or enter the cell are trafficked to and degraded in the 

lysosomes (Schultz et al 2016). Additionally, other cellular processes take place in 

the lysosomes such as cellular pathogen defense, macroautophagy process, plasma 

membrane repair, cell death, signal transduction, cholesterol homeostasis, 

autophagy and initiation of apoptosis (Saftig et al, 2009) (Fig 12). 

 

 

 

Figure 12: The structure of the lysosomes (Settembre et al, 2013). 

 

6.1. Classification of Lysosomal Proteins 

The high efficiency of lysosomes in the catabolism of various substrates results from 

the combined action of two groups of lysosomal proteins. The first group comprises 

50-60 soluble hydrolases (Journet et al, 2002), such as nucleases, proteases, 
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glycosidases, lipases, phosphatases, sulfatases and phospholipases. These 

hydrolases are active in the acidic milieu of the lysosomes (pH= 4,6-5,0) and 

catabolize proteins, nucleic acid, lipids, sulfates, phosphates, and  carbohydrates that 

reach the lysosomes through endocytosis, phagocytosis or autophagy (Wilcox 2004; 

Saftig et al 2009). The second group comprises the integral LMPs which are highly 

glycosylated proteins (Eskelinen et al, 2003) that mediate a wide range of functions. 

For example, NPC1 protein that will be addressed thoroughly in this study is 

considered as a lysosomal lipid and cholesterol transporter. Other LMPs, like Rabs 

and SNARs, are responsible for the trafficking and the fusion of the lysosomes with 

other compartment. Moreover, macroautophagy and chaperon-mediated autophagy 

are regulated by lysosomal associated membrane proteins (LAMPs) that contain a 

large, heavily glycosylated luminal domain and a short cytosolic tail. Finally, 

lysosomal integral membrane protein 2 (LIMP2) is involved in the transport of newly 

synthesized hydrolases to the lysosomes (Saftig et al 2009) (Fig 13). 

 

 

Figure 13: Major functions of lysosomal membrane proteins (LMPs) (Saftig et al 2009). 

 

6.2. Biosynthesis of lysosomal proteins 

Biosynthesis of lysosomal proteins requires a coordinated action between the 

biosynthetic and endocytic pathways. Unfortunately, not much is known about the 

trafficking of LMPs: it has been highlighted that several mutations in the genes 

encoding LMPs can lead to lysosomal dysfunction and disease (Ruivo et al, 2009). In 

contrast, the trafficking pathway of the lysosomal hydrolases is well understood. In 
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general, the lysosomal hydrolases are glycoproteins that are synthesized in the rough 

ER along with other secretory proteins and plasma membrane proteins. They 

underdo cotranslational glycosylation of selected Asn residues and are transported 

by vesicular transport to the Golgi where they undergo several posttranslational 

modifications to be finally ready for targeting to their destination in the lysosomes 

(Hasilik et al, 1980; Coutinho et al, 2012). The lysosomal hydrolases and LMPs are 

targeted to the lysosomes by two independent mechanisms. 

The first one is a mannose-6-phosphate dependent mechanism. In this pathway, the 

newly synthesized hydrolases are phosphorylated in cis-Golgi and selectively marked 

with M6P recognition marker via the sequential action of two enzymes: UDP-N-

acetylglucosamine 1-phosphotransferase (GlcNAc-1-phosphotransferase) and N-

acetylglucosamine-1-phosphodiester α-N-acetyl-glucosaminidase. The formation of 

M6P recognition marker occurs at the terminal end of N-linked oligosaccharides and 

is responsible for the targeting of hydrolases to the lysosomes (Varki et al, 1980; 

Waheed et al, 1982; Kornfeld et al, 1989). the M6P recognition markers will bind to 

their receptors, M6PRs the in the TGN, where the modified hydrolases are then 

selectively packed into clathrin-coated transport vesicles that bud off and fuse with 

the early endosomes (EEs) (Coutinho et al 2012). In contrast to soluble hydrolases, 

the delivery of the LMPs form TGN takes place either indirectly via the plasma 

membrane or by a direct intracellular route (Luzio et al, 2003). The acidic luminal pH 

of the EEs causes the dissociation of the hydrolases from the M6PRs that recycle 

back to the TGN or plasma membrane (Seaman 2004) whereas the lysosomal 

hydrolases remain in the intraluminal vesicles (ILVs) in the EEs. In the next step of 

their journey to the lysosomes, the hydrolases arrive to the intermediate 

compartments called late endosomes (LEs), which are often referred to as 

multivesicular bodies (MVBs) (Hopkins 1983; Dunn et al, 1986). Then the content 

mixing of the late endosomes (or MVBs) and the lysosomes allows the hydrolases 

and the endocytic cargo to reach the lysosomes (Futter et al, 1996; Mullock et al, 

1998; Ward et al, 2000). Various hypotheses have been proposed to explain the 

possible pathway to transfer the endocytic cargo from the LEs to the lysosomes. 

These included the maturation of the LEs, vesicular transport, Kiss and run between 

the LEs and L or direct fusion (Luzio et al, 2007).  

The second mechanism is a M6P independent transport. This mechanism is 

controlled by membrane-associated vesicular transport-specific protein recognition 
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motifs (Waheed et al, 1988; Glickman et al, 1993; Dittmer et al, 1999; Lemansky et 

al, 2001). The evidence for this mechanism comes from studies of patients with 

mucolipidosis II and III deficiency. These diseases are characterized by a deficiency 

of phosphotransferase activity, thus, the newly synthesized enzymes are unable to 

bind to M6PRs (Kornfeld 1986). However, they target the lysosomes via the 

constitutive secretory pathway to the plasma membrane and subsequently reach the 

lysosomes by endocytosis (Saftig et al 2009). Many lysosomal hydrolases take the 

M6P independent pathway to be transported to the lysosomes such as lysosomal 

acid phosphatase (Waheed et al 1988), Gaucher enzyme - which is transported to 

lysosomes by the lysosomal membrane protein LIMP-2 (Reczek et al, 2007), 

sphingolipid activator proteins, GM2 activator protein and acid sphingomyelinase (Ni 

et al, 2006; Canuel et al, 2008; Zachos et al, 2012) (Fig 14). 

 

 

Figure 14: Schematic diagram shows the trafficking pathways of the newly synthesized 

lysosomal proteins. Possible sites where the biosynthetic and endocytic pathways can 

converge.Endocytic pathway: (green arrows). Indirect secretory pathway: (blue arrows). 

Direct intracellular pathway: (red arrows). Retrograde pathways: (Black arrows) (Saftig et al 

2009). 

7. Lipids and membranes 

The biological cell membranes are the pivotal sites where most of the cell functions 

take place (Singer et al, 1972). They consist of a lipid bilayer in which proteins and 

carbohydrates are associated or covalently linked with the lipids on either sides of the 

two leaflets (Simons et al, 2011). Eukaryotic membrane lipids are classified into:  
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glycerol-based lipids (glycerophspholipids), cholesterol and ceramide-based 

sphingolipids (Escribá et al, 2008). The fluid mosaic model of the cell membrane has 

been proposed by Signer and Nicolson in 1972 in which they suggested that globular 

proteins and carbohydrates diffuse freely in the phospholipid bilayer (Singer et al 

1972). ‘’Membranes constitute a meeting point for lipids and proteins’’, this is how 

Escriba describe the membrane composition of cells and cytosolic organelles. 

Further studies demonstrated that the lipids and proteins components of a biological 

membrane must have developed at the same time and that proteins are embedded 

and function in the lipid bilayer without causing any damage (Lee 2003). 

Interestingly, the interaction between the proteins and lipids affect both components 

of membranes; on one hand, the membrane lipids influence the functions of proteins 

in health and disease, and support the interaction of the proteins with the membranes 

in the co-/post translational modifications. Moreover, the lipids regulate the location 

and the activity of the integral and peripheral proteins and work as sensors for signal 

transduction. On the other hand, many of the integral and peripheral membrane 

proteins influence the lipid structure of the membrane in addition to lipid homeostasis 

in the cell (Escribá et al 2008). 

Even though it is not well known how cells control and regulate lipid synthesis and 

degradation, but it seems that these processes are well organized and programed. 

Therefore, any alteration in the distribution of one lipid will likely influence the total 

lipid homeostasis of the cell.  

As was discussed previously, the lysosomes are the crucial compartments in the 

cells that are responsible for the degradation of the endocytosed and cytoplasmic 

components (Doherty et al, 2009; Ravikumar et al, 2009). Therefore, the lysosomes 

are considered as fundamental compartments that control the maintenance of cellular 

homeostasis. In this case, any dysfunction in the lysosomal hydrolases or proteins 

involved in vesicular traffic, like in LSDs, will impair the lysosomal degradation 

resulting in the accumulation of storage material (Segatori 2014). Studding of the 

membrane composition and function is considered a hard task due to the complexity 

in the structure and the composition of the membrane lipids. For instance, there is 

huge number of different lipid molecules with different structures that dynamically 

participate in the membrane and form with proteins different domains which are not 

always consistent. Moreover, the activity and the function of the membranes can be 

altered as a response to any pathophysiological situation leading to a variety of 



Chapter 1. Introduction 

39 
 

diseases. In these cases, it was reported that the modulation not only affects the 

expression of membrane proteins, but also the levels of membrane lipid (Escribá et al 

2008). 

 

7.1. Lipid metabolism and lipid rafts (LRs) formation 

The membranes of eukaryoric cells contain rigid microdomains called lipid rafts 

(LRs), in which the GSLs and cholesterol are the key components (Lindner et al, 

2009; Simons et al 2011). LRs form separate ordered structures in the matrix of the 

lipid bilayer, which make the membranes of eukaryotic cells not homogeneously fluid 

(Brown et al, 1998).  

LR’s estimated size is about 5 nm in diameter, and cover as much as 35% of the cell 

surface (Prior et al, 2003). Distinct classes of proteins are associated with LRs and 

require this association as a platform to reach their proper location within the cell 

membrane such as glycosylphosphatidylinositol (GPI)-anchored proteins (Simons et 

al 2000) and intestinal disaccharidases like sucrase and isomaltase (Amiri et al 

2016). The study of the LRs and the trafficking of their components have been 

considered as an important research area as it  might serve to understand and clarify 

several problems associated with lipid storage diseases. Usually, LRs tend to be 

transient on the cell surface (Schütz et al, 2000). However, some studies have 

confirmed the presence of stable membrane microdomains in the endocytic pathway 

(Sharma et al, 2002) where they might play a role in protein and lipid sorting 

(Gruenberg 2001). Indeed, some studies showed that rafts can be internalized in the 

endocytic pathway either through clathrin-coated vesicles or other rafts pathways 

(Simons et al 2000). The rafts constituents (GSLs, cholesterol and GPI-anchored 

proteins) can be endocytosed and enter the degradative compartment but they are 

rapidly returned back to the cell surface via recycling endosomes (Gruenberg et al, 

1995). The cell-type-specific differences should be taken into consideration in this 

type of studies, due to the significant variation in the endosomal organization that 

subsequently causes diversity in the trafficking pathway. Many trans-membrane 

proteins have the affinity to be ‘’raftophilic’’ and to associate with these tightly packed 

membrane domains (Simons et al 2011). These micro domains play an important role 

in post-Golgi trafficking, endocytosis, signaling in addition to other membrane 

functions (Simons et al, 1997). In most tissues, except the brain, the main resources 
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of the cholesterol are the endogenously synthesized cholesterol and the cholesterol 

obtained from receptor-mediated endocytosis of plasma lipoproteins, particularly the 

LDL (Vance 2006). LDLs are endocytosed after binding with the cell surface LDL 

receptor (LDLR) and form complexes that are concentrated in the clathrin coated pits. 

