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Abstract  

Autophagy is an essential intracellular process involved in survival, 

differentiation, development and cellular homeostasis. This catabolic 

mechanism supplies to the cell nutrients and energy to do its vital functions and 

gets rid of non-needed cellular components such as lipids, misfolded proteins 

and damage organelles. It consists on a multistep process highly regulated, 

conducted by autophagy-related proteins (ATGs), which starts by the formation 

of a vesicle which engulfs the material to be degraded to form an 

autophagosome following by the fusion to the lysosome. It contains the 

hydrolytic enzymes which are involve in the degradation of the cargo in the 

presence of an acidic environment (Levine & Kroemer, 2008). Dysfunction in 

the autophagy flux has been implicated in the progression of several diseases 

such as neurodegeneration, cancer and immune diseases, even in the normal 

ageing process. It is known that cell inability to degrade the cargo may lead to a 

defective autophagosome-lysosome fusion and thus, accumulation of 

autophagosome with non-degraded material inside the cells. This is the 

molecular base of a set of pathological conditions, known as lysosome storage 

disorder (LSD). Lysosomal dysfunction in most of these diseases is associated 

with impaired autophagic flux and autophagosome-lysosome fusion and a 

secondary accumulation of autophagy substrates such as SQSTM1/p62 and 

damage mitochondria. The key regulator of autophagy is mTOR which is 

involved in protein, lipid and nucleotide synthesis, lysosomal biogenesis, 

transcription, cytoskeletal rearrangements, energy metabolism, cell proliferation 

and survival. The presence of nutrients, growth factors and hypoxia induce 

mTOR promoting protein synthesis and cell growth and repressing autophagy. 

(Villanueva-Paz et al., 2016), (Munson & Ganley, 2015). 

Tay-Sachs and Sandhoff are two rare inherit LSDs which affect the nervous 

system and are characterized by early neuronal cell death and progressive 

neurodegeneration. They are caused by a mutation in a gene which encodes for 

the α (Tay-Sachs) and β (Sandhoff) subunit for the lysosome enzyme β-

hexosaminidase A (HexA). This is the unique enzyme which is able to degrade 
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a type of glycosphingolipids known as GM2 ganglioside. Consequently, there is 

an accumulation of them leading to cell death (Schuchman & Simonaro, 2013). 

The severity and progression of the diseases depend on the activity level of the 

dysfunctional enzyme and can be presented in infantile, juvenile and adult form 

with progressive neurodegeneration, hypotension, dysphagia, spasms, eye 

movement abnormalities, etc (Munson & Ganley, 2015). Nowadays, there is not 

an effective treatment beyond the palliative care. Although many mutations 

have been described, the molecular and cellular implications are still unknown. 

In the recent study, working with patient fibroblasts, it have been found low 

levels of mTOR pathway activation with the subsequent decreasing of protein 

synthesis and high levels of autophagy. However, it has been determined that 

the autophagy flux is impaired, with the accumulation of autophagosome with 

non-degrade material leading to the lysosomal permeabilization. Treatment of 

patient fibroblasts with L-arginine showed a partial recovery of cellular 

pathological alterations. 
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Resumen 

La autofagia es un proceso intracelular esencial para la supervivencia, 

diferenciación, desarrollo y homeostasis celular. Este mecanismo catabólico 

provee a las células de energía y nutrientes necesarios para la realización de 

sus funciones vitales y la eliminación de componentes innecesarios para la 

célula como son lípidos, proteínas mal plegadas o agregadas y organelas 

dañadas. La autofagia es un proceso guiado por una serie de proteínas 

asociadas a la autofagia (ATGs), el cual comienza con la formación de una 

vesícula que engloba el material a degradar formando el autofagosoma. A 

continuación, tienen lugar la fusión entre el autofagosoma y el lisosoma el cual 

contiene las enzimas (hidrolasas) y el pH acido para la eliminación del cargo 

(Levine & Kroemer, 2008). La disfunción en la autofagia está implicada en la 

progresión de muchas enfermedades como neurodegeneración, cáncer, 

enfermedades inmunes e incluso en el envejecimiento. Una de las causas de la 

incapacidad de la degradación del cargo es consecuencia del fallo en la fusión 

del autofagosoma con el lisosoma que conlleva a la acumulación intracelular de 

material no degradado. Esto constituye la base de una serie de condiciones 

patológicas llamadas enfermedades de acumulación lisosomal (LSDs). La 

disfunción en el lisosoma en la mayoría de estas enfermedades está asociada 

a un defecto en la autofagia, así como en la fusión del autofagosoma y 

lisosoma, daño mitocondrial y acumulación de sustratos de la autofagia como 

SQSTM1/p62. El regulador clave de este proceso es la ruta mTOR la cual está 

implicada en la síntesis de proteínas, lípidos y nucleótidos, biogénesis 

lisosomal, trascripción, reordenamiento del citoesqueleto, metabolismo 

energético, proliferación celular y supervivencia. La presencia de nutrientes, 

factores de crecimiento o hipoxia inducen mTOR dando lugar al aumento en la 

síntesis proteica y crecimiento celular, así como con la inhibición de la 

autofagia (Villanueva-Paz et al., 2016), (Munson & Ganley, 2015). 

Tay-Sachs y Sandhoff son dos enfermedades raras hereditarias de 

acumulación lisosomal (LSD) que afecta al sistema nervioso y se caracterizan 
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por muerte neuronal temprana y neurodegeneración progresiva. Están 

causadas por mutaciones en el gen que codifica la subunidad α (Tay-Sachs) y 

la subunidad β (Sandhoff) de la enzima β-Hexosaminidasa A (HexA). Esta 

enzima es la única capaz de degradar un tipo de glicoesfingolípidos conocidos 

como gangliósidos GM2. Como consecutiva, hay una acumulación intracelular 

que lleva a la muerte celular (Schuchman & Simonaro, 2013). La severidad y la 

progresión de estas enfermedades dependen del nivel de actividad de la HexA 

y pueden ser presentadas en forma infantil, juvenil o adulta. Entre sus síntomas 

destacan la hipotensión, disfagia, espasmos, movimiento anormal de los ojos y 

progresiva neurodegeneración (Munson & Ganley, 2015). Actualmente no 

existe ninguna cura o tratamiento efectivo para estas enfermedades, solo 

cuidados paliativos. Aunque se han descrito muchas mutaciones asociadas, las 

implicaciones celulares y moleculares siguen siendo desconocidas. En este 

estudio, trabajando a partir de fibroblastos de pacientes, se han descrito bajos 

niveles de activación de mTOR con la subsecuente disminución de la síntesis 

proteica y altos niveles de autofagia. Sin embargo, esta autofagia lejos de ser 

positiva en estas enfermedades sufre un bloqueo en el flujo con la acumulación 

de autofagosoma con material no degradado lo cual lleva a la aparición de 

permeabilización lisosoma. El tratamiento de las células de los pacientes con L-

arginina mostró una parcial recuperación de las alteraciones celulares 

patológicas. 
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Introduction 
 

1. Rare diseases 

 
 

Rare diseases (RDs), also known as orphan diseases, are disorders with very 

low prevalence affecting a small percentage of the population. In Europe a 

disease is considered “rare” if it is affects fewer than 5 in 10.000. Most of them 

have a genetic component and others are the result of exposure to infections or 

toxins, allergies, environmental causes or are degenerative and proliferative 

(Figure1). Most of the novel rare diseases are caused by new mutations 

(Tambuyzer, 2010). 
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Figure 1|Origin and Distribution of inheritance patterns of Rare Diseases. 

RDs are heterogeneous in their origins, geographically fluctuating and rarely 

preventable and curable. Most of them are chronic and are responsible for the 

early death of the patient. Genetics causes take around 80% of all the possible 

origins and they can be classified in several inheritance patterns. This 

distribution is taken form the ‘Orphanet Classification of Rare Diseases’, at the 

clinical entity ‘disorder’ level. Figure is made using the data obtained from this 

article: (Nguengang Wakap et al., 2019). 

It is estimated that there are around 7.000 different rare diseases (potentially up 

to 10.000 diseases) which affects between 6 and 8% of the world wide 

population (Table 1). In other words, 410 million of people in the world, 3 million 

in Spain, 30 million in Europe, 25 million in North American and 42 million in 

Iberoamerica (Haendel et al., 2019), (“Federación Española de Enfermedades 

Raras,” n.d.). These diseases collectively place a considerable burden on global 

public health in terms of the severity of the disorders, the high number of 

affected people and the lack of effective treatments. 
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Table 1| Prevalence criteria for the definition of Rare Diseases in selected 

countries. (Field & Boat, 2010).  

 

It is known that individual RDs affect only a few people but if they are studied as 

a whole it creates an important health problem worldwide. It is documented that 

RDs impact more people than cancer and AIDS combined (“RARE Facts - 

Global Genes,” n.d.), (Dharssi, Wong-Rieger, Harold, & Terry, 2017). In the 

following graphs (Figure 2 and 3) it is shown the number of RDs and their 

prevalence per 100.000 and the number of individual and family cases obtained 

from Orphanet 2019. It is very significative the increasing amount of RDs with 

very low prevalence, showing the variability and variety of these disorders. 

 

Country 

 

Prevalence Criterion 

Prevalence expressed as 

Rate for Year of Policy 

Adoption 

United States 200.000 people 1984: 85/100.000 

2008: 66/100.000 

Australia 2000 people 1998: 11/100.000 

2008: 9/100.000 

 

European Union 

5/10.000 population 

(aprox. 250.000 people in 27 

EU nations) 

 

Not applicable 

Japan 50000 people 1993: 40/100.000 

2088: 39/ 100.000 
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Figure 2| Number of rare diseases by prevalence. A) Prevalence up to 

50/100.000. B) Prevalence per 10/10.000 or less. Source: Orphanet, 2019.  

 

Figure 3|Number of rare diseases by A) number of individual cases and B) 

number of family cases. Source: Orphanet, 2019. 
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These disorders, 65% of them are disabling, are present throughout the whole 

life of the person and usually involving lots of pain to the patients and their 

families. They can be acute, chronic and degenerative and affect people of all 

ages, although around 75% affects only children, which may die before the age 

of five years old. The earlier the symptoms appear the worst the prognosis and 

the patients` life are usually compromised with a higher risk of early death (Field 

& Boat, 2011). 

They are characterized by a wide range of disorders and symptoms which 

usually vary from disease to disease, even among patients suffering from the 

same disease, making the misdiagnosis highly frequent (“About Rare Diseases 

| www.eurordis.org,” n.d.). It is recorded that different pathogenic variants of the 

same gene may have different effects. These should be considered different 

diseases because their symptoms and the treatments are different (Haendel et 

al., 2019). Most rare diseases are undiagnosed for years while physicians do 

their best to understand a condition that they have never seen before. Due to 

the lack of recognizable sings, there are changes in the diagnosis when new or 

advancing symptoms appear. The diagnosed process is the most feared by the 

patients and families, who have to visit different doctors before been diagnosed. 

Since the first symptomatology appears until the disease is diagnosed it easily 

takes around 5 years, some of them even 10 or more years. They feel desolate 

as they have to face the challenges of finding information about their diseases 

and specialists who help them in the diagnosis and subsequent treatment. 

Patients, relatives and friends, in their finding for answers, usually join or create 

organizations to support other families and enhance the visibility of the 

diseases. There is a growing societal pressure to dedicate more investment in 

the research of these conditions and make translational the findings making 

new medicaments and faster diagnosis. 

Apart from the diagnosis, the lack of treatments is other main problem that 

people with rare disease have to deal with. It´s highly common these 

pathologies haven’t got a treatment to cure or weaken the diseases and if they 

have it, it is not effective. The 26,8% of patients have received an 

unappropriated treatment during their lives. In 1983 in United States the Orphan 

Drug Act took place to encourage the development of drugs for rare diseases. 
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Before these date there isn’t enough motivation in the development of orphan 

drugs, however three decades later, there were a high proportion of industry 

researching and developing new drugs (Herder, 2017). 

Due to the reduce amount of affected people, in comparison with others more 

common diseases, pharmaceutics industries don’t see the profit in investing in 

the research in the molecular mechanisms that underlying these pathologies 

and translate the advances into potential medicines, known as orphan drugs. 

They provide little financial incentive to produce new treatments because there 

aren´t enough patients to make research cost-effective. In addition, the fact that 

there aren’t enough patients is a challenge to undertake the clinical trials. 

Researchers required accurate statistical analysis to measure the drug effects 

and compare the results between treatment and placebo (Gavin, 2015). 

In United States the orphan drug designation should be obtain through the 

Office Orphan Products Development of the FDA showing that the diseases 

prevalence is less than 200.000 in USA. On the other hand, in the European 

Union the use of orphan drugs should be evaluated by the Committee for 

Orphan Medicinal Products of The European Medicines Agency. The 

prevalence should be less than 5 in 10.000 in EU, approximately 254.000 

people (Tambuyzer et al., 2019). 

Nowadays it is estimated a number of 7.000 rare diseases and new ones are 

discovered each year, most of them haven´t got an approved treatment. Lots of 

effort is being done to elucidate the molecular mechanisms underlying rare 

diseases by a huge number of researchers worldwide. However, the rate of 

translation the knowledge acquired into therapies and treatments is too low. The 

limitation in the knowledge is the main obstacle for improving the therapies, 

nonetheless as the Figure 4 shows the number of science articles about these 

disorders is continuously growing but production of new treatments is still a 

challenge. 
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Figure 4| Translational gap between the production of science articles and 

orphan drug approvals. The graph shows the number of paper published 

about RDs per year from 1987 to 2018 and the number of orphan drugs 

approved by the FDA and the European Medicines Agency (EMA) on a 

logarithmic scale. Graph taken from (Tambuyzer et al., 2019). 

Diverse therapeutics modalities are being tried to make translational the 

scientific advances in the understanding of RDs. Pharmaceutics industry and 

researchers used to focus on small-molecule drugs which are the best 

stablished, low production costs, multiple routes of administration and controlled 

dosing. However, due to the new advances in molecular biology and 

understanding the human genome through genome sequencing new drugs are 

being discovered. Such as protein-based therapeutics (proteins, peptides and 

antibodies), antisense oligonucleotides (ASOs), small interfering RNAs 

(siRNAs) and gene and cell therapies. The difference between these modalities 

is the way they target the pathways implicated in these disorders and the ability 

to reach cellular compartments. AOSs, siRNA and gene al cell therapy works in 

deeper levels regulating gene transcription and protein production, however 

protein-based therapeutics balanced and modulate the extracellular targets, 
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replace dysfunctional proteins and enhance the lack of certain proteins 

(Tambuyzer et al., 2019). 

Nowadays, because of the high interest in rare diseases knowledge and the aim 

for improve the diagnosis and develop effective new treatments new technology 

is used. Next-generation sequencing (NGS) is being used to identify genes 

which cause rare diseases and The Human Phenotype Ontology (HPO) is 

intended to analysis the Human Phenom. Standardization of a disease is a 

must and integrating phenotype based database and genetic information is 

essential to reach our goals (Jia et al., 2017). 
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2. Lysosomal storage diseases  
 

Lysosomal storage diseases (LSDs) are a heterogeneous group of around 70 

individually rare genetic diseases (Table 2) which are inherit, autosomal 

recessive (except for the three X-linked disorders which are Fabry, Hunter and 

Danon diseases (Platt,F.M. et al, 2018), (Pastores & Wang, 2017)) and are 

characterized by the accumulation of un-degraded cellular products inside the 

cells. Patients who are suffering from these disorders can be homozygous for 

the same mutation in both alleles or heterozygous for two different mutations. In 

other words, heteroallelic patient having one mutation in one allele and a 

different one in the other allele (Haskins & Giger, 2008). The age of the onset 

and the clinical signs vary between patients and the severity of the mutation. 

The amount of residual activity of the enzyme influences the age of the 

symptoms onset. Infantile type is the most severe and frequent corresponding 

to a null or almost null enzymatic activity, following by late-infantile, juvenile and 

adult type (Vitner, Platt, & Futerman, 2010). 

Individually these diseases represent a very tiny part of the population with an 

estimated incidence of 1 in 5000-5.500; however as a whole they are common 

with an estimated incidence of 1-50.000-250.000 live births. Among LSDs the 

most common is Fabry disease (up to 2,5 cases per 100.000 males), Gaucher 

disease and Pompe disease (2 cases per 100.000 individuals). The estimated 

prevalence as a group is 1 in 8000 live births. Nevertheless, many of the LSDs 

are individually common in specific ethnicities, for instance, Gaucher disease 

type I, Tay-Sachs disease and Niemann-Pick disease type A are very common 

within the Ashkenazi Jews (100, 25 and 2,5 per 100.000 individuals 

respectively); Metachromatic Leuckodystrophy in Western Navajo Nation (40 

per 10.000 individuals): Fabryc disease in Nova Scotia (9,3 per 100.000 

individuals) and Pompe disease in the Netherlands (2,5 per 100.000 individuals) 

(“Lysosomal storage diseases | Nature Reviews Disease Primers,” n.d.), 

(Parenti, Andria, & Ballabio, 2015). 
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Stored Substrate 

 

 

Disease 

 

Protein deficiency 

 

Gene locus 

 

Lipids    

 

Sulfatides 

 

Metachromatic 

leukodystrophy 

 

 

Arylsulfatase A 

(galactose-3-sulfatase) 

 

ARSA, 

22q13.33 

 

GM1 gangliosides, 

sphingomyelin, glycolipids, 

sulfatide 

 

Prosaposin 

deficiency(Metachrom

atic leukodystrophy 

variant) 

 

 

 

Prosaposin( Saposin B 

activator) 

 

 

PSAP, 

10q22.1 

 

 

Glycolipids, gangliosides, 

phospholipids 

 

 

Sialolipidosis 

(Mucolipidosis IV, 

Berman disease) 

 

Galactosialidosis 

 

Mucolipin-1 

 

 

Protective 

protein/cathepsin A 

 

MCOLN1, 

19p13.2 

 

CTSA, 

20q13.12 

 

Glucosylceramide, 

globosides 

 

Gaucher disease 

(three types)* 

 

 

β-Glucosidase 

 

 

GBA, 1q22 

 

 

Glucosylceramide, 

globosides 

 

 

Saposin C deficiency 

(Gaucher disease 

variant)  

 

Saposin B deficency 

 

 

Saposin C 

 

 

Saposin B 

 

PSAP, 10q22 

 

 

PSAP 10q22.1 

 

Ceramide 

 

 

Farber disease (seven 

types) 

 

 

Acid ceramidase 

 

 

ASAH1, 8p22 

 

 

Sphingomyelin 

 

 

Niemann–Pick 

disease types A and B 

 

 

Sphingomyelinase 

 

 

SMPD1,11p15.

4 

 

Cholesterol esters 

 

 

Wolman disease, 

cholesteryl ester 

storage disease 

 

 

Lysosomal acid lipase 

 

LIPA, 10q23.2-

q23.3 

 

 

Cholesterol, sphingomyelin 

 

 

 

Niemann–Pick 

disease type C 

 

Cerebrotendinous 

xanthomatosis 

 

 

NPC1; NPC2 

 

Sterol 27-hydroxylase 

NPC1, 

18q11.2 

 

NPC2, 

14q24.3  

 

CYP27A1, 

2q33-qter 
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Lipofuscin Neuronal ceroid 
lipofuscinosis (many 

types)** 
 

PPT PPT1 
1p32 (Inf/Juv) 

Lipids and 

Olygosacharides 

   

 

 

GM2 gangliosides, 

glycolipids, globoside 

oligosaccharides 

 

Tay-Sachs disease 

(GM2 gangliosidosis) 

(three types) 

 

 Sandhoff disease 

(GM2 gangliosidosis) 

 

 GM2 gangliosides AB 

variant 

 

 

Α Subunit of β-

hexosaminidase 

 

β Subunit of β-

hexosaminidase 

 

GM2 activator 

 

 

HEXA, 15q23 

 

 

HEXB, 5q13.3 

 

 

GM2A, 5q33.1 

GM1 gangliosides, 

oligosaccharides, keratin 

sulphate, glycolipids 

 

GM1 gangliosidosis 

(three types) 

 

 

β-D-galactosidase 

 

GLB1, 3p22.3 

 

Galactosylceramides 

 

Krabbe disease 

 

 

Galactocerebrosidase 

 

 

GALC, 

14q31.3 

Oligosaccharides, 

glycosaminoglycans, 

glycosphingolipids 

 

Mucolipolisis IIIC γ 

 

N-acetylglucosamine-1-

phosphotransferase 

subunit γ 

 

GNPTG, 

16p13.3 

Oligosaccharides, 

glycosaminoglycans, 

glycosphingolipids 

 

I-cell (ML-II) 

 

N-acetylglucosamine-1-

phosphotransferase 

subunits α/β 

 

GNPTAB, 

12q23.2 * 

 

 

Glycolipids, 

oligosaccharides 

 

 

Mucolipidosis III 

A/B(pseudo-Hurler 

polydystrophy) 

 

 

N-acetylglucosamine-1-

phosphotransferase 

subunits α/β 

 

GNPTAB, 

12q23.2 

 

α-Galactosylsphingolipids, 

oligosaccharides 

 

 

Fabry disease 

 

 

 

α-Galactosidase A 

 

 

 

GLA, Xq22.1 

 

Sulfatides, glycolipids, 

glycosaminoglycans 

 

Mucosulfatidosis 

(Multiple sulfatase 

deficiency) 

 

 

Sulfatase-modifying 

factor 1(SUMF-1) 

 

 

SUMF1, p26.1 

 

 

Fucosides, glycolipids 

 

 

 

α-Fucosidosis 

 

 

 

 

α-Fucosidase 

 

 

FUCA1, 

1p36.1 
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Oligosaccharides 

 

   

 

 

Glycogen 

 

 

Pompe disease 

 

Danon disease 

 

 

Acid α-D-glucosidase 

 

Lysosomal associated 

membrane protein-2 

(LAMP-2) 

 

GAA, 17q25.3 

 

LAMP2, Xq24 

 

α-Mannoside 

 

 

α-Mannosidosis 

 

 

α-Mannosidase 

 

 

MAN2B1, 

19p13.2 

 

β-Mannoside 

 

 

β-Mannosidosis 

 

 

β-Mannosidase 

 

 

MANBA, 4q24 

 

 

 

N-acetylgalactosaminide 

 

 

Schindler (Type I, 

infantile severe form) 

 

Type III (Intermediate 

form) 

 

Kanzaki disease 

(Type II, adult onset 

form) 

 

 

 

α-N-

acetylgalactosaminidase 

 

 

 

 

NAGA, 

22q13.2 

 

 

Sialyloligosaccharides 

 

 

Sialidosis I-II 

 

α-Neuraminidase 

(sialidase) 

 

NEU1, 

6p21.33 

 

 

 

Sialyloligosaccharides, 

galactosyloligosaccharides 

 

 

Galactosialidosis 

(Goldberg syndrome, 

combined 

neuraminidase and B- 

galactosidase 

deficiency) 

 

 

Winchester syndrome 

 

Protective protein/ 

cathepsin A ( β-

galactosidase, α-

neurominidase)  

 

 

 

Metalloproteinase-2 

 

PPCA, 

20q13.12 

 

GLB1, 3p22.3 

NEU1, 

6p21,33  

 

MMP2, 16q13 

 

Sialic acid, glucuronic acid 

 

 

 

 

Salla disease( 

Infantile free sialic 

acid storage disease) 

 

 

Sialin (lysosomal 

transporter) 

 

 

SLC17A5, 

6q13 

 

 

 

Free acid sialic acid 

 

 

 

Sialuria (French type) 

 

UDP-N-

acetylglucosamine-2-

epimerase/N-

acetylmannosamine 

kinase 

 

 

 

 

GNE, 9p12-

p11 
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Truncated N-glycans 

 
Congenital disorders 
of N- glycosylation 

(many types (I and II) 
and subtypes)**** 

 
 

Phosphomannomutase 

 
 

PMM, 22q13.2 
(CDG Ia) 

Mucopolysaccharides    

 

 

Dermatan sulfate and 

heparan sulfate 

 

 

Mucopolysaccharidosi

s (MPS) I, Hurler–

Scheie syndrome 

 

MPS II, Hunter 

syndrome 

 

 

α-L-Iduronidase 

 

 

Iduronate-2-sulfatase 

 

 

IDUA, 4p16.3 

 

 

IDS, Xq28 

 

 

 

 

 

Heparan sulfate 

 

 

 

MPS IIIA, Sanfilippo A 

 

 

MPS IIIB, Sanfilippo B 

 

 

MPS IIIC, Sanfilippo C 

 

 

MPS IIID, Sanfilippo D 

 

 

Sulfamidase 

 

α-N-

cetylglucosaminidase 

 

Acetyl-CoA: α-

glucosaminide-N-

acetyltransferase 

 

N-acetylglucosamine-6-

sulfatase 

 

 

SGSH, 

17q25.3 

 

NAGLU,17q21.

2 

 

HGSNAT, 

8p11.21 

 

GNS, 12q14.3 

 

 

Keratan sulfate 

 

 

 

MPS IVA, Morquio A 

 

MPS IVB, Morquio B 

 

Galactosamine-6-

sulfatase 

 

β-D-galactosidase 

 

 

GALNS, 

16q24.3 

 

GLB1, 3p22.3 

 

Dermatan sulfate 

 

 

MPS VI (Maroteaux–

Lamy syndrome) 

 

 

N-acetylgalactosamine-

4-sulfatase 

 

 

ARSB, 5q13–

14 

 

 

Dermatan sulfate and 

heparan sulfate 

 

 

 

MPS VII (Sly) 

 

 

 

β-D-glucuronidase 

 

 

GUSB, 

7q11.21 

 

 

Hyaluronan 

 

 

MPS IX (Natowicz) 

 

 

Hyaluronoglucosaminida

se 

 

 

HYAL1, 

3p21.31 

 

Heparan sulphate, 

dermatan sulphate, 

chondroitin-1 and 6-

sulphates, sulpholipids 

 

 

Multiple sulphatase 

deficiency (Austin) 

 

 

 

 

Sulfatase-modifying 

factor-1 

 

 

SUMF1,3p26.1 
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Table 2|Lysosomal Storage Disease group by the type of substrate 

accumulation and Lysosomal related organelles disorders. AP-3: Adapter 

protein 3; BLOC-1, BLOC-2, and BLOC-3: biogenesis of lysosome-related 

organelles complex 1, 2, and 3; CDG: congenital disorders of N-glycosylation; 

PPT1: Palmitoyl-protein thioesterase (Pastores & Wang, 2017), (Kolodny, 

2003), (Schuchman & Wasserstein, 2018), (Ballabio & Gieselmann, 2009), 

(Alroy & Lyons, n.d.), (“Genetics Home Reference - NIH,” n.d.), (“Lysosomal 

storage diseases | Nature Reviews Disease Primers,” n.d.), (Adam, Ardinger, & 

Pagon, 2001), (“OMIM - Online Mendelian Inheritance in Man,” n.d.), (“Overview 

of Lysosomal Storage Disorders - Pediatrics - MSD Manual Professional 

Edition,” n.d.). *(Leroy, Cathey, & Friez, 1993), **(“Hermansky-Pudlak syndrome 

- UpToDate,” n.d.). *** (Philippart, 2014), ****(Leroy, 2006), (Sparks & 

Krasnewich, 1993). 

 
Peptides and proteins 

   

 

Aspartylglucosamine 

 

 

Aspartylglucosaminuri

a 

 

 

Aspartylglucosaminidas

e 

 

 

AGA, 4q34–35 

Cystine 

 

Cystinosis (Fanconi 

syndrome) 

 

Cystinosin (lysosomal 

cysteine transporter) 

CTNS, 

17p13.2 

Bone proteins Pyknodysostosis Cathepsin K CTSK, 1q21 

Proteins Papillon-Lefèvre 

syndrome 

Cathepsin C CTSC, 

11q14.2 

    

 

Lysosomal related organelles disorders 

Hermansky-Pudlak disease type 1-9 AP-3, BLOC-1, BLOC-2, 

BLOC-3 

HPS1, 

10q23.1-q23.3 

HPS2-HSP9** 

Chédiak–Higashi 

disease 

Lysosomal trafficking 

regulator 

LYST, 1q42.3 

Griscelli syndrome 1 Lysosomal trafficking 

regulator 

MYO5A, 
15q21.2 

Griscelli syndrome 2 

 

Rab27a (Vesicle 

trafficking) 

RAB27A, 
15q21.3 
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 Causes of LSDs 

 

These diseases are clinically and genetically heterogeneous and are caused by 

mutations in a coding sequence of a gene which codifies an acid lysosomal 

enzyme whose role is degrade a series of substrate within these organelles. 

Although, most of the LSDs are caused by the accumulation of non-degraded 

material inside lysosomes because of the deficiencies of soluble lysosomal 

enzymes (Figure 5), there are many of them which are cause by defects in 

lysosomal membrane proteins, transporter proteins and activator proteins. In 

addition, there are some LSDs produced by the mutation on non-lysosomal 

proteins that are necessary for the correct lysosomal function, locating inside de 

endoplasmic reticulum, the Golgi apparatus and the endosomal pathway 

(Ballabio & Gieselmann, 2009), (Parenti et al., 2015). These mutations can be 

point mutation, deletions, insertions and other alterations which affect the 

catalytic activity of the enzyme. Mutations may affect the protein structure, 

stability and function and thus, decrease the enzyme activity resulting in the 

reduction or elimination of the enzyme substrate, following the accumulation 

inside the lysosomes. That is why this group of disorders are called LSDs. In 

some cases they produce a stop codon and the resulting protein is not 

functional. If it changes a critical amino acid in the active site, the enzyme 

activity would be lower than if the change occurs in another less relevant amino 

acid. The enzyme activity depends on the place where the mutation occurs that 

is why the pathophysiology and symptoms of the same disease is very different 

from one patient to other. On the other hand, there are still different between 

patients with same disease and same mutation. It is known that these 

phenotypic variations are caused because of the influenced of other genes and 

the environment on the expression of lysosomal genes (Haskins & Giger, 2008), 

(Pastores & Wang, 2017).  
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Figure 5| Pathway of sphingolipids degradation. The main cause of most of 

LSDs is the failure in the degradation of lysosomal enzymes substrates and 

following accumulation leading to cellular death. This figure shows the main 

degradation pathway of the sphingolipids (black) which their accumulation 

within the lysosomal by the failure of specific hydrolases (blue) and/or 

sphingolipid activator proteins (SAP, green) may leads to the development of a 

LSDs (red). In red boxes are the two rare disease studied in this project. There 

is an intermedium step between GM3 gangliosides and glucocerebroside not 

shown in the figure; sialidase acts on GM3 ganglioside giving lactocerebroside  
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which afterwards is processed by GalCer-β-galactosidase and GM1-β-

galactosidase giving glucocerebroside. Figure modified from (Sandhoff & 

Harzer, 2013). 

From approximately 1300 genes involved in lysosomal function, 50 genes have 

been found to codify for lysosomal enzymes. LSDs are classified by the name 

of enzyme substrate accumulation (sphingolipidoses, mucopolysaccharidoses, 

oligosaccharidosis, glycoproteinoses, gangliosidoses etc) and are defined by 

the name of the affected lysosomal enzyme (Haskins & Giger, 2008), (Platt,F.M. 

et al, 2018). It is very common to storage more than one type of substrate inside 

the cell. Although the quantity isn’t very huge from a physiopathology point of 

view it may be very relevant. Depend on the type of storage compounds; their 

amount, the type of storing cells and the repercussion of the storage materials 

on the crucial cellular processes, the cellular consequences of store non-

degraded substrates are determined. Table 3 shows the 7 different inherit 

mechanisms that are documented to cause LSDs (Ballabio & Gieselmann, 

2009). 

Apart from LSDs, there are another group of diseases named as Lysosome 

related organelles (LROs) diseases which are relevant to be shown. LROs are a 

heterogeneous group of vesicles located specialized cell types, which share 

features with lysosomes (low intra-organellar pH, specific membranes proteins 

and a pathway formation) but have different composition, morphology and 

function. The most common genetic diseases consequences for the LROs 

abnormalities are Chediak-Higashi (CHS) which is shown in the Table 2. 

(Huizing, Helip-Wooley, Westbroek, Gunay-Aygun, & Gahl, n.d.). 
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Mechanisms LSDs example 

 

Any protein or enzyme is synthesized (the 

mutation deeply affects the protein synthesis) 

 

Infantile forms of glycoprotein, 

glycolipid, glycogen and 

mucopolysacccharides 

 

A catalytically inactive protein is synthesized 

(the mutation partially affects the stability or 

transport of the protein) 

 

Juvenile or adult  forms of 

glycoprotein, glycolipid, glycogen 

and mucopolysacccharides 

 

A catalytically active protein is synthesized 

but it is not segregated into lysosomes 

 

I-cell diseases, pseudo-Hurler 

polydystrophy 

 

A catalytically active protein is synthesized 

but it is unstable in pre-lysosomal or 

lysosomal compartments 

 

 

Galactosidosis 

 

 

The activator protein is missing 

 

AB variant of GM2 gangliosidosis 

(GM2A protein), variants of Gaucher 

and Farber diseases, juvenile 

variant of meta-chromatic 

leukodystrophy 

 

The gene of the protein is normal but there is 

a mutation of the gene encoding for post-

translational modification of the enzyme 

 

 

Multiple sulfatase deficiencies 

 

There is an abnormal transport of the protein 

to the lysosomes 

 

Mucolipidosis-IV, NPC-I and NPC-2. 

Infantile osteopetrosis with neuronal 

storage 



47 
 

 

Table 3| Different mechanisms of Lysosomal Storage Disorders. Data were 

taken from (Alroy & Lyons, n.d.). NPC, Niemann-Pick C. 

 

Symptoms 

 

The symptomatology of these diseases is very wide and different between 

patients, even with the same disease. Although lysosomal and lysosomal-

related genes are expressed in all the cells of the body, the non-degraded 

substrates are stored in the tissues in which these substrates are usually 

turned-over (Pastores & Wang, 2017). Among their clinical manifestations such 

as visceral (hepatosplenomegaly), haematological (enlarged, vacuoles full of 

non-degraded material visible in lymphocytes or histiocytes), ocular (corneal or 

lenticular opacities, retinal abnormalities such as cherry red spot and retinal 

dystrophy, glaucoma, optic nerve atrophy and blindness) and skeletal (bone 

dysplasia, joints limitations, anomaly in bone density, osteonecrosis, areas of 

bone infarction) the neurological ones are the most recurrent, being a common 

hallmark of LSDs (comprises two-thirds of all lysosomal diseases). As it is 

shown in the Figure 6, these diseases may affect any body organ or system, 

including the heart (valvular thickening, cardiomegaly, cardiac failure and 

arrhythmias), skin (hypohidrosis, angiokeratoma), lungs, intestine, upper 

respiratory tract and kidneys. The phenotype between LSDs is commonly 

overlapping because different diseases causing mutations affect the same 

organ or system (Parenti et al., 2015) As rare diseases, the diagnosis of the 

 

Failure in the fusion between endosome or 

lysosome due to mutation on the lysosomal 

membrane protein 2 gene (LAMP-2) 

 

 

Danon disease 

 

Decrease in transport of degradation end 

products out of lysosomes 

 

Salla disease, infantile sialidosis, 

and cystinosis 
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disorder is very confusing and requires a combination of morphological, clinical, 

biochemical and molecular biology techniques. 
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Figure 6|Organs affected in LSDs and LROs. Mutations causing LSDs and 

LROs are responsible for a huge range of symptoms which affect different 

organs. Although, it is documented that these diseases deeply affect the brain, 

it is very frequent that they involve multiple organs systems. Blue boxes show 

the mutations that causes specific clinical manifestations and green ones 

contain mutations that cause non-specific symptoms. The diseases caused by 

each mutation are shown in the Table 2. Figure data were taken from   

(“Lysosomal storage diseases | Nature Reviews Disease Primers,” n.d.). 
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3. Gangliosides 
 

Gangliosides are complex glycolipids formed by a ceramide (sphingosine and 

stearic acid - hydrophobic lipid portion) linked to a chain of a variable number of 

monosaccharides with a different number of sialic acid residues (hydrophilic 

sugar portion). These components make an acidic and negatively charge 

molecule at pH 7. Gangliosides are synthetized in the endoplasmic reticulum 

and then they are modified by adding different number of carbohydrates in Golgi 

apparatus. They are characterized by their high level of heterogeneity and 

diversity of the carbohydrates chain, making a total amount of 188 different 

gangliosides in vertebrates. 

They are also known as glycosphingolipids which arise from the link between a 

ceramide and an oligosaccharide. There are four different types of 

glycosphingolipids: cerebrosides, sulfatides, globosides and gangliosides. 

However, above all, gangliosides are the most abundant in the nervous system 

suggesting their functions in its development and function. They are also 

distributed in all body cell and tissues. Primarily gangliosides are localized in the 

outer layer of cell membrane along with sphingomyelin, cholesterol, signalling 

and adhesion proteins in lipids rafts.  The hydrophilic sugar portion with the 

sialic acid is extended from the plasma membrane while the hydrophobic tails 

are anchored in the membrane. They are essential components of cell 

membranes and are involved in cell-cell recognition, adhesion and signal 

transduction. They are also found in nuclear membrane and it has been 

hypothesized to be involved in the maintenance of intracellular and intranuclear 

calcium homeostasis (Yu, Tsai, Ariga, & Yanagisawa, 2011), (Furukawa et al., 

2018). 

The gangliosides are named according to the Svennerhom nomenclature, 

providing information about its structure: G refers to ganglioside; the following 

letter A, M, D or T indicates the number of sialic acid molecules (zero, one, two 

and three respectively) and the number 1, 2 or 3 designates the number of 

monosaccharides residues (four, three, and two respectively) (Patterson, 2013), 

(“Ganglioside GM2 (d18:1/25:0) | C74H135N3O26 - PubChem,” n.d.). 
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Inherit defects in the enzymes involve in gangliosides catabolism are the 

responsible for many LSDs such as GM1 and GM2 gangliosidoses (lysosomal 

accumulation of GM2 gangliosides, Figure 7). Many studies have been done 

with genetically engineered mice deficient in ganglioside synthase showing the 

essential and critical role of gangliosides. It has been documented that GM3 

gene KO in mice result of complete deafness and attention-deficit hyperactivity 

disorder, suggesting the role of gangliosides in the maturation of the cochlea 

and the maintenance of neuropsychological balance (Yoshikawa et al., 2009), 

(Niimi et al., 2011). Mice lacking GM2 synthase show impaired motor 

coordination and lower nerve conduction velocity with a decrease in myelination 

in sciatic and optic nerves with neural degeneration; suggesting the importance 

of these molecules in neural functions and structural maintenance of nervous 

system (Takamiya et al., 1996), (Sugiura et al., 2005). In addition, double KO 

mice of two gangliosides synthases (GM2 and GM3) show severe lethality. 