Upon reaching the endosomes, these complexes are disassociated due to the acidic 

environment in the late endosomes/lysosomes LE/L compartments. Subsequently, 

the acid lipase in the LE/L hydrolyzes the cholesterol esters within the LDL particles, 

resulting in a generation of free unesterified cholesterol (Hoeg et al, 1984). The 

egress of LDL- derived cholesterol out of the LE/L compartments is accomplished by 

the sequential action of two proteins, NPC1 and NPC2 proteins that are localized in 

the lysosomes (Naureckiene et al, 2000). NPC2 is a 151 amino acid small soluble 

protein present in the lumen of endosomes and lysosomes (Vance 2006) and could 

also be secreted from the cell (Carstea et al 1997; Loftus et al 1997). It has been 

suggested that NPC2 protein might work directly as a cholesterol transport protein 

(Cheruku et al, 2006). The second protein is NPC1, a polytopic transmembrane 

protein that is localized in late endosomes and lysosomes (Vance 2006). The 

orchestrated action of these two proteins allows the efflux of cholesterol from the 

LE/L to the other subcellular compartments including TGN, ER, mitochondria and 

plasma membrane (Sleat et al, 2004; Vanier 2015). Although the role of NPC1 has 

been well described in enabling the egress of cholesterol out of the LE/L, several 

studies propose additional functions of NPC1, including: cholesterol ‘flippase’ (Cruz 

et al, 2000) a fatty acid permease (Davies et al 2000), a ganglioside transporter 

(Mukherjee et al, 2004) and a cholesterol sensor that controls the export of 

cholesterol from the lysosomes by monitoring the level of cholesterol in these 

compartments (Ikonen et al, 2004). Therefore, these two proteins are considered as 

key players in the egress of LDL- derived cholesterol as well as other lipids out of the 

LE/L (Gong et al 2016).  

 

 

Aim of the study 

The aim of this study was to investigate the effect of various mutations on the 

structural features, intracellular localization and trafficking patternof the NPC1 protein 

in infantile, juvenile and late-onset NP-C, with the ultimate goal of defining their 
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pathogenicity.These mutations are located in different regions of the protein encoding 

the transmembrane, luminal, cysteine-rich loop and sterol sensing domains.  

The next aim was to investigate the effect of these various NPC1 mutations on the 

association of NPC1 mutants with lipid rafts (LRs) structure and function which might 

explain the variations in the disease pathomechanisms and subsequently the onset 

of the clinical symptoms. 

This may also lead to the discovery of novel, more specific and sensitive biomarkers 

for diagnosing and monitoring the disease.  

Since LRs are considered a potential key player in the pathogenesis of several 

neurodegenerative and lysosomal storage diseases, we investigated the role of LRs 

in the pathogenesis of Fabry disease (FD). FD is characterized by the accumulation 

of terminal galactosyl-containing neutral lipids due to a deficiency in the α-

galactosidase (GLA) enzyme. We examined the alteration in GLA cellular trafficking 

and cellular membrane composition, specifically LRs, in fibroblasts from a male Fabry 

patient harboring the N215S mutation of the GLAgene in comparison to the wild type 

fibroblasts. Clinically, the patient presented an attenuated course with fatigue, 

arrhythmia, cardiac hypertrophy, hypothyroidism, vertigo and he required a 

pacemaker. Furthermore, we addressed substrate reduction therapy using Migustat 

in vitro, as an option to restore biochemical alterations associated with the disease, 

including membrane lipid composition and associated membrane proteins.   
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Abstract 

Niemann-Pick Type C (NP-C) is an inherited neurovisceral lysosomal storage 

disease characterized by a defect in the trafficking of endocytosed cholesterol. In 95 

% of patients the gene encoding NPC1 is affected. The correlation of the genetic 

background in NP-C with the clinical phenotype such as, severity and onset of liver 

dysfunction, ataxia, dystonia and vertical gaze palsy, has not been elucidated at the 

molecular level.  

We have designed strategies to investigate the effect of different mutations in the 

NPC1 gene at the protein and cellular levels. The NPC1 mutants were expressed in 

mammalian cells and their structural features, maturation pathways and subcellular 

localization elucidated. Interestingly, three classes of NPC1 mutants could be 

identified and further characterized. The first group comprised mutants in which the 

NPC1 protein revealed virtually similar structural features to the wild type species. It 

was trafficked to the lysosomes and colocalized with the lysosomal protein marker 

Lamp2. The second class of NPC1 mutants was only partially trafficked to the 

lysosomes, but predominantly localized to the endoplasmic reticulum (ER). In the 

third group with the most severe phenotype, NPC1 mutants were entirely retained in 

the ER, colocalizing with the ER-protein marker calnexin. 

In conclusion, this is the first molecular analysis that relates NPC1 mutations to the 

trafficking behavior of the NPC1 mutants along the secretory pathway. The findings 

are essential for a comprehensive understanding of the pathogenesis of NP-C and 

may propose a mutation-based personalized therapeutical approach. 

Key words: Niemann Pick Type C disease, NPC1 protein, lysosomal storage 

diseases, protein trafficking, posttranslational processing, lipid rafts 

Abbreviations: Niemann-Pick Type C (NP-C), endoplasmic reticulum (ER), 

glycosphingolipid (GSL), detergent-resistant membranes (DRMs), wild type (WT), 

endoglycosidase H (endo H), mannose-rich form (NPC1h), complex glycosylated 

form (NPC1c), transmembrane domain (TMD), Dulbecco's Modified Eagle's Medium 

(DMEM), fetal calf serum (FCS), dithiothreitol (DTT), polyvinyl difluoride (PVDF), Tris-

buffered saline tween (TBST), lipid rafts (LR), non-lipid rafts (NLR). 
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1. Introduction 

Niemann-Pick Type C disease (NP-C) is caused by a defect in the trafficking of 

endocytosed cholesterol with sequestration of unesterified cholesterol in lysosomes 

and late endosomes (Vanier 2010). Other lipids also accumulate with variation 

between different tissues: cholesterol and sphingomyelin storage is most abundant in 

peripheral tissues, while glycosphingolipid (GSL) buildup is most significant in the 

central nervous system (Lloyd-Evans and Platt 2010).  

NP-C disease can affect the viscera (liver, spleen, and sometimes lung) and central 

nervous system with most common clinical symptoms (over 70 % of cases) being 

clumsiness, learning difficulties, ataxia, dysphagia, dysarthria and vertical gaze palsy 

(Garver et al. 2007). NP-C is caused by an autosomal recessive mutation in one or 

both of the NPC1 and NPC2 genes, with NPC1 gene mutations being present in 95 

% of cases (Millat et al. 2005). The clinical spectrum of NP-C ranges from neonatal 

potentially fatal liver failure to an adult-onset neurodegenerative disease (Vanier 

2010). The incidence of severe NPC1 is approximately 1/92,104 live births and 

estimated at 1/19,000-1/36,000 for the late-onset NPC1 phenotype (Wassif et al. 

2016). 

Clinical diagnosis is difficult due to the diversity of clinical symptoms and the wide 

range in age at clinical onset. Staining of cultured fibroblasts from skin biopsies with 

filipin, a fluorescent sterol binding compound, which detects lipid accumulation in the 

lysosomes is frequently performed, supplemented by genetic testing  (Vanier and 

Latour 2015, Jiang and Ory 2016).  In recent years, identification of several sensitive 

plasma biomarkers elevated in NP-C (e.g. cholestane-3β,5α,6β-triol, 

lysosphingomyelin isoforms and bile acid metabolites), has been added to the 

spectrum of diagnostic procedures, but did not offer a gold standard test for NP-C 

(Vanier et al. 2016). In fact, high oxysterol levels can be unspecifically found in 

neonatal cholestasis, thus cholestasis might be a pitfall (Polo et al. 2016). 

Increasing evidence has demonstrated that NPC1 and NPC2 proteins sense and 

coordinate the transport of cholesterol out of the late endosome/lysosome system 

(Vanier 2010). Recent resolution of the crystal structure of human NPC1 and 

computational modeling suggested that a cavity in the sterol-sensing domain is large 
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enough to accommodate one cholesterol molecule (Li et al. 2017). NPC1 is 

essentially involved in Ebola virus (EBOV) infection being its intracellular receptor.  A 

4.4 Å structure of full-length human NPC1 resolved the mode of binding of EBOV 

through domain C (Gong et al. 2016). NPC1 may also play a role in the retrograde 

transport of various lipids and proteins from late endosomes to the trans-Golgi 

network (Scott and Ioannou 2004).  

The NPC1 protein, localized in the late endosomes and lysosomes, is associated 

with the lysosomal membrane via 13 transmembrane segments (Li et al. 2016). It is a 

highly glycosylated protein that harbors 14 potential asparagine residues for N-linked 

glycosylation type of the sequence Asn-X-Ser/Thr (Watari et al. 1999). The 

biosynthesis and trafficking pathways of NPC1 resemble likely those of many other 

membrane and secretory glycoproteins and implicate co-translational glycosylation 

and correct folding in the endoplasmic reticulum (ER), transport to the Golgi 

apparatus and processing to a mature complex glycosylated protein (Alfalah et al. 

2002) and finally targeting to the lysosomes via the dileucine motif in the C terminal 

of NPC1 protein (Watari et al. 1999). 

More than 400 disease-causing mutations covering virtually the entire protein 

sequence of NPC1 have been described. The pathophysiological processes 

underlying different clinical features (juvenile vs late onset, visceral vs neurological 

symptoms) have not yet been elucidated. Since NPC1 is directly involved in 

lysosomal cholesterol trafficking, it can be hypothesized that an imbalanced or 

impaired trafficking due to a mutation confers global alterations on the cellular 

membrane composition (te Vruchte et al. 2004). Particularly, lipid rafts, a special 

group of membrane microdomains, could be affected. Lipid rafts are ordered liquid 

domains rich in sphingolipids and cholesterol which segregate from less-ordered 

liquid domains composed of mainly unsaturated phospholipids (Kaiser et al. 2009). 