However, it still remains unknown if these neurological abnormalities are 

caused by the lack of these enzymes or because of the substrate precursors 

accumulation (Yu et al., 2011).  
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Figure 7| Structure of GM2 Ganglioside. GM2 ganglioside is a 

glycosphingolipid formed by a ceramide (steraric acid and shingosine) linked 

with a oligosaccharide (β-D-glucose, β-D-galactose and N-acetyl- β-D- 

galactosamine) and one molecule of sialic acid. 
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4. Tay-Sachs and Sandhoff diseases 
 

Tay-Sachs (TSD, OMIM 272800) and Sandhoff (SD, OMIM 268800) are two 

rare inherit LSDs which affects the nervous system and are characterized by 

early neuronal cell death and progressive neurodegeneration due to an intra-

neuronal accumulation of incompletely metabolized GM2. It is known that there 

is an increase of 100 to 300 times of the brain levels of GM2 accumulation in 

these diseases compared with a healthy person. These autosomal recessive 

diseases belong to a group of disorders named as GM2 gangliosidoses, which 

are disorders that result of the failure of GM2 degradation leading to cell death. 

They are cause by the deficiency of the enzyme involves in their degradation, β-

Hexosaminidase A (HEXA, E.C. 3.2.1.52). The severity and progression of the 

diseases depend on the activity level of the enzyme (residual activity) due to the 

gene mutations. It means that the time of onset and the symptoms reflects the 

degree of enzymatic dysfunction. As another lysosomal glycosidase, HexA can 

hydrolyse numerous substrates such as glycoproteins, oligosaccharides, 

glycosaminoglycans and glycolipids which include GM2 gangliosides. It cut 

specifically the β-linkage of the terminal non-reducing sugar of the substrate (N-

acetyl glucosamine or N-acetyl galactosamine) (Schuchman & Simonaro, 

2013).  

In Tay-Sachs (variant B) there are mutations in the HEXA gene located on the 

long arm of the chromosome 15 (15q23-q24) which encodes for the α-subunit of 

HexA. This chromosomal region is approximately 35kb in length and contains 

14 exons. In Sandhoff (variant O) there are mutations on the HEXB gene 

located on the long arm of the chromosome 5 (5q13) that is approximately 45kb 

in length and is divided in 14 exons, which encodes for the β-subunit of the 

HexA. Both genes share a common exon structure and their promoter activity 

resides within approximately 150bp of the first ATG codon. In addition, both 

genes are evolutionary related and their subunits share approximately 57% 

amino acid identity (Schuchman & Simonaro, 2013). Homodimers and 

heterodimers formed by these subunits lead to the three Hexosaminidase 

isozymes in mammals: Hexosaminidase S is a homodimer formed by two α-

subunits (αα), Hexosaminidase A is a heterodimer formed by one α-subunit (αβ) 
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and one β-subunit and Hexosaminidase B is a homodimer composed by two β-

subunits (ββ). The most extensive forms are HexA and HexB, however only 

HexA is able to degrade the GM2 gangliosides. There is also another GM2 

variant which is an extremely rare genetic disease called as AB variant (OMIM 

272750) which is caused by mutations in the GM2A gene on chromosome 5 

(5q31.1-31.3), which is approximately 16kb containing 4 exons. This gene 

encodes for GM2 activator protein (GM2A) that it is essential in the degradation 

of GM2 gangliosides because it acts like a cofactor for the HexA enzyme 

(Ferreira & Gahl, 2017), (Schuchman & Simonaro, 2013). Consequently, 

mutations in any of these 3 genes may lead to GM2 gangliosides with very 

similar pathology except for the visceral organ involvement of Sandhoff patients. 

In fact, there are three different types of gangliosidoses all of them 

characterized by the GM2 gangliosides as the primary neuronal storage 

material: Tay-Sachs with normal levels of HexB activity but deficient activity of 

HexA; Sandhoff with deficient levels of both enzymes HexA and HexB and GM2 

activator deficiency with normal levels of HexA and HexB but with the inability to 

form a proper GM2-GM2A complex (Figure 8) (Ferreira & Gahl, 2017).  
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Figure 8|GM2 gangliosidoses variants. GM2 gangliosidoses are a group of 

LSDs which are characterized by the lysosomal accumulation of non-degraded 

GM2 gangliosides which leads to cell death. There are three variants of GM2 

gangliosidoses: B, O and AB caused by mutation in different genes HEXA, 

HEXB and GM2A, respectively. The most common is Tay-Sachs disease (B 

Variant) caused by a mutation in HEXA gene encoding for the α-subunit; 

Sandhoff (O Variant) caused by a mutation in the HEXB gene which encodes 

for the β-subunit and GM2A (AB Variant) caused by a mutation in GM2A gene 

which encodes for a GM2 activator protein. Both subunits form the three 

mammal’s isoforms of the β-hexosminidase: HexS (αα), HexA (αβ) and HexB 

(αβ). The role of HexA and GM2A are essential for the correct hydrolysis of the 

GM2 gangliosides, since HexA is the unique enzyme which is able to degrade 

these substrates and GM2A acts as a cofactor for the enzyme forming a 
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complex with GM2 ganglioside and presenting to the HexA inside the 

lysosomes. 

GM2 gangliosides are a type of gangliosides which is not completely 

metabolized in Tay-Sachs and Sandhoff diseases. They are primarily an 

intermediate in the degradation and synthesis of higher brain gangliosides such 

as GM1 (Figure 5). The letter G refers to ganglioside, M indicates the number of 

sialic acid molecules and the number 2 refers to the carbohydrate sequence 

that is attached to the ceramide (Figure 7). GM2 gangliosides are primarily 

located in the outer leaflet of the plasma membrane and are catalysed in 

lysosomes (acidic cellular organelles) by the HexA.  

The substrate specify of both β-hexosaminidase enzymes (HexA and HexB) 

depends on the charge of the binding pockets of their subunits and on the 

mechanism by which the GM2-GM2A complex interacts with the HexA. Both 

enzymes can hydrolyse soluble and neutral substrates but only HexA, because 

of its α-subunit is positively charge (αAsn423 and αArg424), can catabolize 

negatively charge GM2 gangliosides (the negative charge is given by the sialic 

acid molecule). On the contrary, the β-subunit of HexB is negatively charge 

(βAsp452 and βLeu453) and repels the GM2 ganglioside (Tropak et al., 2016). 

HexA is formed by two subunits (α and β), both of them have an active site but 

the dimerization is essential for its activity. Whereas β subunit prefers neutral 

and water-soluble substrates, α subunit also hydrolyse negatively charge 

molecules such as GM2 gangliosides  (Schuchman & Simonaro, 2013). Both 

HexA subunits have their own active site, but their dimerization is essential for 

the enzyme activity due to the stabilization given by the residues in the active 

site surroundings. Thus, monomers by themselves are not active (Ferreira & 

Gahl, 2017), (Dersh, Iwamoto, & Argon, 2016), (Tropak et al., 2016). 

HexA are synthesized, glycosylated, intramolecular disulphuric bonds formed 

and dimerize in the ER where GM2A is synthesized too and then, both of them 

are exposed to subsequent alteration such as modification of specific glycan 

with mannose-6-phosphate (M6P) in Golgi apparatus. Then, both of them are 

transported by the mannose 6 phosphate receptor to the inside of the 

lysosomes where they are proteolytically processed to their active form. GM2A 
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is a small glycolipid transport protein which its function is essential for the 

correct degradation of GM2; it removes the GM2 gangliosides from the 

membranes, forms a complex with GM2 and presents them to the HexA 

enzyme inside the lysosome. Previous to the hydrolysis step, the GM2-GM2A 

complex interacts with HexA to form a soluble, active quaternary complex 

where the substrate is correctly positioned in the active site of the α-subunit. 

Then, HexA cuts the β-glyosidic linkage between N-acetyl- β-D-galactosamine 

with β-D-galactose making the glycosphingolipids shorter and easily degrade in 

the following enzymatic steps and finally recycling the components by the cell 

(Figure 9). HexA can only act on the GM2-GM2A complex, that´s why this 

complex and the GM2A enzyme are crucial in the GM2 ganglioside catabolism. 

The hydrolysis of GM2 ganglioside require the correct synthesis, folding and 

interaction of three gene products (α and β subunits and GM2A protein), (Figure 

8). 

 

 

Figure 9| Mechanism of GM2 degradation. GM2A is a small glycolipid protein 

transporter which removes the GM2 gangliosides from cellular membranes, 

carry them inside the lysosome and present them to the HexA. In GM2A the 
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glycolipids binding site are formed by two hydrophobic loops (V153-L163 and 

V90-W94), the V153-L163 loop control the entrance of the substrate inside the 

hydrophobic cavity. GM2-GM2A complex interact with HexA forming a 

quaternary soluble complex where the substrate is correctly orientated inside 

the active site of the enzyme previous to the hydrolysis step. Their enzymatic 

hydrolysis by the HexA enzyme requires the action of a non-enzymatic factor 

GM2A. HexA cuts the β-glyosidic linkage between N-acetyl- β-D-galactosamine 

with β-D-galactose making the glycosphingolipids shorter and easily degrade in 

the following enzymatic steps and finally recycling the components by the cell. 

Figure modified from (Anheuser, Breiden, Schwarzmann, & Sandhoff, 2015), 

(Kolter & Sandhoff, 2006). 

In conclusion, the dysfunction of any of the HexA subunits and the GM2A 

protein can lead to a GM2 gangliosidoses for the inability of catabolized these 

gangliosides (Ferreira & Gahl, 2017), (Dersh et al., 2016), (Tropak et al., 2016). 

Symptoms 

 

These diseases affect people of all ages, with respect to the onset time they 

can be divided in Infantile which is the most aggressive, rapidly progressive and 

ends up with an early death around 4 years old; the Juvenile form which shows 

slower neurodegeneration and patients can reach the childhood and the 

adolescence; and the adult form with a later onset. The clinical manifestations 

between patients are very wide and all of them are confined to the CNS 

because there is an intra-lysosomal accumulation leading to gliosis and enlarge 

brain which finally develops atrophy. Both diseases are characterized by mental 

and motor delays, spasticity, seizures, hypotonia, ataxia, blindness with a 

cherry-red spot, deafness, startle responses to sounds, convulsions, 

macrocephaly and dementia. The early the symptoms appear the worst the 

prognosis. Affected children appear normal at birth; however the sings are 

presented around 3 to 6 month with obvious regression and loss of acquired 

mental and motor skills such as hypotonia, psychomotor deterioration, visual 

problems leading the blindness, seizures and dementia leading to death around 

2 to 5 years (Schuchman & Simonaro, 2013), (Ferreira & Gahl, 2017). 
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The later onset form such as Juvenile and Adult forms can occur at any time 

from the late infantile period to adults and are less severe than the infantile 

form. Their clinical manifestations are characterised by dystonia, ataxia, 

choreoathetoid movements, sings of spinocerebellar degeneration and in a few 

cases mental capacity is often preserved. The clinical manifestations of the 

adult form show slower neurological progression with muscular weakness and 

atrophy, dystonia and loss of some acquired skills such as problems in 

language, with a prolonged survival (Schuchman & Simonaro, 2013), (Ferreira 

& Gahl, 2017). 

Sandhoff symptoms are very similar as Tay-Sachs ones, however because this 

disease are characterized by a total deficiency of β-hexosaminidase (the lack of 

two β-hexosaminidase enzyme HexA and HexB), there is much higher amount 

of visceral and neuronal storage of GM2 gangliosides within glycoproteins, 

glycolipids and oligosaccharides than in Tay-Sachs disease. The high levels of 

globosides and GA2 accumulation in viscera such as kidney and spleen is one 

of the most relevant point in Sandhoff diseases (Schuchman & Simonaro, 

2013), (Ferreira & Gahl, 2017). 

The most common ocular sign in these diseases is the pale optic disc and the 

cherry-red spot in the macula (Figure 10). There is a GM2 gangliosides 

accumulation in the ganglion cells of the eye macula and it shows the difference 

in colour between the opacified cells (red spot) and the fovea (white) because of 

the lack of ganglion cells in it. As times goes there is a decrease in the bump of 

the red spot due to the death of these cells, which means a progressive loss of 

vision (Chen, Chan, Stone, & Mandal, 2014). 

Histological analysis shows many membranous store bodies along neurons of 

CNS and PNS and retinal ganglion cells which are composed by non-degraded 

material (GM2 gangliosides), cholesterol and phospholipids. It results in gliosis 

and lysosomal accumulation of membranous cytoplasmic bodies (MCB) which 

are involved in the brain enlargement and its posterior atrophy. It has been 

found many circular structures in neurons, microglia, macrophages and 

ganglion cell inside the brain, spinal cord, retina, spleen and liver. In addition, 

the most significate finding is the presence of swollen neurons due to the 
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accumulation of non-degraded material inside the lysosomes and the increase 

of apoptotic neurons (Figure 10) (Schuchman & Simonaro, 2013), (Ferreira & 

Gahl, 2017). 

 

Figure 10|Main signs of Tay-Sachs and Sandhoff diseases. A) It shown the 

coronal section of one healthy brain (up) and a Sandhoff brain (down.) It is very 

relevant the atrophy of the Sandhoff brain due to the neuronal death compared 

with a healthy brain. B) One of the most significate signs of these diseases is 

the cherry-red spot in the eye macula. The red spot are ganglion cells with high 

levels of GM2 accumulation that contrast with the white fovea (palid optic disc) 

which these neurons are absent. C) High accumulation of GM2 gangliosides 

result in gliosis and in the formation of membranous concentric bodies. A and C 

were taken from (Ferreira & Gahl, 2017) and B image was taken from (Chen et 

al., 2014). 

Treatments 

 

Nowadays there is no cure or treatment available for these diseases. 

Unfortunately, there is only palliative care based on symptoms relief and, in late 

onset form, on the delay of disease progression.  They include medication for 

pain, feeding tubes, anti-epileptics, physical therapy and respiratory care. 

However, many approaches are being done to find an effectively treatment such 

as substrate reduction therapy (small molecules to reduce the glycolipids 
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biosynthesis), anti-inflammatory drugs, hematopoietic or neural stem cell 

transplantation, bone marrow transplantation, administration of the purified 

enzyme or pharmacologic chaperones and gene therapy in order to restore the 

expression of the defective enzyme (Solovyeva et al., 2018). 

 

Genetic mutations 

 

Tay-Sachs and Sandhoff are autosomal recessive diseases and can be 

homozygous for one mutation or a compound heterozygous for two of them. 

The severity of the disease as well as the time of onset depends on the HexA 

residual activity which also depends on the mutation type and the place where 

the mutation is localized. It is estimated that 10% of HexA activity is essential to 

prevent a GM2 gangliosidoses. There are different type of mutations such as 

point mutations, deletions and insertions. Point mutations can be silent when a 

base substitution results in a synonymous codon and the protein is not affected; 

nonsense when the base substitution leads to a stop codon which may 

truncated the translation process and give a non-functional protein; and 

missense mutations when the base substitution result in the generation of a 

different codon codifying for a different amino acid. The structure and properties 

of the amino acid will determined the protein function and structure. These are 

the most frequent type of HexA and HEXB gene mutations. There also are 

mutations in or near an exon or intron leading to an abnormal splicing (Figure 

11 and 12). These mutation mutations cause defects in transcription, 

translation, folding of the monomers, dimerization, on the catalytic function and 

in the transport steps between ER, to Golgi or to lysosome and be finally 

degraded by the proteasome (Tropak et al., 2016), (Triggs-Raine, Mahuran, & 

Gravel, 2001). 

 

 

 

 



62 
 

 

 

 

 

 

 

Figure 11|Characteristic of HEXA pathogenic mutations. A) Types of 

mutations, B) mutations consequences and C) gene area where the mutation is 

located. (“Graphs & statistics on gene HEXA - Global Variome shared LOVD,” 

n.d.). 
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Figure 12|Characteristic of HEXB pathogenic mutations. A) Types of 

mutations, B) mutations consequences and C) gene area where the mutation is 

located. (“Graphs & statistics on gene HEXA - Global Variome shared LOVD,” 

n.d.). 

It has been identified around 74 HEXA mutations and 20 HEXB mutations along 

their genes. It is interesting that in the exon 5 of HEXA gene there is a large 

cluster of mutations and in the same exon in HEXB gene there is only one 

mutation. In addition, in HEXB gene it has been found two big deletions of 16 

and 50 kb and in HEXA there are only tiny ones (Figure 13), (Triggs-Raine et 

al., 2001).  
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Figure 13|Simplified representation of the A) HEXA and B) HEXB gene 

mutations described. The horizontal line represents the gene; black boxes 

represent the 14 exons of the gene.  Figure was taken from (Triggs-Raine et al., 

2001). 
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5. mTOR Pathway 
 

The mammalian mechanistic target of rapamycin (mTOR) is a 289-kDa serine-

threonine kinase that belongs to the phosphoinositide 3-kinase (PI3K)-related 

kinase (PIKK) family and is considered the master regulator of cellular 

metabolism. It regulates metabolism, cellular growth, protein synthesis, tissue 

repair and regeneration, cytoskeletal organization, cellular survival, aging and 

stem cell regeneration or quiescence. This high-molecular weight protein is 

formed by 2549 amino acids and is encoded by a single gene in the 

chromosome 1 (1p36.22). It is the catalytic subunit of two major protein 

complexes, each one with different kinase specificity and thus, different 

downstream signalling to control cellular functions; mTORC1 with six proteins 

and mtorC2 with seven proteins, which are involved in different roles. mTORC1 

is formed by mTOR, regulatory-associated protein of mTOR (RAPTOR), 

mammalian lethal with SEC13 protein 8 (Mlst8, also GβL), DEPTOR, TTI1/TEL2 

and proline-rich protein kinase C substrate (PRAS40); while mTORC2 are 

composed by mTOR, the rapamycin-insensitive companion of mTOR 

(RICTOR), mammalian stress-activated protein kinase interacting protein 1 

(mSIN1), Proctor1/2, DEPTOR and TTI1/TEL2 (Ainslie, Gibson, & Vogel, 2016), 

(Kim & Guan, 2015), (Cuyàs, Corominas-Faja, Joven, & Menendez, 2014). 

Deregulation of mTOR signalling has been implicated in the onset and 

development of many human diseases such as neurodegenerative diseases, 

cancer and diabetes (Kim & Guan, 2015). 

Upstream signalling 

 

Growth factors act upstream mTORC1 binding with their specific tyrosine kinase 

receptor (RTKs) leading to the activation of several kinases such as AKT, 

extracellular signal-regulated kinase (ERK) and ribosomal S6 kinase (RSK). All 

of them finally converge into the tuberous sclerosis complex 1 and 2 (TSC1 and 

TSC2) signalling pathway (Paquette, El-Houjeiri, & Pause, 2018).  