They can be extracted using nonionic detergents and thus are also called detergent-

resistant membranes (DRMs). Regulatory roles have been assigned to lipid rafts in 

signaling and trafficking pathways (Simons and Vaz 2004, Das and Naim 2009, 

Lindner and Naim 2009). 

At present, the iminosugar N-butyldeoxynojirimycin (NB-DNJ) (Miglustat) is the only 

disease modifying option which reversibly inhibits glucosylceramide synthase, thus 
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reducing storage phenomena (Platt et al. 1994, Lachmann et al. 2004). Miglustat has 

several drawbacks since it only temporarily stabilizes various clinically relevant 

manifestations of NP-C (Patterson et al. 2007), and it is associated with 

gastrointestinal side effects reducing the quality of life (Amiri and Naim 2012, Amiri 

and Naim 2014, Amiri et al. 2016). Nevertheless, the severity of clinical conditions at 

the beginning of treatment justifies the use of this therapeutic option (Patterson et al. 

2015). .` 

In the present study, we analyzed the impact of a group of common mutations in 

infantile, juvenile and late-onset NP-C on structural features, intracellular localization 

and trafficking with the ultimate goal of defining their pathogenicity. These mutations 

are located in different regions of the NPC1 protein encoding the transmembrane 

domains, luminal domains, cysteine-rich loop and sterol sensing domain. In a second 

step we tried to correlate the biochemical phenotype with the clinical phenotype. 

Differences in the protein trafficking, intracellular localization and membrane 

association of NPC1 mutants would be compatible with variations in the 

pathomechanisms associated with the onset of NP-C.  

Better understanding of the pathophysiological processes and their association with 

the clinical symptoms in NP-C may lead to the discovery of novel, more specific and 

sensitive biomarkers for diagnosing and monitoring the disease. 
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2. Materials and Methods 

2.1. Reagents 

Dulbecco's Modified Eagle's Medium (DMEM), methionine-free DMEM, penicillin, 

streptomycin, fetal calf serum (FCS), trypsin-EDTA, protease inhibitors, DEAE-

dextran, protein A-sepharose, trypsin, and triton X-100 were purchased from Sigma-

Aldrich. Tissue culture dishes were obtained from Sarstedt (Nuembrecht, Germany). 

[35S]-methionine was obtained from PerkinElmer (Waltham, Massachusetts). 

Acrylamide, TEMED, SDS, Tris, paraformaldehyde, dithiothreitol (DTT), polyvinyl 

difluoride (PVDF) membrane, ProLong Gold Antifade mountant with DAPI by 

Invitrogen, as well as sucrose were purchased from Carl Roth GmbH (Karlsruhe, 

Germany). Lubrol WX was purchased from MP Biomedicals (Eschwege, Germany). 

Endo-β-N-acetylglucosaminidase H (endo H) was acquired from Roche Diagnostics 

(Mannheim, Germany). TRIzol reagent (Life Technologies, Californie, USA), 

restriction enzymes, molecular weight standards for SDS-PAGE, Isis proofreading 

DNA polymerase and SuperSignal™ West Femto maximum sensitivity western blot 

chemiluminescence substrate were obtained from Thermo Fisher (Schwerte, 

Germany).  

2.2. Immunochemical reagents 

For immunoprecipitation and immunoblotting monoclonal mouse anti-Flag antibody 

and for immunofluorescence staining both mouse anti-Flag and rabbit anti-Flag 

antibodies were used (Both Sigma-Aldrich).  Co-localization was done using rabbit 

polyclonal anti-calnexin antibody from Abcam, mouse anti-GM130 for Golgi staining 

from BD Transduction Laboratories and mouse monoclonal anti-Lamp2 antibody 

from Abcam. Secondary antibodies were either conjugated to Alexa Fluor dyes 

(Invitrogen) or horseradish peroxidase (Thermo Fisher). For lipid raft analysis flotillin-

2 (B-6) antibody (Santa Cruz) was used.  

2.3. Construction of cDNA clones 

Total RNA was extracted from Caco-2 cells using TRIzol reagent (Life Technologies), 

cDNA synthesized using SuperScript™ IV First-Strand Synthesis (Thermo Fisher, 
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Massachusetts, USA) and human NPC1 amplified using primers linked to NotI and 

XhoI recognition sites: 

NPC1_NotI_fw: ACGTGCGGCCGCACCATGACCGCTCGCGGCCTG  

NPC1_XhoI_rev: ACGTCTCGAGGAAATTTAGAAGCCGTTCG   

NPC1 cDNA was ligated into pCMV-3Tag-3 (Agilent technologies, California, USA). 

The resulting plasmid NPC1-Flag was used for site-directed mutagenesis PCR to 

create NPC1 mutations. PCR was performed using Isis polymerase. The NPC1-

cDNA amplified primers and the site-directed mutagenesis oligonucleotides are listed 

in (Table 1). PCR products were treated with DpnI to remove the methylated 

template and transformed into E.coli DH5α. Successful mutagenesis was verified by 

DNA sequencing. 

2.4. Cell culture, transient transfection and biosynthetic labeling 

COS-1 cells were cultured in DMEM containing 1000 mg/liter glucose supplemented 

with 10 % (v/v) FCS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. Transient 

transfection of NPC1-Flag constructs was performed using DEAE dextran as 

described before (Naim et al. 1991). 48 h after transfection, cells were lysed and 

used for experiments. For biosynthetic labeling 48 h post-transfected cells were 

starved in methionine-free media for 2 h and labeled with [35S]-methionine for 1 h. 

The plates were washed twice with 1× PBS and cold medium with 2.5 mM 

methionine was added. Cells were processed at the indicated time points. 

2.5. Cell lysis, immunoprecipitation and deglycosylation  

Cell lysates were prepared and immunoprecipitated as described before (Gericke et 

al. 2017). Briefly, transfected COS-1 cells were lysed in 25 mM Tris-HCl, pH 8.0, 50 

mM NaCl buffer containing 0.5 % Na-deoxycholate, 0.5 % Triton-X 100 and protease 

inhibitors. Homogenization was carried out by passing the cell lysate 20 times 

through a 21G needle. The homogenate was then kept shaking for 4 h at 4°C. 

Afterwards the post nuclear supernatant (lysate) was used for further experiments. 

Immunoprecipitation of Flag-tagged NPC1 using anti-Flag antibodies followed by 

treatment with endo H was performed as described previously (Naim et al. 1987). 

 

https://www.google.com/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwjv_rezyNDbAhXBVxQKHVDeC1UQmxMIkgIoATAS
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2.6. SDS polyacrylamide gel electrophoresis and Western blotting 

Immunoprecipitated NPC1-Flag was denatured in Laemmli buffer containing 100 mM 

DTT for 5 min at 95°C. Proteins were separated on 8 % polyacrylamide gels and 

transferred to PVDF membranes. The membranes were blocked for 30 min in 5 % 

milk in 50 mM Tris buffer pH 7.6 with 150 mM NaCl and 0.05 % Tween 20 (TBST) at 

room temperature (RT). The membranes were incubated with mouse anti-Flag 

antibody 1:5000 for 1 h in 2 % milk in TBST at RT followed by goat anti-mouse 

antibody conjugated to horseradish peroxidase 1:5000 for 1 h in 2 % milk in TBST at 

RT. Protein bands were visualized as described before in (Gericke et al. 2017) with a 

ChemiDoc XRS System (Bio-Rad, California, USA).  

2.7. Confocal fluorescence microscopy 

COS-1 cells were seeded on coverslips and transfected using DEAE dextran. 48 h 

after transfection the cells were fixed with 4 % paraformaldehyde and quenched with 

50 mM NH4Cl. Cells were then incubated for 2 min in cold methanol, washed with 

PBS at RT and permeabilized with PBS containing 0.5 % saponin for 10 min at RT. 

Following permeabilization, cells were incubated with 1 % BSA in PBST (PBS + 0.1 

% Tween 20) for 30 min. Immunostaining was performed using either mouse anti-

Flag (1:200) or rabbit anti-Flag (1:200). To analyze co-localization, rabbit anti-

calnexin (1:25), mouse anti-GM130 (1:25) and mouse anti-Lamp2 (1:25) antibodies 

were used to stain ER, Golgi and lysosomes respectively, followed by secondary 

antibody anti-rabbit-Alexa568 (1:500) and anti-mouse-Alexa488 (1:500). ProLong 

Gold Antifade with DAPI was used to visualize the cell nucleus and for mounting of 

the coverslips. The samples were examined by a Leica TCS SP5 confocal 

microscope with a HCPL APO 63 × 1.3 glycerol immersion objective. All immune 

fluorescence pictures have been sharpened using GIMP 2 program, using the same 

parameters. 

2.8. Isolation of detergent-resistant membranes  

Transiently transfected COS-1 cells were solubilized at 4°C for 2 h with Triton X-100 

in 50 mM Tris buffer pH 7.6 with 150 mM NaCl. Discontinuous sucrose gradients 

were performed (1 ml 80 % w/v sucrose, 1 ml lysate in 40 % w/v sucrose, 7 ml 30 % 

w/v sucrose and 1 ml 5 % w/v sucrose). Gradients were centrifuged at 4°C and 
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100,000×g for 18 h using a Beckman-centrifuge equipped with a SW40 rotor. Ten 

fractions were collected at 4°C from top to bottom. Fractions 1-3 are the floating 

fractions and considered as lipid rafts (LR) that contain low-buoyant density 

cholesterol and sphingolipids. Fractions 8-10 are the non-floating fractions of the 

gradient and called the non-lipid rafts (NLR). The association of NPC1-Flag with LR 

and the distribution of the LR marker protein flotillin-2 were determined by SDS-

PAGE. 35 μl of each fraction was dissolved in Laemmli buffer plus DTT on 12 % gels 

followed by immunoblotting with mouse anti-flotillin-2 and mouse anti-Flag 

antibodies. The biosynthetic form of the wild type NPC1 protein and the 

representative mutations from each class was investigated by immunoprecipitation of 

Flag-tagged NPC1 from LR fractions (fractions 1 and 2) and the NLR fractions 

(fractions 8 and 9) using anti-Flag antibodies followed by treatment with endo H as 

described previously (Naim et al. 1987). 

 

3. Results  

3.1. Expression of tagged forms of NPC1 in mammalian cells 

To assess the structural and biosynthetic features as well as the intracellular 

localization of wild type (WT) and mutants of NPC1 in mammalian COS-1 cells as a 

model cellular system, Flag-tagged chimeras of NPC1 species were constructed. The 

Flag-tag was utilized for cellular localization (for example ER, Golgi, lysosomes) as 

well as the biochemical monitoring of the biosynthesis and processing of NPC1 and 

its mutants. It was necessary to generate the tagged due to the lack of a specific and 

reliable anti-NPC1 antibody. 