One of the best studied upstream regulators of mTORC1 is the growth 

factor/PIK/AKT pathway. Different growth factors can act on their specific RTKs 

to induce intracellular phosphorylation events leading to the recruitment of PI3K 
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to the plasma membrane. The PI3´-OH Kinase (PI3K) generate PI-3,4,5-

triphosphate (PIP3) from PI-4,5 bisphosphate (PIP2) due to its activation by 

RTKs or by G protein-coupled receptors (GPCRs). PIP2 acts as a second 

messenger by biding to and activating PH domain-containing proteins such as 

Akt which is recruited to the plasma membrane as well. Akt is activated by the 

phosphorylation at S308 by PDK1 kinase and by mTORC2 at S473 residue; the 

mTORC2 Akt phosphorylation is critical for its maximal activity. On the contrary, 

PIP3 is hydrolysed by PTEN forming PIP2. Then, Akt phosphorylates several 

downstream targets and generates downstream signals which control cell 

survival, proliferation, growth and other cellular processes. Akt are involved in 

the phosphorylation of several targets and thus, inactivating their functions. The 

tuberous sclerosis complex is a heterodimerous of TSC2 (tuburin) and TSC1 

(harmatin) and has emerged as crucial integrators of growth factors, nutrients 

and stress signal such as hypoxia and high low levels of ATP. TSC1 is required 

to stabilized TSC2 and TSC2, which has the GAP (GTPase-activating protein) 

activity in its C-terminal domain, integrates different signal form various kinases 

leading to mTORC1 regulation. In low energy status and in the absence of 

growth factors the GAP activity promotes the Ras homolog enriched in the brain 

(Rheb) GTPase activity forming Rheb-GDP and shutting down mTORC1 

activity. Rheb In the presence of growth factor Akt is activated and 

phosphorylates TSC2 in five residues (S939, S981, S1130, S1132 and T1462) 

resulting in its dissociation form the lysosome where Rheb is localized and thus 

promoting Rheb activation. In addition, Akt phosphorylates and inhibits PRAS40 

leading to mTORC1 activation. In parallel, the activated RTKs stimulate the 

Ras/ERK/RSK1 signalling axis leading to the inhibition of Rheb GAP activity 

(Georgescu, 2010), (Kwiatkowski, 2009), (Bartolome & Guillén, 2014). 

In addition, low cellular energy status (high AMP/ATP ratio) activates the AMPK 

sensor which phosphorylates different residues of TSC2 increase GAP activity 

toward Rheb turning down mTORC1 signalling. AMPK also phosphorylate 

Raptor in a TSC2 independent manner leading to the mTORC1 activation. 

There is a third mechanisms by which AMPK phosphorylate directly ULK1, 

which binds and inhibit raptor. There are other cellular stressors such as 

hypoxia, radiation, high salt concentration, DNA topoisomerase inhibitors and 
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histone deacetylase inhibitors. One of the most important is hypoxia which 

inhibits mTORC1 by upregulating DNA damage response 1 (REDD1) which 

inhibits mTORC1 through TSC1/TSC2 (Kim & Guan, 2015), (Paquette et al., 

2018). 

One of the best mTORC1 inductor is amino acids trough the activation of a 

family of Ras-like small GTPases forming heterodimers (RagA/B/C/D). RagA or 

RagB forms a heterodimer with Rag C or the RagD and are recruited to the 

lysosome by the Ragulator. In the presence of amino acids these heterodimers 

are active and recruit mTORC1 to the surface of the lysosome where GTP-

bounded Rheb is located and thus, leading to mTORC1 activation. The 

Ragulator complex also requires the presence of the vacuolar H+-adenosine 

triphosphatase ATPase (v-ATPase) complex to sense the amino acids. In the 

absence of amino acids this complex interacts with Ragulator and when amino 

acids are present it dissociates. It has been demonstrated that trough the 

pi3k/akt axis there is also a recruitment of TSC1/2 to the lysosome suggesting 

that the lysosome is the signalling core for the mTORC1 activation (Kim & 

Guan, 2015), (Paquette et al., 2018). 

Growth factors, hormones, insulin, cytokines signalling through RTKs mediates 

TSC2 phosphorylation (S939 and T1462), which are critical for their spatial 

location and thus, to its function. These phosphorylation events promote its 

inhibition by Akt promoting its dissociation from the lysosome and the GTP-

bound Rheb accumulation which binds and activate mTORC1 in the lysosome 

membrane. however in starvation TSC2 is relocated in the lysosome membrane 

close to mTORC1 (Paquette et al., 2018). In the absence of TSC1 and TSC2 

there is a constitutively mTORC1 activation due to the high levels of GTP-Rheb 

which are involved in cell growth, increasing cell size and protein synthesis. 

The activity of TSC1/TSC2, Rheb and Raptor are critical and essential for the 

activation of mTORC1 in presence of growth factor. It has been found that the 

catalytic domain of MTORC1 only phosphorylates substrates when bound to 

Raptor (Paquette et al., 2018).  
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In short, mTORC1 activity is influenced by the ATP and amino acids levels, 

phosphatidic acid and hypoxia. It inactivates the tuberous sclerosis complex 

protein 2 (TSC2), proline-rich Akt substrate of 40kDa (PRAS40) and the small 

GTPase Ras homolog enriched in the brain (Rheb) leading to mTOR1 activation 

and thus, increase of protein synthesis and cell growth. 

 

 

Figure 14|mTOR signalling pathway. There are two mTOR signalling 

complexes, mTORC1 and mTORC2. mTORC1 is consider a critical sensor and 

driver of cellular metabolism which respond to nutrients, growth factors and 
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stress signal such as hypoxia and ATP levels. It promotes anabolic process 

such as protein and lipid synthesis and inhibits catabolism pathways such as 

autophagy and lysosomal biogenesis. mTORC2 complex is activated by the 

axis growth factors/RTK/PI3K and regulates cytoskeletal organization, 

metabolism and cell survival by phosphorylating several kinases. It has been 

found the relevant function of mTORC2 in the fully activation of Akt in presence 

of growth factors by the phosphorylation of the S473 residue. DEPTOR, DEP 

domain containing mTOR-interacting protein; MAPKAP1, also mSIN1, MAPK 

associated protein 1; mLST8, mTOR associated protein, LST8 homolog; PTEN, 

phosphatase and tensin homolog; PRAS40, proline rich AKT1 substrate; PDK1, 

pyruvate dehydrogenase kinase 1; RICTOR, RAPTOR independent complex of 

mTOR complex 2; TEL2, telomere maintenance 2; TTl1, tubulin tyrosine ligase; 

TSC, tuberous sclerosis complex; mTORC, mechanistic target of rapamycin 

complex; TFEB, transcription factor EB; ULK1, Unc-51 like autophagy activating 

kinase 1; S6K, the ribosomal S6 kinase; 4EBP1, eukaryotic translation initiation 

factor 4E binding protein; Rheb, Ras homolog enriched in the brain; AMPK, 

AMP-activated protein kinase; REDD1, DNA damage response 1; ERK, 

extracellular signal-regulated kinase; TSC, tuberous sclerosis complex; Rictor, 

rapamycin-insensitive companion of mammalian target of rapamycin; Protor, 

protiens observer with rictor; HIF, hypoxia-inducible factors; PPARγ, 

peroxisome proliferator-activated receptor gamma, PGC-1α, peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha. 

Downstream signalling 

 

Once mTORC1 is activated there is a series of downstream signalling which 

involved in cell growth, translation initiation and autophagy inhibition. The unc-

51 autophagy activating kinase 1 (ULK1) is supressed by mTOR as well as the 

Transcription factor EB (TFEB). It is transcription factor which stimulates genes 

involved in lysosome biogenesis and autophagy-related genes. Its 

overexpression enhances de lysosomal clearance improving autophagy flux as 

well as lysosomal exocytosis (Seranova et al., 2017). The eukaryotic translation 

initiation factor 4E binding protein (4EBP1) is also inhibited, however the 40S 

ribosomal S6 kinase 1 (S6K1) is activated, increasing protein synthesis. The 
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phosphorylation of 4EBP promotes its dissociation from eIF4E leading to the 

enhancement of mRNA translation, protein synthesis and cell growth. Moreover, 

it has been found a link between mitochondria number and function and 

MTORC1 activation. It activity promotes the expression of PGC1α and YYO 

which are involve in the regulation of mitochondrial biosynthesis and oxidative 

function. One of the best studied mTOR function is the inhibition of autophagy 

through the phosphorylation and inhibition of ULK1, atg13 and FIP200 which 

form a complex necessary to start the autophagy process. In addition, there is 

an enhancement of key transcription factors such as hypoxia inducible factor 

(HIF-1), peroxisome proliferator activated receptor gamma (PPARγ) and PPARγ 

cofactor 1 alpha (PGC-1α) (Cuyàs et al., 2014), (Ainslie et al., 2016). 

Little is known about the mTORC2 complex, it has been found that it is 

insensitive to amino acids nutrients but react in the presence of growth factor by 

an unkonwn mechanism that involves PI3K and ribosomes. The role of this 

complex, once it is phosphorylate in Ser2481, is to regulate cell survival, 

cytoeskeletal organization and metabolism (Cuyàs et al., 2014). 
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6. Autophagy 
 

Autophagy is an essential intracellular process, known as self-digestion, 

involved in survival, differentiation, development and cellular homeostasis. In 

mammalian cells there are three types of autophagy which differ on the 

physiological function and the way of cargo formation and delivery to the 

lysosomes: microautophagy, chaperones-mediated autophagy (CMA) and 

macroautophagy. The most extended form and studied in this project is 

macroautophagy. This catabolic mechanism supplies nutrients and energy to 

the cell to do its vital functions and gets ride of non-needed cellular components 

such as proteins and lipids, misfolded proteins and damage organelles. It 

pathway occurs constitutively at low levels for the clearance, but can be induced 

under physiological stress condition (intra and extracellular stresses) such as 

energy and nutrient starvation, absence of growth factors, hypoxia, infection 

and ER stress. Cells degrade their unwanted cytoplasmic material and recycled 

their monomers which go to biosynthetic process or to produce energy leading 

to cell survival (Levine & Kroemer, 2008). Autophagy dysfunction may underline 

mechanisms for several diseases such as neurodegenerative, muscle, cancer 

and infectious diseases. 

Autophagy is a multistep process well-regulated by the autophagy-related 

proteins (ATGs), which includes 1) initiation, 2) membrane nucleation and 

formation of the phagophore, 3) membrane expansion, 4) autophagosome 

formation, 5) fusion with the lysosome and 6) degradation of autophagic cargo. 

(Hansen, Rubinsztein, & Walker, 2018). The initial step is the recruitment of 

ATG proteins to a subcellular location known as phagophore assembly site 

(PAS) where takes place the formation of the phagophore, a growing double 

membrane (vesicle nucleation), around a portion of cytoplasm; then it is 

extended (vesicle elongation) and engulfs the cargo with the finally fusion of 

both ends (vesicle completion) forming an double-membrane autophagosome. 

Several studies suggest that phagophores are nucleated at the PAS on ER 

membrane named as omegasomes. It has also been found that apart from ER, 

mitochondria, Golgi, plasma membrane or recycled endosomes are implicated 

as PAS. The origin of PAS may be cell and context dependent (Dikic & Elazar, 
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2018). Cargo can be proteins aggregation, lipids vesicles, damage organelles 

etc. This autophagosome needs to fuse with an acidic vacuole which contains 

the enzymes involved in the cargo degradation (hydrolases) known as 

lysosome which result in the autolysosome formation. It results from the fusion 

of the outer membrane of the autophagosome with lysosomes. In the presence 

of an acidic environment the lysosomes hydrolases degrade the 

autophagosome inner membrane and the autophagic cargo. Finally, the 

component parts of the degraded cargo are transported back to the cytosol 

through lysosomes permeases and then, the cell recycles and re-uses the 

monomers to form new ones or catabolize to produce energy (Figure 15). 

 

It has been identified 32 genes in mammals involved in the autophagic process 

the so called ATGs and are grouped into six groups: 1) the Unc-51 kinase 1 

(ULK1) initiation complex (ULK1-Atg13-FIP2PP-Atg101) for autophagy 

induction once mTORC1 is inhibited, 2) the class III PI3K nucleation complex 

(Vsp34-Beclin1-Vsp15-Atg14) for vesicle nucleation, 3) Atg9 for delivery 

membrane material for the phagophore, 4) the phosphatildylinositol 3-

phosphate (PI3P)-binding complex which control the distribution of the Atg12 

conjugation system (Atg12-Atg5-Atg16L) and LC3/GABARAP. The Atg12 

conjugation system is involved in the conjugation of LC3 where it is cleavaged 

by the ATG4 protease to form LC3-I and then conjugated with 

phophatidylethanolamine (PE) to finally form LC3-II. LC3-II is incorporated in 

the pre and autophagosomal membrane to interact with cargo and be engulfed 

by the membrane (Pyo, Nah, & Jung, 2012), (Dikic & Elazar, 2018), (Hansen et 

al., 2018). 
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Figure 15|Autophagy flux. A) Induction of autophagy starts with the 

phagophore nucleation which takes place following activation of the ULK1/2 

complex. Its elongation is assisted by the ATG16L-ATG5-ATG12 complex, 

ATG9, PI3K complex and LC3II. LC3-I is diffuse in the cytosol and when the 

autophagy machinery is activated it is recruit to the growing autophagosome 

membrane and conjugated to phosphatidylethanolamine to form LC3-II. The 

outer membrane of the autophagosome fuses with the lysosomal membrane to 

form an autophagolysosome or autolysosome. Then, the content of the 

autolysosome is degraded and the monomers are sending back to the 

lysosome through lysosomes permeases to be recycled to form new molecules 

or to produce energy for the cell vital functions. B) In LSD, such as Tay-Sachs 

and Sandhoff diseases, Papillon Lefevre o Pompe disease, there is an impaired 

autophagy with the accumulation of autophagosomes which leads to cell death. 

Apart from the nonspecific autophagy, there is a specific one which cargos are 

peroxisomes (pexophagy), mitochondria (mitophagy) and ubiquitinated protein 

(aggrephagy) among others. One of the best studied selective degradation is  

A) 
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mitophagy which is essential for cell to get rid of damage organelles as well as 

for the development of certain cell types. For the clearance of damage 

mitochondria PARK2/parkin is recruited to de outer membrane of damage 

mitochondria by the PINK1 (mitochondrial outer membrane kinase). In healthy 

mitochondria, PINK1 is imported into the inner membrane to prevent its 

accumulation in the mitochondria surface and the degradation of healthy ones. 

Moreover, other mechanism to directly target protein to selectively degradation 

is the ubiquitin system. SQSTM1/p62 protein acts as an adaptor between the 

ubiquitin and the LC3-II which is on the membrane of the growing phagophore 

(Parzych & Klionsky, n.d.). Therefore, the measure of LC3-II/LC3-I ratio and p62 

expression levels is essential to know how is the autophagy flux; high LC3-II 

and low p62 expression means a good autophagy machinery, however if the 

LC3-II expression is high but the p62 is also high the autophagy flux is 

upregulated but impaired. 

The most important pathway which regulates the induction of autophagy is 

AMPK and mTOR, which is its key regulator. mTOR pathway is involved in 

protein, lipid and nucleotide synthesis, lysosomal biogenesis, transcription, 

cytoskeletal rearrangements, energy metabolism, cell proliferation and survival. 

The presence of amino acids, growth factors, nutrients (glucose) and hypoxia 

finally lead to mTORC1 activation and thus, inhibiting autophagy by the 

phosphorylation of ULK1 complex and TFEB (lysosomal biogenesis). However, 

oxidative stress and low ATP levels inhibit mTORC1 trough AMPK activation 

leading to autophagy induction by mTOR inhibition and direct phosphorylation 

of ULK1 complex (Villanueva-Paz et al., 2016).The mTOR pathway is widely 

explains in the previous section (Figure 14). 

 

Autophagy dysfunction 

 

Dysfunction of autophagy flux has been implicated in the progression of 

neurodegeneration, cancer and immune diseases, even in the normal aging 

process. Among neurodegenerative diseases the most common are Alzheimer, 
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Parkinson and Huntington disease because of the presence of aggregates of 

misfolded or unfolded proteins inside neuronal cells leading to their death. The 

importance of the lysosome function can be observed due to the high number in 

lysosomes storage disease that nowadays are suffering lots of people around 

the world. Approximately, there are around 50 inherit LSDs and most of them 

are with early onset with shortly death due to the existence of defects in any of 

the lysosomes enzyme which are involved in cargo degradation, the inability to 

secreted the enzyme inside the lysosome or the failure in the fusion between 

autophagosome and lysosomes (Figure 16). Previously explain in Lysosome 

Storage Disease section (Table 3). Although the non-degraded material differs 

between each LSDs the phenotypic and physiological changes are very similar 

suggesting the presence of common pathogenic mechanism (Seranova et al., 

2017). 
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Figure 16|A suggested model for the pathogenesis of LSDs. Lysosome 

enzyme deficiency leads to an accumulation of non-degraded metabolites within 

the autophagosome and may impair it fusion with the lysosomes. An autophagy 

deficiency drives to the accumulation of toxic proteins, lipids and defective 

mitochondria which degradation is not possible which, finally, leads to cell 

death. Figure modified from (Ballabio & Gieselmann, 2009).  
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7. Mitochondria 
 

Mitochondria are organelles which its function is vital for the each nucleated cell 

as the produce energy (ATP production) through the oxidative phosphorylation 

system. They are double-membrane organelles consisting of an inner (IMM), 

with typical folding known as cristae, and outer membrane (OMM) separated by 

an intermembrane space (IS) and the matrix; an internal compartment which 

contains the mitochondrial circular DNA and the enzymes involved in the 

oxidative metabolism (Figure 17). Each of these components has different 

biochemical composition and plays different roles.  

 

 

 

Figure 17|Mitochondrial structure. Mitochondrial are organelles with an outer 

membrane, and inner membrane and between them there is the intermembrane 

space. The inner membrane has typical folding which are known as cristae 

which are extended into the matrix. Inside the matrix it can be found the 

mitochondria DNA, the ribosomes, granules and the enzymes involved in the 

oxidative phosphorylation to produce the ATP needed for the cell vital functions. 

The inner membrane is loaded with the different proteins which formed the 

electron respiratory chain which are encoded in its DNA. The protons obtained 
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in the Krebs cycle, located in the mitochondrial matrix, are transported to the 

intermembrane space at the same time the electrons produced are travelling 

from one protein complex (from I to IV) to the next one, which are connected by 

the coenzyme Q10 and cytochrome c (CytC). Oxygen is the last acceptor for 

the electrons and produce one molecule of water; simultaneously the protons in 

the IS are translocated to the matrix trough the ATP synthase producing ATP in 

a process known as oxidative phosphorylation (“Mitochondria - The Cell - NCBI 

Bookshelf,” n.d.). 

Mitochondria are very dynamics organelles essential for ATP production and 

thus, vital for cell functions. They are very forming a very dynamic network 

through the cytoplasm, as are continuously taking part in fusion and fission 

events which leads to different types of mitochondrial morphology, form 

fragmented (discrete entities) to interconnected tubular networks depending on 

the cell type and physical conditions. The can be defined as a rod-shape 

organelles which dimension between 3-4 μm in length and 0.5-1 μm of diameter 

(Scheffler, 2008). The most important proteins involved in fusion events are the 

GTPases Optic Artrophy (OPA1), required for the inner membrane fusion and 

two mitofusins crucial for outer membrane fusion, MFN1 and MNF2 and in 

fission events the Dynamin-Related Protein 1 (Drp1) (Hoitzing, Johnston, & 

Jones, 2015). The regulation of these events are very complex and are mainly 

regulated by the bioenergetics state, through the regulation of the mitochondrial 

core machinery (OPA1, MFN1/2 and DRP1), the transcriptional level regulation 

of mitochondria key factors and several signalling pathways. Fusion events 

allow the efficient mixing of mitochondrial content and large extended network 

which are beneficial under high energy demand conditions. The disruption of 

the mitochondrial function may result in mitochondrial dysfunctions with the loss 

of the respiratory capacity. On the other hand, fission events are important for 

the equality distribution of these organelles during cell division, the release of 

cytochrome c during apoptosis and the distribution thought the cytoplasm of 

mitochondrial unit. Fission has been found to serve to eliminate damage 

mitochondrial by removing them from the network following by their removal by 

autophagy (Westermann, 2012). 
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AIMS 
 

Tay-Sachs and Sandhoff are genetic disorders caused by mutations in the α or 

β (respectively) subunit which conformed lysosomal enzyme β-Hexosaminidase 

A. However, the molecular pathogenesis of both diseases remains poorly 

understood due to the low financing available for the study of these diseases. 