3.2. Identification and intracellular localization of biosynthetic forms of 

wild type NPC1 

The biosynthetic forms of WT NPC1 were identified by immunoprecipitation of Flag-

tagged NPC1 from cellular lysates using anti-Flag antibodies followed by treatment 

with endoglycosidase H (endo H). Endo H cleaves mannose-rich carbohydrate 

chains that are covalently and cotranslationally added to the Asn-residues in the ER 

and the sensitivity of a glycoprotein isoform to this enzyme is compatible with its 

localization in the ER or at the early stages of the secretory pathway. In Figure 1A 
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WT NPC1 appears as a single diffuse band harboring two biosynthetic forms that can 

be discriminated by virtue of their sensitivity or resistance towards endo H. The 

mannose-rich form (NPC1h) that is normally located in the ER is cleaved to a smaller 

polypeptide of about 130-kDa upon endo H-treatment. Another form is the endo H-

resistant complex glycosylated form (NPC1c) of an apparent molecular weight of 190-

kDa. This form is processed from the NPC1h in the Golgi and is ultimately trafficked 

to the lysosomes. The slight sensitivity of this form to endo H is indicative of a partial 

processing of a mannose-rich chain or the presence of a hybrid glycan chain. 

Immunostaining followed by confocal laser microscopy of WT NPC1 revealed the 

NPC1 predominantly in punctuate structures typical of the lysosomes as confirmed 

by its co-localization with Lamp2 (Figure 1B). Slight localization of NPC1 in the ER 

and the Golgi was also observed as assessed by its co-localization with calnexin and 

GM130 (protein markers of the ER and Golgi, respectively).   

3.3. Identification of different mutant protein phenotypes of NPC1  

Having identified the molecular forms and cellular localization of WT NPC1, we 

followed similar procedures to assess the biosynthetic forms of a group of mutants 

localized to various domains of the NPC1 protein (Table 1).  

3.3.1.  ER-located NPC1 mutants 

The first group of NPC1 mutants is represented by the mutations V378A, R404Q and 

H510P located in the second luminal loop, Q775P in transmembrane domain 7 (TMD 

7), M1142T in TMD 10, G1162V and N1156S in TMD 11, L1244P in TMD 13, and 

finally R1186H and I1061T in the cytosolic domain. These mutations resulted in an 

NPC1 protein that was blocked intracellularly in the ER. As shown in Figure 2A all of 

these NPC1 mutants without exception revealed a similar protein band pattern that 

was sensitive to endo H as assessed by the substantial shift in the size upon 

treatment with the endoglycosidase. There were no detectable endo H-resistant 

forms indicating that these NPC1 mutants are mannose-rich glycosylated. These 

results were corroborated by studying the intracellular localization by 

immunofluorescence. Figure 2B shows that all the NPC1 mutants were revealed in 

the ER as assessed by their co-localization with the ER chaperone calnexin, while no 
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co-localization was observed with the Golgi protein marker GM130 and the lysosomal 

marker Lamp2 (Figure 2B and electronic supplementary material 1). 

3.3.2. Mutants revealing trafficking delay along the secretory pathway 

The next group of mutants exhibited a trafficking delay of NPC1 mutants due to the 

mutations M631R in TMD3, G1162A and C1168Y in TMD11 as well as D874V in the 

luminal cysteine-rich loop. In these cases, NPC1 was capable of exiting the ER to the 

Golgi as demonstrated by the appearance of endo H-resistant protein forms of the 

NPC1 mutant proteins, which are compatible with the processing of NPC1 in the 

Golgi and the acquisition of complex type of N-linked glycans (Figure 3A). The 

immunofluorescence images support the biochemical analyses. In fact, a partial co-

localization of NPC1 mutants with GM130 as well as in the lysosomes with Lamp2 

was clearly detectable in all the cases analyzed. The mutants co-localized also with 

the ER marker calnexin supporting the view that the trafficking out of the ER does not 

occur at a rate similar to the wild type NPC1 species (Figure 3B and electronic 

supplementary material 2). 

3.3.3. Mutants with wild type-like trafficking pattern 

The NPC1 mutants in this group, which resulted from the mutations L1213F in 

TMD12, P1007A and D948Y that located both in cysteine-rich loop, displayed protein 

biosynthetic forms similar to those of the wild type protein. As shown in Figure 4A the 

biosynthetic forms of these mutants comprise mainly a complex glycosylated mature 

form NPC1c and a low level of the mannose-rich form NPC1h. The intracellular 

localization of these mutants is similar to the wild type NPC1 and shows a strong co-

localization with the lysosomal marker Lamp2. As for the wild type protein, a co-

localization with ER and Golgi protein markers was not detected (Figure 4B and 

electronic supplementary material 3). Altogether, our results provide a novel 

perspective of NP-C pathogenesis relevant to various phenotypes elicited by the 

different mutations in the gene encoding NPC1. 

3.4. Biosynthesis and turnover of wild type NPC1 and NPC1-mutants 

The categorization of the NPC1 mutants into three classes that vary in their 

trafficking behavior and cellular localization raises questions relevant to the life cycle 
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and turnover of these mutants and shedding thus light on another essential 

mechanistic element in the pathogenesis of NPC1-relevant NP-C. For this, the 

turnover rates of the mutants were compared with those of the wild type protein in 

pulse-chase experiments. The results of these studies revealed substantial 

variations, not only between the mutants and the wild type, but also between different 

mutants. These variations are directly associated with the localization of the NPC1 

protein in the ER, Golgi or lysosomes. Thus, the NPC1 mutant due to the mutation 

L1244P disappears steadily throughout the chase time points and was no more 

detectable after 8h of chase. By contrast, wild type NPC1 was still persistent, 

predominantly in its complex glycosylated form at the same time point. The wild type-

like trafficked mutants revealed similar turnover rates. In fact, the mutant NPC1-

L1213F was still present at 12h as the wild type. Finally, the partially trafficked NPC1-

D874V mutant was degraded at a lower rate than the ER-blocked NPC1-L1244P, but 

at a higher rate than the wild type (Figure 5).  

It is likely therefore that the variations in the turnover rates of the NPC1 mutants, their 

cellular localization and trafficking behavior can be associated with the level of 

impaired lipid trafficking itself with subsequent implications on the occurrence of 

clinical symptoms and their severity.  

3.5. Phenotypic variations are associated with alterations in the mode of 

interaction with the membrane 

NPC1 is a multispan membrane glycoprotein that harbors 13 transmembrane 

domains and interacts with sphingolipids- and cholesterol-enriched lipid rafts. Several 

of the mutations analyzed in this study are located in these transmembrane domains 

raising the possibility that these mutations affected the mode of interaction of NPC1 

with the membrane, particularly with lipid rafts. Other mutations that are located in 

the luminal domain including the cysteine-rich loop may affect the folding and 

quaternary structure of NPC1 and possibly also the interaction of the mutants with 

the membrane. We therefore addressed the association of wild type NPC1 and the 

mutants with lipid rafts by utilizing sucrose gradient centrifugation of cells that have 

been solubilized with 1 % Triton X-100.  Figure 6A shows that NPC1 was found in the 

floating fractions of the gradient co-localizing with flotillin-2, a typical lipid rafts marker 

(Bickel et al. 1997). NPC1 was also found in the soluble fractions of the gradient. 
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This is not unusual since the distribution of NPC1 in the gradient corresponds to all 

NPC1 glycosylated forms at steady state along the secretory pathway, i.e. mannose-

rich glycosylated, intermediate glycosylated and complex glycosylated forms. We 

determined which biosynthetic form of NPC1 was associated with lipid rafts by 

immunoprecipitation of NPC1 from the top 2 floating fractions (lipid rafts-containing) 

and fraction 8 and 9 (soluble non-lipid rafts) and performing endo H treatment. Figure 

6B shows that the complex glycosylated endo H-resistant form of NPC1 is the 

exclusive form of NPC1 that is associated with lipid rafts. The soluble fractions 

contained predominantly the mannose-rich endo H-sensitive form and to a lesser 

extent mature NPC1.  

We further examined the lipid rafts distribution of NPC1 mutants and analyzed one 

representative NPC1 mutant from each of the three characterized classes. 

The wild type-like NPC1-L1213F was associated with lipid rafts as wild type NPC1 

(Figure 6, C and D). Nevertheless, unlike wild type NPC1, more endo H-resistant 

complex glycosylated NPC1-L1213F was found in the soluble non-lipid rafts fractions 

as compared to wild type NPC1 (Fig. 6D, fraction 9). This result is compatible with a 

variable distribution of the mutant in the membrane, likely due to physiochemical 

characteristics elicited by the mutation L1213F that is located in the transmembrane 

domain 12.   

The mutant NPC1-D874V, representing the partially trafficked NPC1 was associated 

with lipid rafts since it was recovered in the floating fractions of the sucrose gradient 

albeit to a substantially lower extent than the wild type protein and correlating well 

with the reduced levels of complex glycosylated mature NPC1 forms in these 

mutants. Obviously, mature NPC1 mutants follow a similar pathway as the wild type 

protein to the lysosomes via association with lipid rafts (Figure 6, E and F). 

Finally, the transport-incompetent mannose-rich glycosylated class of mutants 

exemplified by the mutant NPC1-L1244P, showed no association with lipid rafts, 

compatible with the results above that this mutant is localized in the ER, which do not 

contain cholesterol- and glycosphingolipid enriched microdomains (Figure 6G). Endo 

H treatment confirmed the exclusive mannose-rich type of glycosylation of this 

mutant being found exclusively in the soluble non-lipid rafts fractions (Figure 6H). 
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4. Discussion 

Over 400 mutations have been identified in the gene encoding NPC1 which account 

for almost 95 % of the NP-C disease. Up to now, a large body of information on the 

genetic patterns of NP-C patients relative to the clinical disease severity has 

accumulated. However, it is still unclear how a mutation does affect the biosynthetic 

presentation as well as intracellular localization of NPC1. We therefore addressed 

the question whether mutations in the NPC1 gene generate different protein 

phenotypes or classes that vary in their trafficking, intracellular localization and 

function, hence ultimately correlating with the pattern and severity of clinical 

symptoms in NP-C patients.  

Altogether, the cell biology studies presented in this paper disclose a novel concept 

in the pathogenesis of NP-C that relies on the diversity of the trafficking phenotypes 

of the NPC1 mutants. Three major classes of mutations could be identified based on 

the transport of NPC1 mutants along the secretory pathway, their association with 

membrane microdomains (lipid rafts) and cellular localization. Many of the mutants 

analyzed were blocked in the ER as immature mannose-rich proteins, while others 

were either partially trafficked through the Golgi to the lysosomes or trafficked in a 

comparable fashion to wild type NPC1. Interestingly, a particular trafficking 

phenotype is not elicited by mutations confined to a particular domain in NPC1, since 

these protein trafficking phenotypes arise from mutations that are distributed over 

different regions of NPC1. Furthermore, the interaction of the NPC1 mutants with 

lipid rafts varies among the different mutants analyzed in this study, indicating that 

their trafficking pattern could be associated with the reduced or abolished trafficking 

of cholesterol out of the lysosomes. Lipid rafts occur as microdomains within 

biological membranes that are resistant to solubilization with non-ionic detergents 

such as Triton X-100 (Alfalah et al. 2005, Locke et al. 2005) or Lubrol (Castelletti et 

al. 2008) and are enriched in cholesterol and sphingolipids. Expectedly, the ER-

located NPC1 mutants do not associate with lipid rafts or detergent-resistant 

membranes since cholesterol or sphingolipids are not abundant in this organelle. On 

the other hand, the level of association of the partially-trafficked mutants with lipid 

rafts is low and correlates well with the level of maturation of these mutants. 

Remarkably and in contrast to the previous two classes, the correctly trafficked wild-
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type-like mutant NPC1-L1213F as well as the wild type NPC1 varied substantially in 

their association levels with lipid rafts as compared to the other two classes. 

Nevertheless, the mature forms of the wild type-like mutants revealed a higher 

solubility than their wild type counterpart, compatible with reduced levels of lipid rafts 

components in the cells overexpressing the mutant. Undoubtedly, membrane lipid 

analysis of cells overexpressing these mutants is required to support the hierarchical 

concept of trafficking. This will also help in assessing alterations and subsequent 

effects of the NPC1-trafficking phenotypes on global membrane transport, including 

endocytic and endosomal trafficking (Sharma et al. 2004, Doherty and McMahon 

2009). Nevertheless, the current study proposes a direct link between the three 

classes of the NPC1 trafficking phenotype mutants, with the heterogeneous disease 

pattern including neurological, visceral, or psychiatric manifestations, hence the 

severity of NP-C disease.  

Recently, two main clusters of symptoms were defined for NP-C cases relative to 

age. For NP-C cases ≤4years of age, one cluster comprised exclusively visceral 

symptoms; the second cluster combined all other signs and symptoms in this age 

group. For NP-C cases >4years of age, each cluster contained a mixture of visceral, 

neurological and psychiatric items. Prevalence estimations showed that visceral 

symptoms (e.g. isolated unexplained splenomegaly, liver dysfunction) were most 

common in NP-C cases ≤4years of age. Neurological symptoms were generally more 

common in NP-C cases >4years of age than in younger patients, with the exception 

of hypotonia and delayed developmental milestones (Mengel et al. 2017). Therefore, 

comparison of the mutants with the clinical picture of NP-C in these subgroups along 

similar procedures as those described in our study could provide fundamental 

knowledge on the various developmental forms of NP-C as well as their severity.  

The biochemical analysis in this study reveals a clear classification of NPC1 mutants 

relevant to intracellular trafficking of NPC1 along the secretory pathway that could 

form the basis for the variable impairment of cellular cholesterol trafficking and help 

establish possible correlation between the genotype and the clinical phenotype. 

The data presented in Table 2 correlate the trafficking pattern with the biochemical 

phenotype of NPC1 mutants and the clinical onset of the symptoms. Mutations that 

elicit a wild-type like trafficking pattern of NPC1, such as P1007A and V950M, are 
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associated with a mild biochemical phenotype as well as adult onset of neurological 

symptoms. By contrast, NPC1 mutants that are either partially trafficked or are 

blocked in the ER are associated with a severe biochemical phenotype and a clinical 

onset of the disease occurring in infantile, late infantile or juvenile age, hence a more 

severe clinical phenotype.  

Moreover, it is important to allude to the interaction between the different classes of 

NPC1 mutants and the resulting hierarchy of the biochemical as well as the clinical 

phenotype in compound heterozygous patients. For instance, the homozygosity of 

the ER-located NPC1-I1061T mutant elicits a severe biochemical phenotype. On the 

other hand, the combination of the NPC1-I1061T with either NPC1-P1007A or NPC1-

V950M, both of which are normally intracellularly transported, resulted in a mild 

biochemical phenotype. This proposes the existence of a hierarchy among NPC1 

mutants in which a wild type-like mutant, such as NPC1-P1007A, determines the 

overall biochemical pattern in the disease. Therefore, a potential interaction between 

two mutants in a homozygote or compound heterozygote background has to be 

taken into consideration when the genotype is correlated with the clinical phenotype. 

Nevertheless, a correlation of the molecular data with the onset of the neurological 

symptoms is difficult to make, in view of the high allelic heterogeneity of the disease. 

The identification of various trafficking phenotypes of NPC1 mutants is compatible 

with a multi-facetted pattern of NP-C and establishing the genotype/phenotype 

relationship for the common NPC1 mutants can fill the gap between genetic testing 

and disease severity. The benefit of this type of analysis is to achieve more 

comprehensive understanding of the pathogenesis of NP-C, which leads to a precise 

evaluation of the efficacy of different (future) therapeutic options for each major 

NPC1 phenotype, and hence propose a phenotype-based therapeutic approach for 

NP-C patients based on the classification of NPC1 mutants.  
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Figure captions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Biosynthetic forms of wild type NPC1 

(A) COS-1 cells were transfected with cDNA encoding the wild type NPC1 tagged with Flag 
(WT). 48 hours after transfection the cells were lysed and treated with endo H to assess its 
biosynthetic forms. Wild type NPC1 appears as a single diffuse band comprising two 
biosynthetic forms that can be distinguished based on sensitivity or resistance towards endo 
H (referred to as NPC1c and NPC1h, i.e. the endo H-forms of complex and mannose-rich 
NPC1). 

(B) Immunostaining followed by confocal laser scanning microscopy of wild type NPC1 
revealed the NPC1 predominantly in punctuate structures typical of the lysosomes as 
confirmed by its co-localization with Lamp2. Slight localization of NPC1 in the ER and the 
Golgi was also observed due its co-localization with calnexin and GM 130 (protein markers of 
the ER and Golgi respectively). Red: NPC1-Flag; blue: Dapi; green: ER/calnexin; Golgi/ 
GM130; Lysosomes/Lamp2. 
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Figure 2. Biochemical characterization and cellular localization of the ER-located 
NPC1 mutants 

(A) COS-1 cells were transfected with NPC1-Flag constructs harboring one of the following 
mutations: V378A, R404Q, H510P, Q775P, I1061T, M1142T, N1156S, G1162V, R1186H 
and L1244P. 48 hours after transfection the cells were lysed and treated with endo H and 
subjected to Western blotting using anti-Flag antibody. The mutants revealed complete endo 
H sensitivity and the mannose-rich form of the protein (NPC1h) was the only form detected in 
all mutations, no complex form of the protein (NPC1c) was detected. 

(B) The same mutants were analyzed by confocal microscopy. The NPC1 mutant (L1244P) 
was localized to the ER as assessed by the co-localization with the ER chaperone calnexin, 
while no co-localization was observed with the Golgi protein marker GM130 and the 
lysosomal marker Lamp2.  
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Figure 3. Biochemical characterization and cellular localization of NPC1 mutants 
exhibiting delayed trafficking  

The same procedures were followed as in Fig. 2, except that the following mutations were 
analyzed: M631R, D874V, G1162A, and C1168Y. These mutant proteins revealed partial 
endo H sensitivity, whereby the mannose-rich (NPC1h) form and the complex glycosylated 
(NPC1c) form of the protein were both detected (A). Substantial co-localization of the NPC1 
mutant (D874V) with calnexin and a partial co-localization with GM130 as well as with the 
lysosomal protein marker Lamp2 was clearly detectable (B). 
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Figure 4. Biochemical characterization and cellular localization of NPC1 mutants 
trafficking similar to wild type NPC1 

The same procedures were followed as in Fig. 2, except that the following mutations were 
analyzed: L1213F, D948Y, P1007A, and V950M.  

The biosynthetic forms of these mutants comprised mainly a complex glycosylated mature 
endo H-resistant form (NPC1c) (A) and the intracellular localization of the NPC1 mutant 
(L1213F) showed a partial co-localization with calnexin in the ER and a strong co-localization 
with the lysosomal marker Lamp2 (B).  
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Figure 5. Biosynthesis and turnover of wild type NPC1 and NPC1 mutants 
representative of the three trafficking classes  

COS-1 cells were transiently transfected with the cDNA encoding wild type NPC1-Flag or 
NPC1-Flag harboring the mutations L1213F, L1244P or D874V. 48 hours post-transfection 
the cells were biosynthetically labelled with 35S-methionine for 1 hour and chased for different 
hours (0, 2, 4, 8, 12, 24, 36). Immunoprecipitation of Flag tagged NPC1 was performed using 
anti-Flag antibody treated with endo H and subjected to SDS-PAGE on 8% slab gels.  
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Figure 6. Mode of association of wild type NPC1 and mutants with membrane 
microdomains 

Wild type NPC1-Flag (A, B) and NPC1-Flag mutants (C - H) representative of the three 
classes (L1213F, D874V and L1244P) were expressed in COS-1 cells. Triton X-100-cellular 
extracts were loaded onto a sucrose gradient and centrifuged at 4°C and 100,000 g for 18 
hours. Ten fractions were collected and analyzed by Western blotting. (A) Wild type NPC1 
was found in the top three floating fractions co-localizing with flotillin-2, a typical lipid rafts 
marker. (B) The upper two floating fraction (lipid rafts-containing) and fraction 8 and 9 
(soluble non-lipid rafts) were immunoprecipitated with anti-Flag antibody, followed by endo H 
treatment and Western blotting. The blot shows that the complex glycosylated endo H-
resistant form of NPC1 (NPC1c) is the exclusive form of NPC1 that is associated with lipid 
rafts, while the soluble fractions contained predominantly the mannose-rich endo H-sensitive 
form (NPC1h) and to a lesser extent the mature NPC1 species. (C) and (D) represent similar 
experiments to A and B respectively but with L1213F. Note that more complex glycosylated-
endo H-resistant NPC1-L1213F was found in the soluble non-rafts fraction as compared to 
wild type NPC1; (E) and (F) are similar experiments to A and B respectively but with D874V 
and finally, (G) and (H) are similar experiments to A and B respectively but with L1244P.   
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Tables 
 
Table 1. Sequences of the forward oligonucleotides used for mutagenesis PCR of the cDNA 
encoding NPC1 (the reverse oligonucleotides have the reverse complementary sequence) 
and the localization of the mutations analyzed within the NPC1 protein. TMD, 
transmembrane domain. 