The reduce percentage of affected people worldwide and the difficulty to 

conduct clinical trials make the financing entities not interested in investing their 

resources in a monetary unprofitable project. 

This thesis arises for the need to elucidate the molecular mechanisms that 

underline these pathologies and the translation of the findings into a treatment. 

Working with fibroblasts from affected patients derived from skin biopsies our 

aims were: 

 To characterize the physiopathology of the patients fibroblasts with 

mutations affecting the β-Hexosaminidase A enzyme 

 

 To evaluated the state of autophagy flux and mTOR pathway in cells from 

Tay-Sachs and Sandhoff patients 

 

 To analyse the mitochondrial morphology, network and function 

 

 To generate an HexA knockout (KO) using the CRISPR-Cas9 gene editing 

system to determine if the pathophysiology of these diseases are associated 

with the mutations affecting HexA enzyme 

 

 To find a treatment with the aim to stop the progression of these 

pathologies. The challenge is to find a molecule which is currently approved 

and sold in pharmacies in order to not to conduct clinical trials which would 

take lots of years to be ready to use 
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Material and methods 

Reagents 

 

BD Biosciences (New Jersey, USA): anti-cytochrome c  

BioLabs (New England): BbsI restriction enzyme, Smart cutter 

Bio-Rad Laboratories Inc. (Hercules, CA, USA):  Acrylamide/bisacrylamide 

solution 37.5:1, Running buffer (TGS), Turbo transfer buffer (TG), Tween-20, 

Bradford reagent, nitrocellulose membranes 0.2μm 

Boehringer Mannheim (Indianapolis, Ind): cocktail of protease inhibitors 

(complete cocktail) 

Calbiochem-Merk Chemicals (Nottingham, United Kingdom): N-acetyl-DL-

leucine 

Cell Signalling Technology (Danvers, MA, USA):  anti-microtubule-associated 

protein 1A/1B-light chain 3 (LC3), anti-p62, anti-lysosomal-associated 

membrane protein 1 (LAMP-1), anti-CatB, anti-galectin-3, anti-raptor, anti-p-

mTOR 

Eurofins Scientific (Luxemburgo): gRNA for CRISPR/Cas9 assay 

Gibco (Invitrogen, Eugene, OR, USA): high glucose media DMEM (Dulbeccoo`s 

modified media), fetal bovine serum (FBS). 

Invitrogen/Molecular Probes (Eugen, OR, USA): MitoSOXTM Red, 

MitoTrackerTM Red CMXRos, Hoechst 3342, 4′,6-diamidino-2-phenylindole 

(DAPI), Hank's Balanced Salt Solution (HBBS), ATP determination kit 

Licor (Madrid, Spain) : WesternSure Chemiluminescent substrate  

Merk Millipore (Burlington, MA, USA): anti-puromycin 

Novus Biologicals (Colorado, USA): anti-TFEB, anti-Ass1 

Promega (USA): FuGene6 

Quiagen (Hilden, Germany): Quiagen RNeasy kit, QIAquick gel extraction kit, 

QIAprep spin miniprep kit 

Santa Cruz Biotechnology (Santa Cru, CA, USA): anti-GADPH, anti-pDRP1, 

anti-pAKT, anti-MAPLC3β, anti-catalase, anti-SOD, anti-OGG1/2, anti-HexA 

Seahorse Bioscience Inc. (Billerica, MA, USA): Mito-stress test kit including 

oligomycin, FCCP, rotenone & antimycin A, as well as the XFe24 cell culture 

plates, sensor cartridges and XF base medium. 
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Sigma-Aldrich (St. Louis, Missouri, USA): SDS, TEMED, pounceau reagent, 

glycerol, paraformaldehyde, CCCP (carbonyl cyanide 

mchlorophenylhydrazone), Bafilomycin A, Phosphate-Buffered Saline (PBS), 

DMSO, trypsin, penicillin/streptomycin solution, saponin, red ponceau, 

ammonium persulfate (APS), L-arginine (A5006), L-leucine (L8000), Lysosome 

isolation kit 

ThermoFisher Scientific (Waltham, MA, USA): TMRM, BODIPY 581/591 

Vector Laboratories (Burling-game, CA, USA): Vectashield mounting medium 
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Ethical statements 

 

Approval of the ethics committee of the University of Seville was obtained, 

according to the principles of the Declaration of Helsinki and the International 

Conferences on Harmonization and Good Clinical Practice Guidelines. All the 

participants in the study provided written informed consent before initiating it. 

1. Cell culture 

 

After approval of the local ethics committee and informed consent forms form 

the patients were obtained, patient fibroblasts with Tay-Sachs and Sandhoff 

were isolate from skin patient’s biopsies. They were obtained according to the 

Helsinki Declarations of 1964, as revised in 2001. Skin biopsies were placed in 

10ml of transport media (PBS1X and antibiotics) and transported at RT. 

Individual samples were transferred to a sterile 35mm Petri dish and cut in a 5-

10mm2 piece of tissue. Then, it was dissociated with forceps and scalpel 

transferring to a new 35mm Petri dish with the dermis upside down. The dish 

was placed inside the culture hood during 5-10 minutes to let the pieces of 

tissue dry and attach to the dish surface. After that, the samples were covered 

with DMEM culture 20% FBS and placed in the incubator 37ºC and 5% of CO2 

until the fibroblast were propagated. Fibroblasts were cultured in high glucose 

media DMEM (Dulbeccoo`s modified media) (Gibco, Invitrogen, Eugene, OR, 

USA) supplemented with 20% fetal bovine serum (FBS) (Gibco, Invitrogen, 

Eugene, OR, USA) and 1% antibiotics (Sigma ChemicalCo., St Louis, MO, 

USA). Cells were incubated at 37ºC in a 5% CO2 atmosphere. 

We worked with two healthy subjects (CTL1, CTL2) acquired in the American 

Type Culture Collection (ATCC), seven Tay-Sachs patients (four infantile (Inf1-

Inf4) and three juvenile (Juv-1-Juv3)) and two Sandhoff patients (SD1, SD2) 

from Spain.  
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2. Mouse model 

 

Mice tissue: brain, brain stem spinal cord and cerebellum obtained from wild-

type, knock-out and heterocigous mice for HEXB gene were given by Timothy 

Cox`s group form Cambridge University (Liebau et al., 2013). 

3. Structural mutation analysis 

 

The HexA and HexB gene sequences were downloaded from GenBank (Gene 

ID: 3073 and 3074). The patient mutations were analysed with the web 

application Mutalyzed (8). To analyse the involvement of the mutations in 

protein folding, the crystalized 3D structures were obtained from PDB database 

(HEXA:2GJX and HEXB:1NOU), and they were viewed using PyMOL. To 

predict the stability of the mutated structures were used to different programs 

with default values, CUPSAT and SDM, which measure torsion angles and free 

energy to predict changes in the protein stability. 

4. Enzymatic activity of HexA 

 

HexA activity was determined as described previously (9). Briefly, total 

hexosaminidase activity was determined using the 4-methylumbelliferyl-2-

acetamido-2-deoxyb-D-glucopyranoside (4-MUG) assay, whereas the HexA 

enzyme activity alone was determined using the 4-MUGS assay. 

5. Proliferation assay 

 

Fibroblasts were seeded at 40% confluency in 6-well plates. Several pictures of 

different 10X-fields were taken using a brightfield microscope and then counted 

by using with ImageJ Software before and after treatments in order to analysed 

cell growth. 
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6. Treatments 

 

Seeded cells were treated with different amino acids and were exposed to them 

at 37ºC, 5% of CO2 during 120 hours in high glucose DMEM media 20%FBS 

and 1% antibiotics. 

-L-Arginine. Concentration tested: 1mM, 3mM and 5Mm. 

-L-Leucine. Concentration tested: 5mM, 10mM and 15mM. 

-N-acetyl-DL-leucine. Concentration tested: 5 mM, 10mM and 15mM. 

7. Immunoblotting assay 

 

Whole cellular lysate form fibroblasts was prepared by gentle shaking with Lysis 

Buffer containing 0.9% sodium chloride (NaCl), 20mM Tris-HCl, 0.1% triton X-

100, 1mM phenylmethylsulfonyfluoride (PMSF) and 0.01% leupeptine, pH 7.6. 

Frozen mice tissues were homogenized with a pellet mixer (VWR Pellet Mixer) 

for 20 seconds in Lysis Buffer and sonicated (Bandelin Sonoplus electronic, 

Berlin) for 2 seconds 100%of power. Then, the samples were centrifuged at 

13000 rpm for 1 minute and the supernatant were collected. 

Sample protein concentrations were determined using a protein assay reagent 

(Bradford, Sigma Aldrich) by Bradford method and equivalent amounts of 

protein (50ug) from each sample were dissolved in Laemmli Buffer (LB) and 

separated in a 7,5% – 12% acrylamide/bisacrylamide SDS-PAGE gels at 120 

voltage in Running Buffer TGS (Tris/Glycine/SDS Buffer, BioRad, USA). 

Proteins were transferred to 0,2 um nitrocellulose membranes (BioRad, 

USA)using a Trans-Blot Turbo system (Bio-Rad, USA) at 25 voltage 30 minutes 

using Trans-Blot Turbo Transfer Buffer TG (Tris/Glycine, Biorad, USA). After 

transference, visualization of proteins was performed using 1% Ponceau S 

staining (Sigma Aldrich, USA) during 2 minutes and then washing the 

membrane with T-TBS (Tris-buffered saline with 0.1% tween 20) until the red 

stain was gone. Then, the membranes were blocked with 5% BSA (Sigma 

Aldrich, USA) or powdered milk (Blotting-Grade Blocker, Biorad, USA) (Blocking 

Buffer) in 1% T-TBS during 1 hour in an oscillator at room temperature.  
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Membranes were incubated with the respective primary antibody at the 

appropriated dilution (1:500-1:1000) in blocking buffer with shaking at 4ºC 

overnight. Membranes were washed three times with T-TBS to remove the 

unbound antibody and then were incubated with the species-appropriated HRP-

conjugated secondary antibody (1:2500) in blocking buffer during 1 hour with 

shaking at RT. After two washes with T-TBS, immunolabeled proteins were 

detected using a chemiluminiscence method (WesternSure chemiluminescent 

light-detecting kit, LICOR Biosciences, USA). C-Digit blot scanner and image 

studio Digits software were used to visualize signals in membranes. Western 

blot images were quantified using an Image Processing and Analysis System in 

Java (ImageJ software) and densitometry data were recorded after 

normalization to the loading control. 

8. Monitoring the autophagosome formation 

 

Cells were transduced with the autophagy flux detector PremoTM Autophagy 

Tandem Sensor (Invitrogen, P36239) which consists on a construct encoding 

for the LC3-II protein fused with an acid-insensitive Red Fluorescence Protein 

(RFP) in tandem with an acid-sensitive Green Fluorescence Protein (GFP). 

When cells taken these particles up by endocytosis, they migrate to the nucleus 

and produce LC3 protein in tandem with RFP and GFP. The change between 

an autophagosome (neutral pH) to the autolysosome (acidic pH) is visualized by 

the loss of green fluorescence (GFP) upon acidification of the vacuole when it is 

fused with the lysosome. When autophagy is induced autophagosomes are 

positive for both GFP and FRP. Once the lysosome has fused with the 

autophagosome and form an autolysosome the pH goes down and these 

structures are only positive for RFP. This technology combines the selectivity of 

an LC3B-fluorescent protein chimera with the transduction efficiency of the 

BacMan 2.0 (insect Baculovirus with a Mammalian promoter). 

Firstly, around 40.000 cells need to be plate in 6cm dish with glass bottom given 

them the necessary time to adhere. Then, 12ul of tandem LC3 is added to the 

plate in order to have 30 viral particles per cell (PPC) and cells are incubated 

overnight. After that, cells are visualized and analysed using DeltaVision system 
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(Applied Precision;Issaquah, WA, USA) with an Olympus IX-71 fluorescence 

microscope. 

9. Immunofluorescence Microscopy  

 

Fibroblasts were seeded in 24x24 mm glass coverslips, rinse one with PBS1X 

and then fixed with 3,8% paraformaldehyde (PFA) 5 minutes at RT. Discard the 

PFA and wash twice with PBS. In the permeabilization step we used 0.1% of 

Saponin in PBT1X (PBS1X, 0,6% Tween-20) during 5 minutes at RT and then 2 

PTB washes. For immunostaining, cells were incubated with primary antibodies 

diluted as appropriated (1:100-1:500) in PBT for 1 hour at 37ºC. After washing 

twice with PTB, specie and fluorophore- appropriated secondary antibody was 

diluted 1:400 in PTB and added on the covers. The samples were incubated for 

45 minutes at 37ºC. After that, cells were washed three times with PBT. Finally, 

the coverslips were mounted onto microscope slides using Vectashield 

Mounting Medium (Vector Laboratories, Burlin-game, CA, USA) which stains in 

blue the cell nucleus. The samples were analysed using a DeltaVision system 

(Applied Precision;Issaquah, WA, USA) with an Olympus IX-71 fluorescence 

microscope. Deconvolution studies were performed using a DeltaVision system 

(Applied Precision;Issaquah, WA, USA). 

10. Electron Microscopy Imaging  

 

Fibroblasts were grown in 6cm glass bottom dishes (Glass Bottom Microwell 

Dishes, MatTek Corporation, Ashland, USA) and then were fixed with 3% 

glutaraldehyde for 15 minutes at RT. Then, cells were washed twice with 

Cacodylate Buffer (0.1M NaCacodylate/HCl, pH 7.4) for 3 minutes each and 

post-fixed with Osmiun Buffer (1% Osmium tetroxide, 0.15M NaCacodylate/HCl, 

pH 7.4) for 1hour, in darkness at RT. After osmium is discarded and cells are 

washed with Cacodylate Buffer and H2Od the dehydration steps were followed. 

It consists in 3 washes (2 for 100% EtOH) with increasing percentages of 

ethanol, 5 minutes for each at RT: 70, 90 and 100%. Impregnation steps and 

inclusion were performed in epoxy resin (Epon) and finally polymerized at 60ºC 

for 48 hours. 
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The plate was taken out form the resin, cut only the bottom part and broken into 

4 pieces. Each piece is set in the top or resin cylinders with a drop of epoxy 

resin for 48 hours at 60ºC. Then, the samples are trimmed and 60-80nm 

sections were obtained using an ultramicrotome (ultramicrotome Leica Ultracut 

S (Leitz Microsystems, Wetzlar, Germany)) and stored in grids. Observations 

were performed on a Zeiss LEO 906 E (Zeiss, Oberkochen, Germany) 

transmission electron microscope. 

11. Cathepsin B and HexA release 

 

Cathepsin B and HexA redistribution from lysosomes/autophagosomes to the 

cityosol was assessed by using immunofluorescence techniques with antibodies 

against Cathepsin B, HexA and LAMP-1 as a marker of the 

lysosome/autophagosome compartment. In control fibroblasts, CatB-specific 

immunostainings reveal cytoplasmic puncta structures that are surrounded by 

lysosomal/autophagolysosomal membrane proteins such as LAMP-I. After 

lysosomal permeabilization, the immunofluorescence detection of CatB or HexA 

reveals a diffuse staining throughout the entire cell. 

Fibroblast were seeded in coverslips in 6-well plate, fixed in 3,8% PFA for 5min 

at RT and permeabilized with 0,5% saponin for 5 min. Analysis were performed 

by standard immunofluorescence techniques by using Cathepsin B/LAMP-I and 

HexA/LAMP-I combination of antibodies. Colocalized signal of 

LC3B/cytochrome c was assessed by using DeltaVision system (Applied 

Precision; Issaquah, WA, USA) with an Olympus IX-71 microscope. 

12. Galectin 3 puncta 

 

Lysosomal permeabilization was also detected by using the galectin puncta 

assay, as previously describe (Aits et al., 2015). A standard 

immunofluorescence was performed with antibodies against galetin-3 and 

LAMP-I. 
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13. Cell fractionation 

 

Cell fractionation was performed by using the lysosome isolation kit (Sigma 

Aldrich, St. Louis, MO, USA, LYSISO1) to isolate an enriched lysosomal 

fractions from patients and control fibroblast by differential centrifugation. 

Cells were grown to 90% confluency, trypsinized and washed. After adding the 

extraction buffer the cells were homogenized and centrifuged at different 

velocities to obtain the crude lysosomal fraction (CLF) which contains a mixture 

of mitochondria, lysosomes, peroxisomes and endoplasmic reticulum. 

14. Puromycin assay 

 

Cells were cultured in T-75 flask at a 70% confluency using high glucose media 

DMEM (Dulbeccoo`s modified media) (Gibco, Invitrogen, Eugene, OR, USA) 

supplemented with 20% fetal bovine serum (FBS) (Gibco, Invitrogen, Eugene, 

OR, USA) and 1% antibiotics (Sigma ChemicalCo., St Louis, MO, USA). 

Medium was replaced with serum-free DMEM for 16 hours. The medium was 

again replaced with fresh serum-free DMEM for 1 hour followed by incubation 

with 1μm of puromycin (an analogue of tyrosyl-tRNA, Sigma-Aldrich, St. Louis, 

MO, USA) for 30 min at 37ºC and 5% of CO2. After that, cell pellets are 

collected and the amount of puromycin incorporated into nascent peptides was 

evaluated by WB using antibody to puromycin (Anti-puromycin, Millipore). 

15. CRISPR/CAS9 

 

With the aim of producing a HexA KO gene cell colony, DNA target sites where 

chosen and gRNA designed. The 3 best predicted efficiency gRNA were 

chosen using the CHOP-CHOP web tool (Labun et al., 2019) (Table 4). It is 

very important that the selected gRNA targets the sequence at the beginning of 

the gene, more error can be accumulated and more probability of stop-condom 

events and the lecture of the gene can be altered. The gRNAs chosen target 

the first exon of the gen and their targets are in all of the gene isoforms of HexA 

gene. Forward (FOR) and reverse (REV) gRNAs were ordered to EUROFINS in 
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5`-3`direction with the addition of a series of nucleotides at the ends of the 

sequences for the posterior hybridization with the vector (Table 5). 

 

gRNA 

name 

 

Target sequence 

 

Genomic location 

 

Strand 

GC 

content 

(%) 

Exon 

target 

 

Oligo1 

 

 

CGGCCGAGCTGACAT

CGTACTGG 

chr15:72375813 

 

 

+ 

 

65 

 

1 

 

Oligo2 

 

 

TCGGGTAAAGGACGT

AGCGCTGG 

chr15:72375849 

 

 

+ 

 

60 

 

1 

 

Oligo3 

 

CGTAGCGCTGGTCGG

AGGTTTGG 

 

chr15:72375861 

 

 

+ 

 

65 

 

1 

 

Table 4| Best target sequences for HEXA gene predicted by CHOPCHOP. 