No. Mutation Oligonucleotide sequences used for mutagenesis (5′–3′) Localization of 
mutations 
within the 
NPC1 protein  1 P1007A CTTTCGGATAACGCTAACCCCAAGTGTG Cysteine-rich 
loop  

2 D948Y GGCTGCAACAATTATTCCCTGGTGC Cysteine-rich 
loop 

3 L1213F GGATTGTGGTGTTCGCTTTTGCCAAATCTCAGATCTTCCAGA 
TATTCTACTTCAGG 

TMD12 

4 V950M TTTCGACTGGATGAAGCCACAGTCGTC Cysteine-rich 
loop 

5 M631R TGTAATTAGCTATGCCATCAGGTTTCTATATATTTCGCTAGC 
CTTGGGGCACATG 

Sterol sensing 
Domain/TMD 3 

6 D874V CCTACATGGTGGTTTATTTTAAATCCATCAGTCAGTACCTGC 
ATGCG 

Cysteine-rich 
loop 

7 C1168Y GCATCTCCGTGGAATTCTACAGCCACATAACCAG Cytosolic 
loop/TMD11 

8 G1162A GATGAGCTGTGCCATCTCCGTGGAATTCTGCAGCCACATAA 
CC 

TMD11 

9 V378A CACAACCAATCCAGCAGATCTCTGGTCAGCC   Luminal domain 
2 

10 R404Q CCTTTCTTCCAGACGGAGCAGCTC Luminal domain 
2 

11 H510P GACTTCTTTGTATACGCCGATTACCCCACGCACTTTCTG Luminal domain 
2 

12 Q775P GACTTTCTTCTGCCGATTACATGTTTCGTGAGTCTCTTGGG TMD7 

13 I1061T GAAAGCCCGACTTACAGCTAGCAATGTCACCGAAACC Cysteine-rich 
loop 

14 M1142T AACATGTTTGGAGTTACGTGGCTCTGGGGCATCAGTTTAA 
ACGCTGTATCCTTGGTC 

TMD10 

15 N1156S GCTGTATCCTTGGTAAGCTTGGTGATGAGCTGTGGC TMD11 

16 G1162V G1162V GATGAGCTGTGACATCTCCGTGGAATTCTGCAG 
CCACATAACC 

TMD11 

17 R1186H CGCGTGGAGCACGCGGAAGAGGC   Cytosolic 

18 L1244P GGTCTTACTGGGCGCCACTCACGGATTAATATTTCCCCCT 
GTCTTACTCAG 

TMD13 
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Table 2. Genotype-phenotype correlation of different NPC1 mutations. The data were 
compiled based on a literature search. A: Adult, J: Juvenile, LI: Late onset, SI: Sever 
infantile. 

Number Mutation Processing  Biochemical 
Phenotype 

Clinical 
Phenotype 

Cell line Reference 

 
1 

 
P1007A 

 
Like-WT 

 
mild 

 Homozygous (Vanier and 
Millat 2003, 
Millat et al. 
2005) 

 
2 

 
D948Y 

 
Like-WT 

 
ND 

 
ND 

 
ND 

(Bauer et al. 
2002) 

 
3 
 

 
L1213F 

 
Like-WT 

 
ND 

 
J 

 
Heterozygous 
with  Y1088C 

 
(Yamamoto 
et al. 2000) 

 
4 

 
V950M 

 
Like-WT 

 
mild 

 
A 

 
Homozygous 

(Millat et al. 
2001, 
Dougherty 
et al. 2016) 

 
5 

 
M631R 

 
Partial 

trafficked 

 
severe 

 
 

severe 

 
ND 

 
 

LI 

 
Homozygous 

 
 

Heterozygous 
with I1061T 

 
(Millat et al. 
2001) 
 
(Millat et al. 
2005) 

 
6 

 
D874V 

 
Partial  

trafficked 
 

 
severe 

No 
neurological 
symptoms 

 
Homozygous 

 
(Park et al. 
2003) 

 
7 

 
C1168Y 

 
Partial 

trafficked 
 

 
severe 

 
LI 
 

 
Homozygous 

 
(Millat et al. 
2001) 

 
 
8 

 
 

G1162A 

 
 

Partial 
trafficked 

 
 

severe 

 
 

ND 
 

 
 

Homozygous 

(Vanier and 
Millat 2003, 
Fernandez-
Valero et al. 
2005, 
Dougherty 
et al. 2016) 

 
9 
 

 
V378A 

 
ER block 

 
severe 

 
Adult without 
neurological 
symptoms 

 
Heterozygous 
with I1061T 

 
(Millat et al. 
2001, Millat 
et al. 2005) 

 
10 

 

 
R404Q 

 
ER block 

 
severe 

 
severe 

 
ND 

 
Homozygous 

 
Heterozygous 
with D874V 

 
(Sun et al. 
2001, Park 
et al. 2003) 

 
11 

 
H510P 

 
ER block 

 
severe 

 
LI 

 
Homozygous 

 
(Yamamoto 
et al. 2000) 

 
 

12 
 
 
 

 

 
 

Q775P 

 
 

ER block 

severe 
 

severe 

SI 
 

SI 

Homozygous 
 

Heterozygous 
with  N1156S 

(Vanier and 
Millat 2003, 
Fernandez-
Valero et al. 
2005) 
(Dougherty 
et al. 2016) 
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13 
 
 

 
 
 

I1061T 

 
 
 

ER block 

 
severe 

 
mild 

 
 

mild 

 
J 
 
J 
 
 

A 

 
Homozygous 

 
Heterozygous 
with  P1007A 

 
Heterozygous 
with  V950M 

 
(Millat et al. 
2001) 
 
 
 
(Millat et al. 
2005) 

 
14 

 

 
M1142T 

 
ER block 

 
severe 

 
ND 

 
Heterozygous 
with G248V 

 
(Sun et al. 
2001) 

 
 

15 
 

 
 
N1156S 

 
 
ER block 

 
mild 

 
 

severe 
 
 

 
ND 

 
 
J 

 
Homozygous 
 
 
Heterozygous 
with  I1061T 

 
(Meiner et 
al. 2001) 
 
(Fernandez-
Valero et al. 
2005) 

 
16 

 

 
G1162V 

 
ER block 

 
severe 

 
ND 

 
Heterozygous 
with I1061T 

 
(Harzer et 
al. 2014) 

 
 

17 
 
 

 
 

R1186H 

 
 

ER block 

 
severe 

 
 

severe 

 
ND 

 
 

ND 

 
Homozygous 
 
 
Heterozygous 
with   N1156S 

 
(Park et al. 
2003) 
 
(Sun et al. 
2001) 

 
18 

 

 
L1244P 

 
ER block 

 
ND 

 
LI 

 
Heterozygous 
with P1007A 

 
(Stampfer et 
al. 2013) 
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NPC1 mutants that are partially trafficked along the secretory pathway 
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NPC1 mutants that are trafficked in a fashion similar to wild type NPC1 
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Discussion 

1. Genetically-determined pathomechanisms underlying LSDs 

Lysosomal storage diseases (LSDs) are a group of progressive inherited autosomal 

recessive disorders or X-linked traits. Almost 50 types of LSDs have been 

characterized (Platt and Lachmann 2009). These genetic disorders typically present 

in infancy or early childhood (Beutler 2006), yet adult-onset cases can also occur 

(Rapola 1994). LSDs result from the deficiency of a lysosomal protein, typically 

enzymes, in some cases transporters which leads to the accumulation of several 

lipids like sphingolipids, glycosphingolipids (GSLs), sphingomyelin, gangliosides 

mucopolysaccharides and/or glycogen (Gondre-Lewis et al. 2003, Chevallier et al. 

2008, Li et al. 2008). The alteration in the lipid trafficking out of the late 

endosomes/lysosomes (LE/L) will subsequently affect the total lipid homeostasis in 

different cellular compartments as well as the plasma membrane (Ballabio and 

Gieselmann 2009). 

 

In our study, we focused on two different LSDs, Niemann-Pick disease type C (NP-C) 

and Fabry disease (FD). NP-C is a rare, fatal, autosomal, recessive, neurovisceral 

LSD that is caused by mutations in NPC1 or NPC2 proteins, which are responsible 

for the trafficking of cholesterol out of the LE/L compartments (Lloyd-Evans et al. 

2008). Our study focused on NP-C disease caused by mutations in the NPC1 

protein. The second disease is FD which is a glycolipid storage disease caused by 

mutations in α-galactosidase A (GAA) leading to accumulation of gycosphingolipids 

(Das and Naim 2009). 

 

Although the genetic background and the clinical manifestations of NP-C are well 

established, the pathomechanism linking the genetic pattern to the severity of the 

disease is still not well studied.  

 

A recent study in fibroblasts from NP-C patients carrying different missense 

mutations in NPC1 gene revealed reduced and variable levels of NPC1 protein 

among different mutants in comparison to the WT species. Interestingly, treatment of 

these fibroblasts with proteasome inhibitor GM132 showed that the level of NPC1 
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mutants increased concomitant with a substantial decrease in the level of 

accumulated cholesterol. This indicates that mutations in NPC1 gene can elicit 

variations in the NPC1 mutants that lead to their degradation in the proteasome via 

the ER-associated degradation (ERAD) pathway. Noteworthy, the treatment with 

GM132 did not correct the trafficking and the localization of all NPC1 mutants 

equally, suggesting that different mutations have variable impact on the trafficking of 

the protein (Zampieri et al. 2012).  

 

Previous studies have classified NP-C patients according to the amount of 

accumulated cholesterol into variant and classic NP-C: in the variant cases, the 

cholesterol trafficking lesion is less severe in comparison to the classic cases (Vanier 

et al. 1991). However, it is still unclear how a mutation in NPC1 impacts the 

biosynthesis, stability, localization and the function of the protein.  

 

Therefore, we investigated in this study the impact of various mutations in NPC1 on 

the protein trafficking, intracellular localization and moreover the influence of these 

mutations on lipid homeostasis. Interestingly, we were able to classify different NPC1 

mutants into three different clusters according to their trafficking pattern along the 

secretory pathway and their localization in the cellular compartments. The first cluster 

included mutations that were blocked in the ER as immature mannose-rich proteins, 

while the second group comprised mutations that were partially trafficked through the 

Golgi to the lysosomes. The third cluster included mutations that exhibited a pattern 

of trafficking and localization similar to the WT.  

 

To obtain a better and more comprehensive understanding of the pathogenesis of 

NPC1-relevant NP-C, the life cycle and turnover of NPC1 mutants were analyzed. 

35S-methionine was used to label the newly synthesized NPC1-WT and one 

representative NPC1-mutant from each group. The results showed substantial 

variations in the life cycle between NPC1 mutants and NPC1-WT, in addition to 

variations among the different mutants. For instance, the NPC1-L1213F, the 

representative mutant of WT-like class was still present at 12h of chase as the WT 

protein, indicating that this mutation neither causes degradation nor affects the 

turnover rate of the protein. On the other hand, the partially trafficked mutant NPC1-

D874V was degraded at a higher rate than the WT and a lower rate than the ER-
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blocked mutants. Interestingly, the ER blocked mutant NPC1-L1244P disappeared 

steadily throughout the chase time points and was no more detectable after 8h of 

chase. These results indicate that the variations in the degradation rates are directly 

associated with the localization of NPC1 mutants in the ER, Golgi or lysosomes. 

These findings are in the line with previous studies on fibroblasts which revealed 

equal mRNA levels of WT NPC1 and NPC1-I1061, which was in our study classified 

into the ER-blocked group. However, the steady-state level of NPC1-I1061T protein 

was less than the WT protein, indicating that the protein is rapidly and efficiently 

degraded in the ER (Gelsthorpe et al. 2008). Moreover, the endogenous human 

NPC1-I1061T showed a half-life between 4 and 6.5 h (Nakasone et al. 2014, 

Praggastis et al. 2015), in comparison to a half-life of 42 h for the NPC1-WT 

(Gelsthorpe et al. 2008).  

 

In NP-C disease, the clinical presentation is remarkably heterogeneous, due to the 

diversity in the age of the patient at the disease onset and the severity of the 

symptoms. Moreover, the clinical onset varies from the perinatal period to adult age. 

A panel of studies correlated the severity of the symptoms with the amount of 

accumulated cholesterol (Yamamoto et al. 2000, Meiner et al. 2001, Millat et al. 

2001, Sun et al. 2001, Bauer et al. 2002, Park et al. 2003, Vanier and Millat 2003, 

Fernandez-Valero et al. 2005, Stampfer et al. 2013, Harzer et al. 2014, Dougherty et 

al. 2016). However, it is not clear why the amount of accumulated cholesterol varies 

among different patients carrying different mutations.  Since NPC1 protein is the key 

player in the trafficking of cholesterol out of the lysosomes, it could be suggested that 

various NPC1 genotypes result in different levels of cellular cholesterol and 

subsequently different degrees of disease severity. Investigations on FD support this 

suggestion, in which the results revealed that certain missense mutations are 

associated with mild clinical phenotype that result in later onset and slower 

progression of the symptoms (Spada et al. 2006, Herzog et al. 2012, Lukas et al. 

2013). Nevertheless, in NP-C, the high allelic heterogeneity of the disease makes a 

correlation of the molecular data with the onset of the neurological symptoms difficult 

to establish.  

Clinical studies on NP-C disease were able to link different NPC1 mutants with 

variable cholesterol levels and clinical phenotypes in compound heterozygous and 

homozygous patients. For instance, the mutants that elicited a WT-like trafficking 
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pattern of NPC1 in our work showed a mild cholesterol accumulation accompanied 

with adult onset of neurological symptoms (Yamamoto et al. 2000, Millat et al. 2001, 

Bauer et al. 2002, Vanier and Millat 2003, Dougherty et al. 2016). By contrast, NPC1 

mutants that were either partially trafficked or blocked in the ER showed a higher 

amount of cholesterol accumulation and an infantile, late infantile or juvenile age of 

clinical onset with severe clinical phenotypes (Meiner et al. 2001, Sun et al. 2001, 

Fernandez-Valero et al. 2005, Stampfer et al. 2013, Harzer et al. 2014) Therefore, it 

could be suggested that the level of disturbance in lipid trafficking in LSDs can 

associate with variable turnover rates, cellular localization and trafficking behavior of 

lysosomal proteins and enzymes.  

 

Notably, the loss of function and protein misfolding has also been studied in other 

lysosomal storage disorders, such as Gaucher disease (Alfonso et al. 2005), GM1 

gangliosidosis (Tropak et al. 2004),  Pompe disease (Parenti et al. 2007) and Fabry 

disease (Fan et al. 1999). Former studies on LSDs addressed the loss of enzymatic 

activity and the impaired trafficking of GAA. It was reported that missense mutations 

in GAA could disrupt the structural stability of the enzyme. This consequently 

resulted in misfolding, premature degradation of GAA and a failure in the trafficking to 

the lysosomes (Schmitz et al. 2005, Yam et al. 2005, Flanagan et al. 2009). Relying 

on this data, it was interesting to investigate the maturation and the trafficking of GAA 

enzyme in fibroblasts derived from male FD patient harboring an N215S mutation. As 

expected, the GAA in the WT fibroblasts was trafficked from the ER and processed in 

the Golgi apparatus. In sharp contrast, in the patient’s fibroblasts, only the immature 

form of GAA was detectable. This indicates that the N215S mutation influenced the 

maturation and the trafficking of GAA with subsequent implications on the 

physiological enzymatic function of GAA in facilitating the degradation of GSLs. 

Concomitantly, the lipid homeostasis in cellular membranes can be deteriorated, 

particularly in lipid rafts (LRs), which are membrane microdomains that are enriched 

in cholesterol and GSLs. 
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2. Implication of lipid homeostasis, particularly LRs, in the onset of 

LSDs 

A plethora of studies in the past decades have established that the plasma 

membrane of eukaryotic cells contains different types of lipids. The disturbed lipid 

homeostasis in LSDs due to mutations in lysosomal proteins/enzymes leads to 

dramatic changes in both the systemic organs (liver, lung) and the central nervous 

system (neurons) (Aqul et al. 2011). At the cellular level, unesterified cholesterol is 

one of the fundamental components of the plasma membrane and intracellular 

organelles, thus any impairment in its homeostasis may lead to alteration in the 

membrane composition and function, particularly LRs.  

The lysosomes are important cellular organelles that play a pivotal role in 

maintenance of the lipid profile by virtue of the expression in these organelles of a 

number of glycolipid cleaving enzymes, such as GAA, ß-glucocereobrosidase, ß-

glucosidase and α-glucosidase (Kolter and Sandhoff 2010). Therefore, the deficits of 

lysosomal functions can be studied from two aspects. One aspect relies on the loss 

of lysosomal protein function due to a mutation, whereas the second aspect deals 

with the consequences that are caused by the mutation (e.g. lipid accumulation).  In 

fact, studies in a mouse knockout cellular model for NP-C revealed that total lipid 

composition differed substantially from its counterpart in the wild type mouse 

(Tharkeshwar et al. 2017). Along these lines we hypothesized that impaired lipid 

trafficking in LSDs is likely to be associated with variations in the composition of LRs 

and subsequently affect the trafficking and the functions of proteins and enzymes 

that are associated with LRs.  

 

The role of LRs in health and disease has been the subject of a large number of 

studies in recent years. Particularly, the implication of LRs in the pathogenesis of 

neurodegenerative diseases such as Alzheimer (AD), Parkinson and Huntington 

diseases has been unraveled (Wolozin 2001, Schengrund 2010, Hicks et al. 2012, 

Sonnino et al. 2014). Thus the onset of neurological symptoms, particularly 

dementia, has been linked to the disruption of the lipid environment in neural cells, 

particularly sphingomyelin, ganglioside and cholesterol are affected  

It was also confirmed that there is an alteration in LRs composition in fibroblasts 

derived from NP-C patients. A mislocalization of LRs associated proteins such as 
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annexin 2 and 6 in NPC1 null cells as well as impaired endocytosis has been 

reported (te Vruchte et al. 2004, Chasserot-Golaz et al. 2005, Cornely et al. 2011). 

 

Moreover, a redistribution of flotillin-2, a highly conserved protein that is associated 

with LRs (Salzer and Prohaska 2001), was observed. In addition, a previous study 

from our group revealed a significant reduction in the amount of flotillin-2 in LRs 

fractions in fibroblasts derived from NP-C patients. This suggests that the initial 

composition of LRs has changed with subsequent change in their buoyant density 

and floating characteristics on sucrose gradients. The next focus therefore was to 

investigate whether the association between the genotype and biochemical 

phenotype could also be extrapolated to detect an alteration in the association of 

NPC1 with LRs. We hypothesized that the mutations that are analyzed in this study 

and which are located in several transmembrane domains of NPC1 may have a 

direct effect on the mode of interaction of NPC1 with LRs. Other mutations that are 

located in the luminal domain, including the cysteine-rich loop, may influence the 

folding and quaternary structure of NPC1 and thus indirectly the interaction of the 

mutants with the membrane. To address these issues we examined if distinct 

mutants, which vary in their trafficking and intracellular localization, may associate 

differently with LRs. Interestingly, the complex glycosylated form of WT-NPC1 is 

exclusively associated with the floating fractions (LRs fractions) as compared to the 

mannose-rich from which predominantly exists in the soluble fractions (non-lipid rafts 

fractions). Expectedly, the mutation that caused a complete block of NPC1 in the ER 

prevented the association of the protein with LRs due to its degradation, while the 

association of partially-trafficked mutants with LRs is lower than the correctly 

trafficked WT-like mutant, which was similar to WT-NPC1. Of note is the higher level 

of the mature form of WT-like mutant in the soluble non-rafts fractions suggesting an 

altered mode of association of WT-like mutant with LRs. Along these lines, we 

conclude that NPC1 mutants vary in their association with LRs, indicating that their 

trafficking pattern could be associated with the reduced or abolished trafficking of 

cholesterol out of the lysosomes.  

 

A previous study showed that the trafficking of DPPIV, a protein that is associated 

with LRs before it is trafficked to the cell surface, was deteriorated in fibroblasts from 

FD patients (Maalouf et al. 2010). Moreover, the sphingomyelin (SM) level was 
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increased in Triton X-100 LRs isolated from FD fibroblasts (Maalouf et al. 2010). 

Altogether, these data propose a crucial role of LRs as a potential key player in the 

pathogenesis of FD. Our follow-up study addressed the question whether a defect in 

GAA trafficking in FD fibroblasts is associated with variations in the trafficking of 

glycolipids and cholesterol and subsequent imbalance in the LRs. Indeed, increased 

levels of cellular sphingolipids and globotriaosylceramide (Gb3) in cellular 

membranes were observed in FD fibroblasts due to the trafficking defect of GAA. 

We examined the LRs integrity in FD and WT fibroblasts by analyzing the distribution 

of flotillin-2 in the floating and non-floating fractions. The quantification of the overall 

amount of flotillin-2 showed no significant difference between FD and WT fibroblasts. 

However, subtle variations in the positioning of the LRs in the floating fractions were 

revealed which correlated with the cholesterol LRs fractions of the FD fibroblasts.  

3. Current and potential therapies in LSDs 

The heterogeneity of the symptoms in NP-C and the variable response towards 

Miglustat renders treatment strategies challenging. Therefore, addressing the various 

trafficking phenotypes of NPC1 mutants can give a more precise evaluation of the 

efficacy of different therapeutic options. Substrate reduction therapy with Miglustat is 

used exclusively in NP-C as the approved option to reduce symptoms resulting from 

the lipid distortions. In addition, the administration of the cholesterol removing agent 

cyclodextrin is used at the preclinical, experimental level as another therapy. Several 

current studies target the autophagy pathway in neurodegenerative diseases. In 

LSDs there is a block in the autophagic pathway because of the deterioration of the 

fusion process between autophagosomes and lysosomes (Settembre et al. 2008). 