 

 

gRNA Name 

 

Sequence ordered to EUROFINS (running 5'-3') 

Oligo 1 FOR caccgCGGCCGAGCTGACATCGTACTGG 

Oligo 1 REV aaacCCAGTACGATGTCAGCTCGGCCGc 

Oligo 2 FOR caccgTCGGGTAAAGGACGTAGCGCTGG 

Oligo 2 REV aaacCCAGCGCTACGTCCTTTACCCGAc 

Oligo 3 FOR caccgCGTAGCGCTGGTCGGAGGTTTGG 

Oligo 3 REV aaacCCAAACCTCCGACCAGCGCTACGc 

 

Table 5| Sequences for the three gRNA (FOR and REV) used in the assay. 

pX458 (pSpCas9(BB)-2A-GFP, addgene) vector, with a total size of 9300bp and 

the insert size of 5400bp, was chosen to clone the gRNAs. It has the U6 
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promoter, Cas9, ampicillin (bacterial selection), EGFp (non-bacterial section) 

and BbsI enzyme restriction cut point. 

At first, vectors need to be linearized by using the restriction enzyme BbsI. 2ug 

of vector, 1ul of BbsI (BioLabs) and diluted buffer (Smart Cutter, BioLabs) for 1 

hour in a 37ºC-water bath is essential to make an open vector. There is a 

possibility to both endings join again. Therefore, a nucleotide adding reaction 

needs to be done. We used 10ul of open-vector, 1 μl of Phosphatase enzyme 

(), 2ul pf Phosphatase Buffer and 7ul of H20d, and leave it 30 minutes in a 37ºC 

water bath. Then, we needed to purify the digested vector running a 0,7% 

agarose gel electrophoresis for 45 minutes at 95 voltage. After checking the 

band using UV light, it is cut and the plasmid is isolated using a QIAquick Gel 

Extraction Kit (Qiagen). Finally, the dna is eluted from the columns using H20d. 

The next step is the annealing of each pair of oligos. 1ul of each oligo 100mM 

(forward and reverse) were added to 1ul of T4 Ligation Buffer NEB, 0,5 μl of T4 

NEB and 6,5 μl H2Od. The annealing is made by using the thermocycler with 

the following parameters: 37ºC for 30 minutes, 95ºC for 5 min and then ramped 

down to 25ºC at 5ºC/minute. After that, the set up ligation reaction is carried out 

by adding into a tube 50ng of open vector, 200ng of oligos annealed, 2ul 

Ligation Buffer and 1ul of Ligation enzyme up to a final volume of 20ul. The tube 

is let overnight at 16ºC. 

The vector is amplificated thought bacterial transformation using NEB 5-alpha 

competent bacteria. 10ul of plasmid (ligation reaction) and 35 μl of bacteria are 

adding into a tube into a 42ºC water bath for 45 seconds following of 2 minutes 

on ice. 300ul of SOC media is added to the tube and keep it for 45 minutes in a 

37ºC shaker incubator at 225rpm. 250ul of the tube is spread into an agar plate 

and keep it overnight at 37ºC. Then, some bacteria colonies are picked up and 

incubated with LB media and Ampicillin (1:1000) overnight at 37ºC in a shaker 

incubator. In this step we are doing the selection of the bacteria which have 

incorporated the plasmid with the ampicillin resistant gene in the vector. 

Plasmids are isolated form the bacteria using QIAprep Spin Miniprep kit 

(QUIAGEN) and checked by running an electrophoresis. The vectors are sent to 

Eurofins for DNA sequencing to ensure that the vector has the insertion and if 
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its orientation is correct. After sequencing, the sequence is checked using 

Snapgene Software. 

HeLa cells were seeded in a 6cm dish at low confluency and after 24 hours the 

cells are transfected using FuGENE6 (). Cells which have the plasmids express 

GFP, so we used fluorescence activated-cell sorting (FACS) and 1 cell per well 

is seeded in a 96-well plate. After 1 or 2 weeks cells start to form colonies, they 

are splited to amplify the colonies. Finally, we check the cells by WB using an 

anti-Hexa antibody (Figure 18).

 

Figure 18| Steps followed in the CRISPR/Cas9 assay. 
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16. Measurement of mitochondrial generation of superoxide 

 

Mitochondria is considered the major intracellular source of ROS, due to during 

mitochondrial respiration many ROS, such as anion superoxide, are produced 

as an incidental product. Immunofluorescence analysis was performed using 

MitoSOXTM Red mitochondrial superoxide indicator (Invitrogen/Molecular 

Probes, M36008) which is a florigenic dye for the detection of the superoxide in 

the mitochondria. MitoSOX™ Red reagent is live-cell permeant and is rapidly 

and selectively targeted to the mitochondria. Once in the mitochondria, 

MitoSOX™ Red reagent is oxidized by superoxide and exhibits red 

fluorescence. 

Fibroblasts were cultured in six-well plates on the top of cover slips and 

incubated with 5μM MitoSOXTM Red in DMEM 20%FBS, 1% antibiotics for 10 

min at 37ºC and 5% CO2. After incubation, cells were washed with PBS1X and 

fixed with 3,8% PFA for 5 min. Finally, the nucleus was stained with DAPI and 

the images were analysed using DeltaVision system (Applied Precision; 

Issaquah, WA, USA) with an Olympus IX-71 microscope. 

17. Lipid peroxidation 

 

Fibroblasts were cultured on coverslips and incubated with 1 μM C11-Bodipy 

(BODIPY® 581/591 C11) for 30 min at 37 °C. Coverslips were then rinsed with 

PBS and mounted onto slides as describe above for analysis with a 

fluorescence microscope. Fluorescent intensity was measured using the Image 

J software (National Institutes of Health, Bethesda, Maryland, USA). 

18. Antioxidant enzyme activity 

 

Enzyme activity of antioxidants was determined in 1x106 cells. Catalase activity 

was determined in cellular lysates by monitoring H2O2 decomposition at 240nm. 

Superoxide dismutase activity was determined based on inhibition of the 

formation of NADH-phenazine methosulfate-nitroblue tetrazolium formazan 

(Kakkar, Das, & Viswanathan, 1984). 
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19. Lipid hydroperoxides 

 

The FOX assay was carried out according to the method previously reported 

[9]. The FOX reagent was prepared by mixing in the following order: 90 ml 

methanol, 88 mg BHT, 10 ml 250 mM H2SO4, 9.8 mg ammonium ferrous 

sulphate hexahydrate and 7.6 mg Xylenol Orange. To 320 l of sample, 680 l of 

FOX reagent were added and the solution was incubated for 30 min at 37 ◦C 

with gentle shaking. After a short high-speed centrifugation (3000 × g for 1 min 

at room temperature), sample absorbance was read at 560 nm against the 

blank (0.9% NaCl and FOX reagent). For hydroperoxide quantification, a serial 

standard dilution of hydrogen peroxide was used (Jiang, Hunt, & Wolff, 1992). 

20. Measurement of citrate synthase activity 

 

The specific activity of citrate synthase in whole-cell extracts prepared from 

control and patient fibroblasts was measured at 412 nm minus 360 nm (13.6 

mM−1 cm−1) using 5,5-dithio-bis(2-nitrobenzoic acid) to detect free sulfhydryl 

groups in coenzymeA as described previously (Bullon et al., 2011). 

21. Analysis of mitochondrial network and morphology 

 

Fibroblasts were incubated with 10nM of Mitotracker red CMXRos (Invitrogen, 

M7512) for 20 minutes at 37ºC. After washing with PBS1X the culture media 

was changed for 30min and then cells were fixed in 4% PFA for 15 min at RT 

and the nuclei was stained with DAPI (1μg/mL). Samples are analysed using 

MICROSCOPIO. MEDICCION DE FLUORESCENCIA (TESIS) 

In addition, a standard immunofluorescence was performed using an antibody 

against TOM-20 (mitochondrial membrane marker). 

 

22. Mitophagy analysis 

 

Fibroblast were seeded in coverslips in 6-well plate, fixed in 3,8% PFA for 5min 

at RT and permeabilized with 0,5% saponin for 5 min. Mitophagy analysis were 
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performed by standard immunofluorescence techniques by using LC3B 

(autophagosome marker) and cytochrome c (mitochondria marker). Colocalized 

signal of LC3B/cytochrome c was assessed by using DeltaVision system 

(Applied Precision; Issaquah, WA, USA) with an Olympus IX-71 microscope. 

23. TMRM assay 

 

Tetramethylrhodamine methyl ester (TMRM, Life Technologies) was used to 

determine the mitochondrial membrane potential. Cells were grown in 6cm 

glass bottom image dish,  washed with PBS and then incubated in Imaging 

Buffer (HBSS 1X, Glucose 5mM, HEPES 10mM, MgCl2 1mM, CaCl2 1.26mM 

and H2Od) with 25nm TMRM for 25 minutes at 37ºC. Images were taken using 

DeltaVision system (Applied Precision; Issaquah, WA, USA) with an Olympus 

IX-71 microscope. After that, 1uM of CCCP were added and data were obtained 

after 1 min. Images obtained were analysed using ImageJ Software (National 

Institutes of Health, Maryland, USA). 

24. Analysis of mitochondrial respiratory function using 

Seahorse extracellular flux analyser 

 

Mitochondrial respiratory function and profile of controls and Tay-Sachs and 

Sandhoff fibroblasts were measured by using Mito-stress test assay by XFe24 

extracellular flux analyser (Seahorse Bioscience, Billerica, MA, USA). The 

seeding density was 30.000 cells/well and the compounds concentration were 1 

μM oligomycin, 2 μM FCCP and 1 μM and 2.5 μM rotenone & antimycin A, 

respectively.  

Fibroblasts were seeded in XFe24 cell culture plates in 100 μL growth medium 

and placed in 37°C incubator with 5% CO2. After cells adhered within 1 h, 150 

μL growth medium were added and cells were returned to 37°C incubator with 

5% CO2. 

After 24 h incubation, growth medium from each well was removed, leaving 50 

μL of media. Cells were washed twice with 500 μL of prewarmed assay medium 

(XF base medium supplemented with 10 mM glucose, 1 mM glutamine and 1 
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mM sodium pyruvate; pH 7.4). Then, 450 μL of assay medium (500 μL final) 

were added. 

Cells were incubated in 37°C incubator without CO2 for 1 h to allow pre-

equilibration with the assay medium. Pre-warmed oligomycin, FCCP and 

rotenone & antimycin A were loaded into the injector ports A, B and C of sensor 

cartridge, respectively. The final concentrations of injections were as follows: 1 

μM oligomycin, 2 μM FCCP and 1 μM rotenone & 2.5 μM antimycin A. 

The cartridge was calibrated by the XFe24 analyzer and the assay was carried 

out using cell Mito-stress test assay protocol as described by Nicholls et al.574. 

When the experiment was finished cells number of each well were calculated 

using the Neubauer chamber. 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

were measured followed by the sequential addition of oligomycin, FCCP and 

rotenone & antimycin A. This approach allows determining different parameters 

of mitochondrial function such as basal respiration, maximal respiration, spare 

respiratory capacity and ATP production. 

Basal respiration: The cell capacity of utilization the mitochondrial respiration 

under baseline conditions. It is calculated as the value of the last rate 

measurement before oligomycin injection minus the non-mitochondrial 

respiration rate. 

Maximal respiration: The maximum rate of mitochondrial respiration that the 

cells can achieve. It is calculated as the value of the maximum rate 

measurement after FCCP injection minus the non-mitochondrial respiration rate. 

Spare respiratory capacity: The cell capability to respond to an energetic 

demand. It is an indicator of cell fitness or flexibility. It is calculated as the value 

of the maximal respiration minus the basal respiration. 

ATP production: Measure the ATP production by the mitochondria. It is 

calculated as the value of the last rate measurement before oligomycin injection 

minus the minimum rate measurement after oligomycin injection. 

Data analysis of Seahorse assays 
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The XF Mito-stress test report generator automatically calculates the XF Mito-

stress test parameters from Wave data that have been exported to Excel. 

Respiration and acidification rates are presented as the mean ± SD of 3 

independent experiments in all experiments performed with 3 replicate wells in 

the Seahorse XFe24 analyzer. 

25.  ATP levels 

 

ATP levels were determined by a bioluminescence assay using an ATP 

determination kit from Invitrogen-Molecular Probes (Eugene, OR, USA) 

according to the manufacturer’s instructions. 

26. Microarrays  

 

Total RNA from fibroblasts and right-cerebrum of Sandhoff mice (WT, HET and 

KO of HEXB gene) were extracted using the RNeasy kit (RNeasy, QIAGEN, 

Valencia, CA) and then the quality of total RNA for array analysis was 

determined using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa 

Clara, CA).  

Biological replicates were synthetized, amplified, purified and the corresponding 

ss-DNA was labelled with biotin according to the manufacturer’s protocol 

(Affymetrix). 100 ng of total RNA was hybridized to 5.2 μg of labelled cDNA. 

Then, hybridation, rinsing and scanning of the signal (Scanner 3000 7G, 

Affymetrix) were performed. Array data were processed using Affymetrix® 

Genechip® Command Console® 2.0 with respect to background subtraction 

and normalization. We used the Affymetrix Microarrays ClariomTM D Arrays 

Human and Mouse, which includes 65956 genes. The raw data were analysed 

by the Affymetrix software Trancriptome Analysis Console (TAC) which analyse 

and visualize global expression patterns of genes, exons, pathways, and 

alternative splicing events. 

Expression values were normalized by SST (Signal Space Transformation)-

RMA (Robust Microarray Analysis; Irizarry et al. 2003). Many comparisons of 

transcription levels were made between the different conditions in fibroblasts 
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and mice brain tissues, as are schematized in the Figure 19. Three replicates of 

each condition were made for every analysis.  

 

Figure 19| Comparison of transcription levels between Tay-Sachs and 

Sandhoff fibroblasts compared with healthy ones and HEXB KO mice 

compared with HET and WT ones. 

Then, a fold change and p-value was calculated for every gene by an unpaired 

test one-way (single factor) using the NMATH package. A gene was considered 

as differentially expressed when it had a fold change equal or higher than 1.5, 

and a p-value equal or lower than 0.05. Then, a functional enrichment was 

performed with the differentially expressed genes using the functional 

annotation tool from the DAVID web site 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3381967/).  

We found a number of annotation categories. To analyse the expression profile 

for the genes included in these categories, a heatmap was created for every 

annotation category, using the heatmap.2 function in the gplots R package, and 

considering normalized values by z-scores, and making a clustering based on 

the expression profiles and the average method. Finally, a mean of the 

expression values in every annotation category was calculated and it was again 

plotted in a heatmap (Figure 20). 
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Figure 20| Schematic representation of the Microarrays assay. 

27. Microscopy 

 

-Widefield microscopy was performed using: 

Leica DMi1 brightfield microscope (Leica Microsystems GmbH, Wetzlar, 

Germany) 

-Fluorescence microscopy was performed using: 

DeltaVision system (Applied Precision; Issaquah, WA, USA) with an Olympus 

IX-71 microscope 

-Electron microscopy was performed using: 

Zeiss LEO 906 E (Zeiss, Oberkochen, Germany) transmission electron 

microscope. 
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28. Statistical analysis 

Data in the figures is given as mean ± SD. Data between different groups were 

analysed statistically by using ANOVA on Ranks with Sigma Plot and Sigma 

Stat statistical software (SPSS for Windows, 19, 2010, SPSS Inc. Chicago, IL, 

USA). For cell-culture studies, Student’s t test was used for data analyses. A 

value of p<0.05 was considered significant. 

  



105 
 

 

  



106 
 

 
 
 
 
 
 
 
 
 
 

RESULTS 

  



107 
 

 

  



108 
 

Results 

1. Characterization of Tay-Sachs and Sandhoff 

patients 
 

In the present study we have been working with fibroblasts obtained from skin 

biopsies from six Tay-Sachs patients, 3 infantile and 3 juvenile cases, and two 

Sandhoff patients. The diagnosis was stablished by enzymatic quantification of 

HexA and confirmed after genetic study. In general, the clinical manifestations 

in these diseases are characterized by mental and motor delays, hypotonia, 

seizures, ataxia, blindness, etc. In the following tables the clinical manifestation 

of each patients are shown (Table 6).  

 

 

 

 

 

 

 

Inf1/ Tay-Sachs Infantile   

Date of birth:16/10/2012 – 2 years old           Gender: Male 

Signs and symptoms: 
-Epilepsy 
-Abnormal ocular movements 
-Respiratory problems 
-Macrocephaly 
-Hypotonia severe 
 

 
-Startle with noise 
- Hyperreflexia 
-Psychomotor regression 
-Low visual acuity 
-Pyramidal syndrome 
 

Enzyme levels: 
  -Isoenzymatic distribution %A: 33,5% 
  -Isoenzymatic distribution %B: 66,5% 
  -β-hexosaminidase total: 1916 nmol/h/mg 
prot 
  -β-hexosaminidase A: 4 nmol/h/mg prot 
  -Esfingomielinase: 14,9 nmol/17h/mg prot 
  -β-glucocerebrosidase: 14,6 nmol/h/mg prot 

 
RL: 84,0-97,0 
RL: 3,0-16,0 
RL:336-2868 
RL:61-316 
RL:8,5-26,0 
RL:2,9-27,6 
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Inf3/ Tay-Sachs Infantile 

Date of birth: 30/08/2014 - 17 months old                     Gender: Male 

 

 

 

 

 

Inf2/ Tay-Sachs Infantile  

Date of birth: 13/03/2014 - 1 year old    Weigth: 10kg          Gender: Male 
Signs and symptoms:  
  -Startle with noise 
  -Absent of cephalic support 
  -Psychomotor delays 
  -Respiratory problems 
  -Severe hipotonia 

   
-Abnormal ocular movements 
-Hyperreflexia 
-Cherry-red spot 
-Dysphagia 
 

Biochemistry: 
  -Normal levels: CPK, CDT, iron metabolism, folic acid, B12 vitamin, lactate, 
ammonium, copper, ceruloplasmina, immunoglobulins, homocysteine, 3-
hidroxibutirato, free fatty acids, long chain fatty acids 
 

Very low HexA enzymatic activity 

Juv1 / Tay-Sachs Juvenile    

Date of birth: 06/09/2011 - 4 years old                               Gender: Male 

Signs and symptoms: 
  -Development delays 
  -Fall episodes 
  -Startle with noise 
  -Facial dysmorphia 
  -Macrocephaly 
  -Slight psychomotor development 
delay 
 

 
-Drops-attacks episodes 
-Motor and language regression 
-Dysphagia  
-Myelination alteration 
-Slow brain activity 
-Visual deficit 

Biochemistry: 
  -Low levels of HDL 
  -High levels of AST and LDH 
  -Normal levels: Lactate, ammonium, amino acids, iron profile, creatine,     
guanidinoacetato, organic acids, GAGs, 4-OH butyrate 

Low levels of HexA activity: 3nmol/h/mg 
prot 

        RL: 61-316 3nmol/h/mg prot 
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Juv3/ Tay-Sachs Juvenile  

Date of birth: 05/10/1999 – 16 years old Weight: 45,8kg    Gender: Female 

Signs and symptoms: 
  -Language regression 
  -Dysphagia 
  -Dysarthria 
 

  
-Motor delays 
-Lumbar hyperlodosis 

Low HexA enzymatic activity 6% of activity 

 

Table 6| Clinical manifestations of the patients under study. SANDHOFF 

 

Due to they are genetic diseases, these patients are characterized by genetic 

mutations which finally affect the expression and function of a lysosomal 

enzyme involved in the degradation of GM2 gangliosides. This enzyme, named 

as β-hexosaminidase A is an heterodymerous composed by one alpha (α) 

subunit encode for the HEXA gene and one beta (β) subunit encoded for the 

HEXB gene. Several mutations have been found affecting these genes in these 

alterations; however the type and the mutation site is highly important for the 

enzyme activity and thus, for the disease severity. In the following table (Table 

7) it has been listed the mutations carried by the patients under study as well as 

if the stability and active site of the enzyme are affected or not.  