Therefore, it has been suggested that using an autophagy inducer, such as 

rapamycin, recycling of lysosomes is restored and apoptotic cell death may be 

prevented (Ravikumar et al. 2004, Ravikumar et al. 2006). Since potential lipid 

alterations are likely not substantial in WT-like mutants, the aforementioned 

strategies can be used to reduce the amount of accumulated lipids in cells harboring 

these mutants. 

The class of mutants that are partially transported along the secretory pathway 

comprises two populations, one of which is blocked in the ER while the other 

population matures in the Golgi apparatus. This indicates that the mature population 
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could escape the ER-associated degradation pathway (ERAD) and reach the 

lysosomes. In such cases, potential treatments that target the quality control 

mechanism could be considered as an optional therapeutic method to correct the 

folding and the trafficking of misfolded protein (Schultz et al. 2016), e.g. chaperones.  

 

It is important to note that treatment strategies of mutants that belong to the partially 

trafficked as well as the ER-blocked groups should consider whether the population 

of the NPC1 mutants that reached the lysosomes is functional and capable to 

transport the lipids out of LE/L. 

A recent study demonstrated that in a transient expression of the of NPC1-I1061T  

mutant in NPC1-deficient CHO cells, part of the protein was sensitive towards endo 

H treatment and rapidly degraded in the ER, while the other part was able to reach 

the lysosomes and to be functional (Gelsthorpe et al. 2008). Notably, other studies 

showed that the mutant protein remains functional in many cases, but cannot escape 

the ER quality control machinery. It is therefore tempting to utilize chemical 

chaperones as an attractive therapeutic option by which a misfolded NPC1 mutant 

can be stabilized and its trafficking enhanced.  

Therefore, the importance of the data presented in this work can provide, together 

with the analysis of cellular lipid composition and filipin staining, adequate basic 

information to assess the disease manifestation and the severity of clinical 

symptoms.  

Finally, a mutation- or phenotype-based therapeutic personalized approach may be 

necessary when treatment with Miglustat is considered and give rise to tailored 

therapeutic options in the future. 

Additionally, it should be emphasized that the treatment strategy for LSDs should 

take in consideration whether the therapeutic substance can cross the blood-brain-

barrier (BBB). In FD, for example, the enzyme replacement therapy (ERT) with 

recombinant GAA is an established therapeutic optiont for FD. It is based on the 

intravenous administration of the missing enzyme (Replagal®, Shire Human Genetic 

Therapies; Fabrazyme®, Sanofi-Genzyme) (Lukas et al. 2015). However, the 

disability of replaced enzyme to cross the BBB and to correct the central nervous 

system makes this treatment strategy tissue-limited (Dietz 2010). Moreover, the 

response of the immune system and the neutralizing antibodies that might be 

generated against the administered enzyme may hamper efficacy of this treatment 
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(Wilcox et al. 2012, El Dib et al. 2017). Several studies considered pharmacological 

chaperones (PC) that bind to particular folding centers in the mutant protein, correct 

its folding and recover the enzymatic activity in the lysosomes as a useful therapeutic 

approach in the treatment of FD (Fan et al. 1999, Asano et al. 2000, Sawkar et al. 

2005, Yam et al. 2005, Okumiya et al. 2007, Parenti et al. 2007, Flanagan et al. 

2009, Lukas et al. 2013). Galactose analog 1-deoxygalactonojirimycin (DGJ, 

Migalastat hydrochloride) is the recommended PC for FD (Andreotti et al. 2011, Wu 

et al. 2011, Lukas et al. 2013). It has been reported that Migalastat can correct the 

misfolded enzyme and stabilize its protein structure in certain amenable mutations, 

thus facilitating the trafficking of the enzyme to the lysosomes (Lukas et al. 2015). 

Since lysosomal hydrolases share several structural and functional similarities the 

use of PC could prove to be non-selective due to its possible binding to other 

lysosomal hydrolases and work in different diseases.   

In addition, many studies suggest a complex physiological interplay between 

cholesterol and GSLs in the context of lipid homeostasis in LSDs (Glaros et al. 2005), 

For instance, GSLs composed of hydrophobic ceramide (Iwabuchi et al. 2015) may 

be able to displace cholesterol from LRs and decrease the association of the 

cholesterol with the LRs (Yu et al. 2005). In this respect, Miglustat, as an inhibitor of 

GSLs and a disease-modifying agent in NP-C, affects the homeostasis of GSLs and 

cholesterol. Furthermore, Miglustat may act as a protein-stabilising chaperone, 

enhancing the function of enzymes and transporters (Alfonso et al. 2005).  

Based on this, we investigated the potential effects of Miglustat in reversing 

biochemical abnormalities in cellular membranes and restoring membrane lipid 

composition in the fibroblasts derived from FD.  

Interestingly, the results propose Miglustat as a promising drug in treatment of FD, 

since it triggered a decrease in the level of sphingomyelin and Gb3 in Fabry 

fibroblasts and restored LRs.  

 

Although genetically-determined, functional and trafficking defects in lysosomal 

enzymes and proteins have been studied in many LSDs, nevertheless the secondary 

biochemical pathways involved in the pathogenesis of these diseases are still not 

well characterised. Moreover, how these biochemical defects translate into variable 

clinical symptoms is still unclear and need to be studied at the cellular and molecular 

levels. 
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Future outlook 

Over the last years several studies tried to understand the pathogenesis of LSDs and 

currently no cure is available for this group of diseases.  

 

1. The lysosomal lipid footprint of different NPC1 mutants  

The diagnosis of NP-C is challenging due to the variable biochemical presentation 

(cellular cholesterol amount, other storage compounds) among the patients, the 

heterogeneity of symptoms and the response towards the treatment. Moreover, the 

diagnosis that is based on filipin staining might be inconclusive.  

The cell biological studies presented in this work elicit a novel concept in the 

pathogenesis of NP-C by identifying various trafficking phenotypes of NPC1 mutants. 

However, how different NPC1 mutants lead to different cellular lipid composition, is 

still not well understood.  

Since the key feature of NP-C is represented as an alteration in the cellular lipid 

profile, a comprehensive understanding of the effect of each mutation on lipid 

homeostasis and lipid metabolism is required. Therefore, addressing the lipid profile 

in the cells harboring different NPC1 mutations may help to follow up the mechanistic 

frame work, in which lipid transport and recycling play an important role in lysosomal 

functions. Höglinger et. al. demonstrated that sphingosine plays a regulatory role in 

the lysosome and is important for the fusion with the autophagosome (Höglinger et 

al. 2015). It can be beneficial if we understand the gradual effect of lipid accumulation 

in the cells regarding the fusion with the autophagosomes and the general cellular 

recycling process. Analyzing the lipid composition in the isolated lysosomes from 

cells harboring the mutation of interest can provide a deep insight into the lipid profile 

inside the lysosomes. 

Two approaches can be applied to investigate the lipid profile in cells harboring 

different NPC1 mutations:  

 Stable expression of NPC1 variants in CHO NPC1 KO cells:  

This method provides a tool to study the effect of each mutation individually without 

interference of the endogenous protein. Total lipids of the cells can be analyzed by 

HPLC.  
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 CRISPR/Cas9 approach: Clustered regularly interspaced short palindromic 

repeats, is a new system of genome engineering that can be used to create a 

mutation in the NPC1 gene within the cells.  

 

2. The effect of the heterozygosity/compound heterozygosity on 

NPC1 trafficking and function 

In our immunoblot analyses, a band with higher molecular weight than the 

monomeric NPC1 was specifically detected. Including the presence of 13 

transmembrane domains in NPC1 protein, it is likely that this protein forms dimers or 

oligomers. NP-C is an inherited autosomal recessive disease, in which most of 

identified cases are compound heterozygotes and to a lesser extent also 

heterozygote. Therefore, a potential interaction among different NPC1 variants 

cannot be excluded. This may affect explain the variant severity of the symptoms in 

compound heterozygous patients. Fibroblasts derived from NP-C patients carrying 

compound heterozygout or homozygout mutations will be used to address this 

concept. Hereby, the trafficking, the lipid homeostasis and the association with 

cellular membrane (LRs) will be investigated. In addition, because of difficult access 

to the fibroblasts carrying the mutations of interest, a coexpression system of 

different variants of NPC1 protein will be established. To address this aim a vector of 

P2A peptide-linked NPC1 mutations will be used. 

 

3. The interplay between energy metabolism, membrane composition 

and protein trafficking in Fabry disease (FD) 

In FD the pathophysiology is still elusive and not clearly understood, despite the 

identification of the underlying enzyme defect of lysosomal GAA (Garman et al. 

2004). Due to the clinical similarity of FD with mitochondriopathies (respiratory chain 

defects) we can hypothesize that secondary mitochondrial dysfunction with energy 

deficiency plays a role in the pathophysiology of FD. A previous test in our group 

revealed reduced activities of some respiratory chain complexes and decreased 

levels of ‘high energy’ phosphates in cultured skin fibroblasts from male patients with 

FD. However, skin fibroblasts are not the most appropriate cells to study 

mitochondrial energy metabolism as they only have a low energy demand. Therefore, 
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using podocytes from the human kidney could be a good alternative model to study 

energy metabolism. 

Nevertheless, how the accumulation of storage compounds inhibits mitochondrial 

respiratory enzymes is unclear. It has been shown in this work that the plasma 

membrane composition (LRs) is altered in fibroblasts derived from Fabry-patients. 

Moreover, it is known that the respiratory chain enzyme complexes are embedded in 

the inner mitochondrial membrane. Therefore, we hypothesize that the reduced 

activity of the respiratory chain complexes might be due to the altered lipid 

accumulation in mitochondrial membranes. Studying podocytes from FD-patients will 

be interesting as podocyte function depends on LR (Simons et al. 2001). 

The respiratory chain enzymes and sirtuins 1, 3 and 4 will be analyzed. Overall lipid 

composition can be assessed by using high performance TLC (HPTLC). LRs can be 

isolated from Triton X-100 cell lysates in podocytes by sucrose-gradient 

centrifugations. In this case we can understand the effects of lipid alterations on 

membrane protein trafficking. Replagal is being used for the treatment of FD. 

Therefore, it would be interesting to address its effect on the restoration of protein 

trafficking and normalizing membrane lipids. 

In the end, understanding the pathophysiological processes and the biochemical 

pathways involved in LSDs may give rise to new, more specific and sensitive 

biomarkers for diagnosing and monitoring the disease. 
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