 

Juv2/Tay-Sachs Juvenile   

Date of birth:20/05/2010 – 3 years old                       Gender: Female 
Signs and symptoms: 
  -Severe dysphagia 
  -Motor delays 
  -Language regression (skills) 
  -Skills and motor regression   
 

 
-Somatocraneal disproportion 
-Slow movements 
-Cherry-red spot 

Biochemistry: 
  -Normal levels: CPK, ammonium, lactate, ceruloplasmide, iron profile, B12 
vitamin,   folic acid, amino acids, long chain fatty acids 
 

Low levels of HexA 
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Patient Maternal Mutation Paternal Mutation 

 
 
 

Inf1 

 
c.409C>T 

 

Point mutation 

Premature stop codon  

Protein stability and active site 

are affected 

 
c.1073+1G>A 

 

Point mutation 

Splicing site 

 

 
 

Inf2 

 
IVS4+5G>A (c.459+5G>A) 

 

Point mutation 

Near splicing site 

 

 
IVS4+5G>A (c.459+5G>A) 

 
Point mutation 

Near splicing site 

 

 
 
 

Inf3 

 
c.1274_1277dupTATC 

 
Point mutation 

Premature stop codon 

Protein stability and active site 

are affected 

 
c.785A>G 

 

Point mutation 

Protein stability and active site 

are affected 

 
 

Juv1  

 
c.536A>G 

(p.His179Arg) 
 

Point mutation 

Protein stability and active site 

are NOT affected 

Described mutation 

 
c.533G>A  

(p.Arg178His) 
 

Point mutation 

Protein stability and active site 

are affected 

Described mutation 

 
 
 

Juv2  

 
c.(533g>a) 

(p.Arg178His) 
 

Point mutation 

Protein stability and active site 

are affected  

Described mutation 

 

 
c.915-917delCTT 

 
 
 

Point mutation 
 
 

 
Juv3 

c.1073+1G>A 
 

Point mutation 

Splicing site 

 

c.1305C>T p.Y435Y 
 

Point mutation 

Protein stability and active site 

are NOT affected 

 
 
 

 
p.Trp57Cys (c.171G>C) 

 

 
c.1509-26G>A (IVS12-26G>A) 

Point mutation 



112 
 

 

 

Table 7| Mutations found in patients. Mutations where there is not specified if 

they affect the stability and the active site of the enzyme is unknown. Apart from 

the nine patients, another more infantile patient (Inf4) and two adult patients 

(Adl1 and Adl2) have been used in several experiments.  

 

 

SD1  Point mutation (propeptide) 

Protein stability affected 

Active site NOT affected 

Splicing site 

Protein stability and active site 

are NOT affected 

 
 

SD2 

 
c.1021_1024delAGTG 

 
Point mutation 

Premature stop codon  

Protein stability and active site 

are affected 

 
IVS12-26G>A 

 
Point mutation 

Splicing site 

Protein stability and active site 
are NOT affected 

 
 
 

Inf4 

 
IVS4+5G>A (c.459+5G>A) 

 

Point mutation 

Splicing site 

Protein stability and active site 

are NOT affected 

 
IVS4+5G>A (c.459+5G>A) 

 
Point mutation 

Splicing site 

Protein stability and active site 

are NOT affected 

 
 
 

Adl1 

 
p.L484P 

 

Point mutation 

Protein stability affected 

Active site NOT affected 

Described mutation 

 
 
 

Not identified 

 
 
 

Adl2 

 
p.L484P 

 

Point mutation 

Protein stability affected 

Active site NOT affected 

Described mutation 

 
 
 

Not identified   
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Most of alterations are point mutations which affect the protein stability except 

form the one in allele 1 of Juv1 and allele 2 in Juv2. The allele 1 of Inf1, Inf3 and 

SD2 suffer from point mutations which lead to a premature stop codon and thus, 

the stability and active site of the enzyme are significantly affected. Moreover, 

there are several point mutation which are place in a splicing site or near them 

such as Inf2 and Inf4 in both alleles and alleles 1 form Juv3 and allele 2 form 

Inf1, SD1 and SD2. Additionally, it has been found 4 described mutation 

belonging to allele 1 from Juv2, both alleles form Juv1 and Adl1 and Adl2 

mutations (Table 7). The position of each mutation along the HEXA of HEXB 

gene is shown in the Figure 20.  
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Figure 20| Location of the point mutation of both alleles of each patient 

under study along the A) HEXA and B) HEXB gene. Each colour 

corresponds to an allele of a patient; grey colour is the mutation located in 

introns. 

 

To evaluate the possible effects of the mutations on the protein structure a 

three-dimensional (3D) structure for the α-subunit and β-subunit was performed. 

In the Figure 21 are represented the exons mutations of the patients. In image 

A it is shown a cartoon representation of the α-subunit of HexA enzyme with 

point mutations. Juv1 point mutations in both alleles (red) affect two amino 

acids near the active site (green) as well as mutation in allele 2 from Inf3 

mutation (light blue). It is also shown in image C in a globular representation of 

the α-subunit where the mutations can be seen in the protein surface. Changes 

in Juv2 also occur very near of the active site (dark blue, red). Mutation in 

allele2 from Juv3 and mutations in Adl1 and 2 affect farther places (pink and 

yellow, respectively). Point mutations which generate premature stop codons 

are represented in the image B showing the structure affected by allele1 from 
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Inf1 (yellow) and allele 1 from Inf3 (orange). It is also shown the structure art 

that are loss due to the mutations (grey). Sandhoff patient mutations are 

represented in the image D where it is displayed the β-subunit of HexA enzyme. 

Point mutation in allele1 from SD2 leads to a stop codon affecting much of the 

protein (orange) which drives to the loss of a part of the sequence (grey).  

 

 

 

Figure 21| Three-dimensional structure models for HEXA (PDB:2GJX) and 

HEXB (PDB:1NOU) highlighting the patient mutations. A) HEXA gene point 

mutations in coding sequences, different colours represent amino acid 

substitutions. B) HEXA frameshifts coming from two patients (orange and 

yellow). C) Globular representation of α-subunit showing the protein surface and 

highlighted critical region for the hydrolysis of GM2 gangliosides (green). D) 

Mutations of Sandhoff patients (SD1, SD2) in the β-subunit of the HexA 

enzyme. It is also shown the structure art that are loss due to the mutations 

(grey). *Stop codons. 
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These alterations in protein structure result on the loss of the stability which is 

associated to the decreasing in the HexA enzymatic activity in blood cells 

compared with reference values of healthy controls (Figure 22 A). Due to 

fibroblast cell culture models provide satisfactory information about the 

molecular mechanisms underlying the pathological alterations in genetic 

diseases, we determined the metabolic status of patient fibroblasts. Tay-Sachs 

fibroblasts showed reduce growth rates (Figure 22 B) and abnormal morphology 

with the intracellular accumulation (Figure 22 B) compared with healthy 

fibroblasts. 
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Figure 22| A) Enzymatic activity of HexA in homogenates from control and 

patients skin fibroblasts. B) Growth curve of Tay-Sachs patient fibroblast 

compared with healthy ones during 120 hours. It is shown a reduce growth rate 

in patient cells. C) Morphological changes of patient fibroblasts compared with 

the control one, where it can be appreciated the cytosolic accumulation. 
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2. Autophagic flux is impaired in fibroblast from Tay-

Sachs and Sandhoff patients  
 

The accumulation of non-degraded material within lysosomes is the most 

relevant sign of Tay-Sachs and Sandhoff diseases. The cellular machinery 

which is involved in this self-digestion is autophagy which its correct activity is 

essential to maintain cellular functions. Patients have mutations in HEXA or 

HEXB genes which cause the absence or partially activity of the enzyme β-

hexosaminidase A. Because mutant in both genes can affect the degradative 

cellular process we firstly evaluated the expression levels of the two major 

Autophagic marker proteins using Western blotting: Lc3 and p62. The 

microtubule-associated protein 1A/1B-ligth chain 3 (LC3) is a 17kDa soluble 

protein is distribute in all mammal cells. LC3-I is the free cytoplasmic form 

which, by following a conjugation with phosphatidylethanolamine produces the 

LC3-II form which is recruited to the membrane of autophagosomes. When they 

are fused with lysosomes to form an autophagolysosomes (also now as 

autolysosomes) LC3-II is degraded by lysosomal hydrolases along with the 

cytoplasmic cargo which is tagged with p62 protein (Tanida, Ueno, & Kominami, 

2008). Lc3-I is converted to Lc3-II during the formation of the autophagosome 

and shows the autophagy levels and p62 is a protein which tags the substrates 

that need to be degraded and shows the degradation level of the 

autophagosomes. In order to determine the autophagy flux status the 

expression levels of both proteins needs to be quantified. LC3-II protein is 

highly increased and there is a high level of the LC3-II/LC3-I ratio which means 

increase autophagy; which it is supposed to be good in these diseases to get rid 

of all the unwanted cellular waste. However, fibroblasts from patients show high 

levels of p62 protein, which means that the autophagosome cargo isn’t 

degraded and is still with the lysosomes (Figure 22).  
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Figure 22| Autophagy flux is impaired in Tay-Sachs and Sandhoff 

fibroblasts. Autophagic protein expression levels of p62, LC3-I (top panels, top 

band) and LC3-II (top panels, bottom band) were determined in fibroblast 

culture form healthy control subjects (CTL) and (A) Tay-Sachs, infantile (Inf) 

and Juvenile (Juv) and (B) Sandhoff (SD) patients using Western blot analysis, 

as described in Materials and Methods section. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as a loading control. Results are expressed 

as mean ± SD of three separate experiments. Significance of LC3II/LC3I 

expression levels of patients respect to control fibroblasts is represented as 
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*P<0.05, **P<0.01. Significance of p62 expression levels of patients respect to 

control fibroblasts is represented as aP<0.05, aaP<0.01, aaaP<0.001. 

Secondly, to confirm the impaired autophagy, cells were treated with 

bafilomycin (BafA1) which is a specific inhibitor of the vacuolar type H+-ATPase 

(V-ATPase) and prevents the lysosomal acidification. (DeVorkin & Lum, 2014). 

The increment in intralysosomal pH prevents the fusion between 

autophagosome-lysosome leading to the block of autophagic flux. This 

blockage in the last autophagy step leads to an accumulation of LC3-II and 

thus, an increase in LC3-II/LC3-I ratio due to the accumulation of 

autophagosome within the cell. In addition, there is an increment in p62 

expression level due to the non-fused autophagosome accumulation. As 

expected, control fibroblasts treated with BafA1 showed increased levels of 

LC3-II as well as p62 suggesting normal autophagic flux. However, patient 

fibroblasts treated with BafA1 did not affect the LC3-II and p62 expression 

levels, suggesting impairment in the Autophagic flux (Figure 23).  

 

Figure 23| Impairment of the autophagic flux in Tay-Sachs fibroblasts. 

Impaired autophagic flux determined by BafA1 in Tay-Sachs patient fibroblasts.  
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Determination of LC3-II levels in the presence or absence of BafA1 in 

fibroblasts from healthy subjects and Tay-Sachs patients. Cells were incubated 

with 100nmol/L of BafA1 during 12 hours. Total cellular extracts were analysed 

by means of immunoblotting with antibodies against LC3. P62 expression levels 

were also measure. GAPDH was used as a loading control. Data represent the 

mean ± SD of three independent experiments.*P < 0,05; **P < 0,001 and ***P 

<0,001 between CTL and CTL+Baf and each patient which patient + Baf. 

 

We also evaluated the autophagy flux in vivo using a healthy mouse model as 

control (wild-type mice; WT) and homozygous Knock-out mice (Sandhoff mouse 

model; -/-) and heterozygous for HEXB gene (+/-). The expression levels of the 

key marker of autophagy flux were determined in some mouse tissue such as 

brain, brain stem, cerebellum and spinal cord (Figure 24). KO mice for HEXB 

gene show in all the tissue under studied high levels of the LC3-II/LC3-I ratio 

and p62 as occurred with the Sandhoff fibroblasts in culture; confirming our 

findings about an autophagy impairment.  
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Figure 24| Autophagy flux is impaired in Sandhoff mice model. Autophagic 

protein expression levels of p62, LC3-I (top panels, top band) and LC3-II (top 

panels, bottom band) were determined in vivo using a healthy mouse (WT, -/-), 

homozygous Knock-out mice (Sandhoff mouse model; -/-) and heterozygous 

(+/-) for HEXB gene using Western blot analysis. Results are expressed as 

mean ± SD of three separate experiments. *P<0,05;**P<0,01 and ***P<0,001  
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between WT and KO and HET mice. WT (Wild-type):+/+; KO (Knock-out): -/-; 

HET (heterozygous):+/-. 

 

Immunostaining of the autophagosome marker LC3 and p62 were carried out in 

order to confirm the LC3 and p62 increase in patient cells and corroborate our 

findings. In patient fibroblasts there is a high quantity of LC3 (red dots) and p62 

puncta (green dots) with high grade of colocalization (yellow dots). However, in 

healthy fibroblasts the number of LC3 and p62 puncta is less. It reinforces the 

above data about the impairment on the autophagic flux (Figure 25). 
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Figure 25| High impaired autophagy levels. Immunostaining of LC3 

(autophagosome marker) and p62 (substrate of autophagy marker) was 

performed to visualized the autophagosomes (Lc3 puncta) in control, infantile 

and juvenile Tay-Sachs patients and Sandhoff patient´s fibroblasts, as describe 

in Materials and Methods section. The images show high number of LC3 and 

p62 puncta in patient fibroblasts with a remarkable colocalization. [Scale bar = 

30μm]. Results are expressed as mean ± SD of three separate experiments. 

*P<0,05;***P<0,001 and ***P<0,0001 between CTL and each patient. [Scale 

bar=30μm]. 
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Ultrastructural analysis by electron microscopy of fibroblasts from patient 

fibroblasts confirmed the presence of a high dense cytoplasm full of double-

membrane vesicle structures (autophagosomes), multilamellar bodies, 

lipofuscin and non-define structures (Figure 26). This increment in 

autophagosome number correlates with the increase level so f LC3II in western 

blot (Figure 22 ) and immunofluorescence assays (Figure 25 ).Lamellar bodies 

are round or oblong organelles which contain lipids such as phospholipids, 

glucosylceramides, sphingomyelin and cholesterol. They are considered as 

lysosomes related organelles because of their enzymatic content and vacuolar 

H+-ATPase leading an acidic pH (lie Raymond et al., 2008).  
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Figure 26| Electron microscopy of control and patient fibroblasts. A) 

Control fibroblasts showing mitochondria with typical ultrastructure (purple 

arrow) and several lamellar bodies and patient fibroblasts showing high levels of 

lamellar bodies (white arrows) and autophagosome accumulation (black 

arrows). The number of autophagosomes per cell was plotted. Results are 
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expressed as mean ± SD of three separate experiments. Significance of patient 

cells respect to control cells is represented as***P<0,001.B) Several EM images 

of infantile Tay-Sachs fibroblasts show huge number of lamellar bodies with 

good morphology and well-developed (I, II and III) and damage or empty (IV). 

Some non-defining structures have been found in the cytoplasm of patient 

fibroblasts (V). [Scale bar= 10μm]. 

Given that reduction of the fusion between autophagosome and lysosome or 

inefficient lysosomal degradation are associated to autophagosome 

accumulation and autophagic flux the autophagosome formation was monitored 

using the autophagy flux detector PremoTM Autophagy Tandem Sensor. It 

consists on a construct encoding for the LC3-II protein in tandem with GFP and 

RFP. Autophagosomes are positive for both fluorescence proteins; however 

when the fusion with the lysosome takes place the green fluorescence 

disappear and thus, autolysosomes are only positive for red fluorescence. As 

we thought, patient fibroblasts show high levels of colocalization of LC3-GFP 

and RFP which means autophagosome accumulation due to the inability to fuse 

with lysosomes. Apart from these findings, the most relevant feature found is 

the increment of the puncta size. Autophagosomes size is very huge by reason 

of the high intra-lysosomal accumulation of GM2 gangliosides and its failure to 

fuse with lysosomes (Figure 27). 
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Figure 27| Monitoring autophagolysosome formation in Tay-Sachs 

fibroblasts. Control and Tay-Sachs patient fibroblasts were infected and 

incubated overnight with Baculovirus expressing LC3-GFP-RFP using Bacman 

technology. Patient cells show huge autophagosome accumulation with an 

increment in their size inferred form the high colocalization of GFP and RFP. 

Autophagosomes are positive for green and red fluorescence (white arrow), 

whereas autolysosomes and lysosomes are only positive for red fluorescence 

(red arrow). To quantify the number of autophagosome per cells, colocalized 

puncta (yellow puncta) were measured with the Red and Green puncta 

Colocalization ImageJ macro (“Green and Red Puncta Colocalization [ImageJ 

Documentation Wiki],” n.d.). Data are shown in the plot as the mean ± SD of 

three independent experiments. *P<0,05;***P<0,001 and ***P<0,0001 between 

CTL and each patient. [Scale bar = 6μm]. 

 

In order to assess the lysosomal biogenesis status we did an immunostaining 

for the Transcription Factor EB (TEFB). TFEB plays an essential role in the 

regulation of key cellular processes such as lysosomal biogenesis and 

autophagy. In healthy cells with a proper autophagic flux TFEB is 

phosphorylated (inactive) and diffuse in the cytoplasm, however inhibition of 

lysosomal function result in the TFEB dephosphorylation (active) and 

translocation from the cytosol to the nucleus where it stimulate the transcription 

of gene involve in lysosomal biogenesis (Napolitano & Ballabio, 2016). As we 

expected, there is a high TFEB puncta concentration in the nucleus of patient 

fibroblasts which indicates high transcription levels of genes involve in 

lysosomal production (Figure 28). Defective autophagy in patient cells leads to 

an accumulation of autophagosomes with non-degraded material inside the cell 

cytoplasm. Due to the inability for discard these unwanted products, cells 

enhance the autophagy flux by stimulating genes implicated in the lysosomal 

biogenesis to solve its defects. However, the enhancement of autophagy in 

these diseases is not the key to fix the deficiency because due to the lack (or 

partially lack) of the β-Hexosaminidase A enzyme activity the accumulated GM2 

gangliosides will continue being aggregated. 
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Figure 28| Lysosomal biogenesis is up-regulated in Tay-Sachs and 

Sandhoff fibroblasts. There is an increase in nuclear TFEB localization in 

patients fibroblasts compared with control ones, which means that TFEB is 

stimulating the transcription of gene involve in lysosomal biogenesis in mutant 

fibroblasts. Data are shown in the plot as the mean ± SD of three independent 

experiments. **P<0,01 and ***P<0,0001 between CTL and each patient. [Scale 

bar =15μm]. 

 

 

  



135 
 

 

  



136 
 

3. Lysosomal permeabilization is associated with 

Tay-Sachs and Sandhoff diseases 
 

Degradation of autophagic substrates takes place inside the autolysosome once 

the autophagosome fuse with the lysosome in the last autophagic step. High 

impaired autophagic flux along with high autophagosome accumulation can be 

a consequence for the decrease level of autophagosome-lysosome fusion or 

inefficient lysosomal substrates degradation (Mizushima, Levine, Cuervo, & 

Klionsky, 2008) . Consequently, we hypothesized the existence of lysosomal 

permeabilization events in patient cells which makes the degradation step more 

challenging. The degradation is carried out by acidic proteases such as 

cathepsins; these hydrolases are a cysteine family including many enzymes 

such as cathepsin B, C, D, H and L.  

We first analysed the Catepsin B (CatB) expression because in a recent 

research about another LSD called as Papillon Lefevre it has been found an 

increase level of CatB expression due to the lack of another lysosomes 

protease (Catepsin C) (Bullón et al., 2018). According to this, we determined if 

the impaired autophagic flux in patient cells was secondarily associated with 

further lysosomal dysfunction. Interestingly, active CatB expression levels were 

increased in Tay-Sachs and Sandhoff fibroblasts (Figure 28) as well as in 

Sandhoff mouse model tissues (Figure 29). In Tay-Sachs patients we have 

associated this increment with the reduction of the mature HexA form. 
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Figure 28| High levels of active CatB in fibroblast from patients and 

Sandhoff. A) Protein expression levels of CatB were determined in fibroblast 

cultures from healthy subjects and patients with Tay-Sachs disease by using 

Western blotting, as describe in Methods section. B) Protein expression levels 

of CatB were determined in fibroblast cultures form healthy subjects compared 

with Sandhoff cells. The results show high level of the mature form of CatB in 

Tay-Sachs and Sandhoff cell cultures which may be associated with the reduce 

levels in the mature form of the HexA. Data represent mean ± SD of three 
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independent experiments. *P < .05, **P < .01, and ***P < .001 between control 

subjects and patients with Tay-Sachs and Sandhoff diseases. 

 

 

 

Figure 29| High levels of active CatB in KO mice in each nervous tissue 

compared with WT mouse. HET mice did not show a significantly expression 

compared with WT. Results are expressed as mean ± SD of three separate 

experiments. *P<0,05;**P<0,01 and ***P<0,001 between WT and KO and HET 

mice. WT (Wild-type):+/+; KO (Knock-out): -/-; HET (heterozygous):+/-. 
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Next, we assumption that increase CatB levels may play a central role in the 

pathophysiology of Tay-Sachs and Sandhoff due to their release from the 

lysosomal/autophagosolysosomal compartment to the cytoplasm. Because of 

the increasing level of the mature form of CatB, we reinforce our previous 

hypothesis about the existence of leaky lysosomes in fibroblasts from patients. 

As a compensatory mechanism due to the loss of enzyme through the damaged 

lysosome membrane cells from patients increase the protein expression of this 

enzyme. In healthy fibroblasts CatB colocalized with the 

lysosomal/autophagosome marker LAMP-I, meaning that the CatB is located 

inside them. However, in patient cells the CatB signal was disused in the 

cytosol and did not colocalized completely with LAMP-I, suggesting the 

presence of leaky lysosomes in Tay-Sachs (Figure 30 A) and Sandhoff (Figure 

30 B) cells compared with healthy ones. Interestingly, HexA was also observed 

diffuse through the cytosol with reduce colocalization with LAMP-I. Given that 

HexA is an lysosomal enzyme, the finding that there is lysosomal 

permeabilization is ensure by the little colocalization between HexA and LAMP-I  

in Tay-Sachs (Figure 31 A) and Sandhoff (Figure 31 B) fibroblasts compared 

with control ones.  
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Figure 30| Immunostaining of CatB in control and Tay-Sachs (A) amd 

Sandhoff (B) fibroblasts. Immunofluorescence images of pathologic cells 

show the release of CatB from the lysosome. Results are expressed as mean ± 

SD of three separate experiments. *P<0,05; **P< 0,01 and ***P<0,001 between 

patients and control cells. [Scale bar=30μm]. 

B) 
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Figure 31| Immunostaining of HexA in control and Tay-Sachs (A) and 

Sandhoff (B) fibroblasts. The patient cells images show decrease levels of 

HexA with low colocalization with LAMP-I, which implies the lysosomal 
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permeabilization. Results are expressed as mean ± SD of three separate 

experiments. *P<0,05 and **P< 0,01 between patients and control cells. 

In addition, in order to reinforce our findings about the leaky lysosomes we did 

an immunostaining against galectin-3 to detect whether the galectin puncta 

colocalize with the autophagosome/lysosome membrane (LAMP-I) (Figure 32). 

Galectins are soluble carbohydrates-binding lectins which easily bind β-

galactoside sugars located through the cytosol, nucleus and in the extracellular 

space. Galectin-3 has been used as a method to detect lysosome membrane 

permeabilization because they are recruits from the cytosol to the sites of 

lysosome leaky, targeting damage lysosomes. It is demonstrated that the 

luminal tails of LAMP-I and LAMP-II form an N-acetylgalactosamine-rich 

carbohydrate shield to which galectin-3 binds with its carbohydrate recognition 

domains (Aits et al., 2015). As we expected, in patient fibroblasts there were 

high level of galectin-3 colocalized with LAMP-II, which means vacuole lysis 

and/or permeabilization. [Scale bar=15μm]. 
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Figure 32|Immunostaining of control and Tay-Sachs and Sandhoff cells 

with galectin-3. Representative fluorescent imagen of fibroblasts from control 

subjects and patients staining with an anti-galectin-3 and LAMP-I antibody. The 

images show colocalization of galectin-3 (green) and LAMP-I (red) in pathologic 

cells which means the presence of leaky lysosomes. Results are expressed as 

mean ± SD of three separate experiments. *P<0,05; **P< 0,01;***P<0,001 and 

****P<0,0001 between patients and control cells. [Scale bar=15μm]. 

 

In agreement, cellular fractionation with isolation of lysosomes indicated an 

increase in the cytosolic levels of HexA and a concomitant reduction in the 

lysosomes fraction in fibroblasts from Tay-Sachs patients compared with control 

subjects with also increased of CatB in the cytosol fraction (Figure 33). 
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Figure 33|CatB and HexA level in the cytosolic and lysosome fraction 

control subjects and Tay-Sachs cells. Fractionation was performed as 

described in Materials and Methods section and cellular lysate were processed 

to isolate the cytosolic and lysosome fractions. Translocation of CatB and HexA 

to the lysosomal to the cytosol was analysed by Western blotting. The graph 

show the increase CatB and HexA levels in the cytosolic fraction when 

compared with controls. Results are expressed as mean ± SD of three separate 

experiments. **P< 0,01 and ***P<0,001 between patients and control cells for 

HexA expression. aP<0,05; aaP<0,01 and aaaP<0,001 between patients and 

control for CatB. 
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4. mTOR pathway is downregulated 
 

The mammalian target of rapamycin (mTOR) regulates metabolism, cellular 

growth, protein synthesis, tissue repair, cytoskeletal organization, cellular 

survival, autophagy and aging. To explore the mTOR signalling pathway we 

studied the status of mTOR because it is a well-known regulator of autophagy 

and as we shown in the first part of the Results section, the autophagy flux in 

Tay-Sachs and Sandhoff fibroblast is impaired with high accumulation of 

autophagosomes. As we expected, a downregulation of pmTOR and pAkt were 

observed in Tay-Sachs cells (Figure 34 A) and Sandhoff cells (Figure 34 B) 

compared with control cells. 
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Figure 33| mTOR pathway is downregulated in Tay-Sachs and Sandhoff 

cells. pmTOR and pAkt expression levels were determined in fibroblasts from 

Tay-Sachs (A) and Sandhoff (B) using western blot analysis as describe in 

Methods section. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

used as a loading control. Data represent the mean ± SD of three independent 

experiments. **P< 0,01;***P<0,001 and ****P<0,0001 between patients and 

control cells. 

In addition, pmTOR expression levels were downregulated in Sandhoff mouse 

model (KO) compared with WT and HET mice (Figure 34). 

 

Figure 34| mTOR pathway is downregulated in Sandhoff mouse model. 

pmTOR and pAkt expression levels were also determined in with brain, brain 
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stem, spinal cord and cerebellum tissue from Sandhoff mouse model (KO), HET 

and WT mice using western blot analysis. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as a loading control. Results are expressed 

as mean ± SD of three separate experiments. *P<0,05 and**P< 0,01 and 

***P<0,001 between WT and KO and HET mice. WT (Wild-type):+/+; KO 

(Knock-out): -/-; HET (heterozygous):+/-. 

 

The mTORC1 is highly regulated and it is found that the activity of TSC1/TSC2, 

Rheb and Raptor proteins are critical and essential for its activation. Between 

them, Raptor deserves special mention due to its binding is needed for the 

activation and thus for the mtorc1 to phosphorylates its downstream substrates. 

(Paquette et al., 2018). For this reason we analysed the protein expression 

levels of Raptor by western blot and, as we expected raptor was downregulated 

in Tay-Sachs and Sandhoff fibroblast compared with control cells. In addition, 

we checked its expression level in the brain tissue of Sandhoff mouse model 

compared with WT mice and it was also downregulated (Figure 35). 

In conclusion, the PI3K/AKT axis is downregulated; in the absence of activated 

Akt TSC1/TSC2 complex is located in the lysosome membrane where they are 

promoting by its GAP activity the formation of Rheb-GDP and shutting down 

mTORC1 activity. Furthermore, another way to confirm the mtorc1 

downregulation is by the low Raptor protein expression which is essential in the 

activation of mtorc1. (Kim & Guan, 2015). 
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Figure 35| Raptor protein is downregulated in patient fibroblasts and 

Sandhoff mouse model. Raptor protein expression levels were determined in 

fibroblast from Tay-Sachs (A) and Sandhoff and in brain tissue of Sandhoff 

mouse model (B) using western blot analysis as descried in Methods section. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading 

control. Data represent the mean ± SD of three independent experiments. *P< 

0,05 and ****P<0,0001 between patients and control cells. In mice, *P<0,05 and 

**P<0,01 and aP<0,05 between KO and HET with the first WT and the second 
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WT respectively. WT (Wild-type):+/+; KO (Knock-out): -/-; HET 

(heterozygous):+/-. 

It is known that mTOR kinase is the principal regulator of protein synthesis, so 

we evaluated the rate of protein synthesis of Tay-Sachs and Sandhoff 

fibroblasts compared with control cells by using the surface sensing of 

translation (SUnSET) method (Goodman et al., 2011). As we thought there was 

a decrease in protein synthesis in patients cells compared with control cells, 

which is associated with the decrease in the pMTOR activation (Figure 36). This 

technique involves the use of puromycin and anti-puromycin antibody to identify 

the amount of puromycin adding to the new peptides produced. Puromycin is an 

aminonucleoside antibiotic which produces early termination of protein 

synthesis due to its similar structure of the 3`end of the aminoacyl-tRNA carrier 

of tyrosine and phenylalanine. It binds to the ribosome and is incorporated into 

the elongating peptide chains by the formation of a peptide bond preventing the 

formation of new one and thus interrupting the protein elongation and realising 

the truncated protein to the cytosol. The importance of these mechanism lie in 

the absence of a hydrolyzable amide bond of the aminoacyl-tRNA between the 

attached amino acids, for these reason the biding of the puromycin to the new 

peptide avoid the union of the next aminoacyl-tRNA and thus the protein 

elongation. The accumulation of puromycin-conjugated peptides is correlated 

with the level of protein synthesis. (Goodman et al., 2011), (Goodman & 

Hornberger, 2013). 
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Figure 36| Decrease protein synthesis in patient fibroblasts. Western blot 

images of control and patients cells treated with puromycin (1μM) for 30 

minutes as explained in Methods section. The figure shows a substantial 

decrease in protein synthesis in patient cells due to the downregulation levels of 

mTOR activation. (GAPDH) was used as a loading control. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as a loading control. Data 

represent the mean ± SD of three independent experiments. *P< 0,05; **P<0,01 

and ***P<0,001 between patients and control cells. 
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Interestingly, we found high expression levels of PTEN and PI3K only in Tay-

Sachs patient fibroblasts. We suggested that PTEN is dephosphorylating PIP3 

and thus, inhibiting the activation of AKT and repressing mTOR pathway (Figure 

37). 

 

 

Figure 37|High expression levels of PTEN and PIK3 in Tay-Sachs 

fibroblasts. . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 

as a loading control. Data represent the mean ± SD of three independent 

experiments. **P<0,01 and ***P<0,001 between patients and control cells. 

 

From a mechanistic point of view, we generated HEXA gene knockout (KO) on 

HeLa cells using the CRISPR-Cas9 gene editing system in order to test the 

gene function. Clustered regularly interspace short palindromic repeats 

(CRISPR) and their associated proteins (Cas) expose a prokaryotic adaptive 

immune system that memorize the virus invasions by taking a short sequence, 

name as spacers, of their genome into the CRISPR locus. These spacers are 

expressed as a small guide CRISPR RNAs (crRNAs) which target foreign nuclei 

acids and then their genome is cut by the Cas protein and thus, avoiding a new 

viral infection. The application of this system as a genome editing tool has 

represented a real step forward to the research activity with high potential 
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therapeutic applications. The nucleases such as Cas9 specifically binds to the 

target genome sequence by using a guide RNA (gRNA) and cleave the DNA 

(Hille & Charpentier, n.d.). This system is widely used to produce gene KO but 

nowadays is possible to selectively activate or repress genes, purify specific 

DNA regions, image DNA in live cells and edit DNA and RNA.  

 

CRISPR system needs two components: a RNA guide (gRNA) and a nuclease 

(Cas protein). There are many different CRIPRs system depends on the 

nuclease chosen; Cas9 is the most widely used specifically the variant isolated 

form Streptococcus pyogenes (SpCas9). The gRNA is a short synthetic RNA 

containing an scaffold sequence necessary for Cas9 biding an a 20 nucleotide 

sequence (called spacer) that target the genomic DNA to be modified 

(“Addgene: CRISPR Guide,” n.d.). The molecular mechanism by which this 

systems works stars with the Cas9 binding to the gRNA and then it scans the 

cell DNA looking for a recognition sequence which match its protospacer 

adjacent motif (PAM) sequence which is between 2-6 base pairs in length and 

is located two or three bases downstream of the complementary region to the 

gRNA. In the case of SpCas9 the PAM sequence is 5`-NGG-3´, N can be any 

base. Cas9 opens up the DNA double helix to check if the sequence is 

complement to the gRNA. If all the DNA bases match the target sequence of 

the gRNA Cas9 acts as a molecular scissors and cut the double DNA strand, 

creating a double strand break (DSB), immediately upstream of the PAM. In 

order to repair the damage the cell can follow two different approaches: non-

homologous end joining (NHEJ) or homology-directed repair (HDR) pathway 

(Figure 38). The NHEJ is used to created gene KO due to this type of repair is 

error-prone and the insertions and deletions may lead to frameshift mutations 

that disrupt and completely KO the gene function. The random mutations which 

are made to repair the DSB don’t guarantee the disruption of the protein 

function; because they can affect the end of the peptide chain which may be not 

very important in their structure and function. The gRNA design is essential for 

the success of the system; therefore we have selected gRNA which binds the 

first exon of the HEXA gene in order to ensure that the mutations created will 

affect the whole length of the gene.  
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Figure 38|Scheme of RNA-guide Cas9 nuclease for gRNA2 in HeLa cells. 

The Cas9 nuclease (orange) is targeting the HexA gene target sequence (red) 

by the gRNA2 (purple) in both strands. The gRNA matches with the sequence 

upstream of the PAM (green) which is a three nucleotides sequence always 5`-

NGG-3`. The scissors are pointing the place where the Cas9 perform the 

double-stranded break (DSB), 3bp upstream the PAM. Once the DSB has done 

the cell repair that gap following the non-homologous end joining (NHEJ) 
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producing insertions, deletions and frameshift mutation. All of these lead to 

disrupt the HEXA gene and produce a KO cell for this gene. 

 

In the present study DNA target sites where chosen and RNA guides (gRNA) 

were designed to target the first gen exon of HEXA gene in order to increment 

the error events to alter the gene lecture. pX458 vector was linearized and 

ligated with each gRNA (Figure 39 A) following to clone and amplified in 

bacteria obtaining different size colonies (S,M,L) (Figure 39 B). After that, the 

vector needs to be purified by running an agarose gel to identify if the colonies 

have the vector with the insertion and then following isolation of the plasmid 

(Figure 39 C). One plasmid of each gRNA was sent to sequencing to ensure 

that the vector has the insertion with the right orientation (Figure 39 D). After 

sequencing, two vectors (gRNA1 and gRNA2) were chosen and then they were 

transfected into HeLa cells. After that, cells which have acquired the vector 

were selected using the fluorescence activated-cell sorting (FACs). Once we 

have different cell colonies we checked by Western blotting the expression 

levels of HexA, pmTOR and pAkt (Figure 40).  

Finally, we demonstrated that the expression of HexA protein was reduce in 

selected HeLa cell colony as well as the expression level of pmTOR and pAkt. 

All the steps followed in the construction of the HEXA KO cell is fully described 

in the Methods section.  
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Figure 39|HEXA gene KO in HeLa cells. A) pX458 plasmid structure: the blue 

line is where each gRNA are inserted B) After plasmid linearization and ligation 

reaction with the three different oligos (gRNA) each plasmid is cloned and 

amplified in bacteria obtaining different-size colonies. C) Three colonies of 

different sizes (S, M, L) where selected of each oligos and run an 
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electrophoresis to identify if the colonies have the plasmids with the insertion. 

D) 1 colony of each oligo has been sent to sequencing. Plasmid 2 and 3 were 

correct and used in the following steps. Plasmids 2 and 3 were transfected in 

HeLa cells and then selected by FACS by EGFP fluorescence.  

 

 

Figure 40| Western blot of HexA CRISPRS/Cas9 colonies. HexA, pmTOR 

and pAkt levels were determined in HeLa cells: control and transfected cells 

with two different CRISPR/Cas9 plasmids for the HEXA gene by Wester blotting 

as described in Methods section. The figure shows that the colony (Col) 2 has 

no expression of HexA and highly reduce expression of pmTOR and pAkt 

compared with control and with the other colonies. Red square points the HexA 

KO colony. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 
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as a loading control. Data represent the mean ± SD of three independent 

experiments. *P< 0,05; aP<0,05; bP<0,05 and bbP<0,01 between control and 

each colony in HexA, pmTOR/mTOR and pAKT/AKT respectively. 
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5. Mitochondrial dysfunction and oxidative stress are 

associated with Tay-Sachs and Sandhoff diseases 
 

Mitochondrial dysfunctions are the base of many diseases surprisingly different 

from each other. It has been associated with increased levels of reactive 

oxygen species (ROS) production which contribute to mitochondrial damage. 

Our patient cells show significant levels of mitochondrial ROS determined by 

MitoSOXTM Red (Figure 41). 
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Figure 41 |High Levels of ROS has been found in Tay-Sachs fibroblast. 

Immunofluorescence microscopy of MitoTracker TM was performed as described 

in Materials and Methods section. The figures show high levels of ROS in Tay-

Sachs fibroblast compared with control cells. [Scale bar=30μm]. 

Mitochondrial ROS, generated as a consequence of oxidative respiration, can 

lead to the damage of mitochondrial proteins, membranes and DNA impairing 

its vital functions such as ATP production, Krebs cycle, fatty acid oxidation, urea 

cycle, amino acid metabolism, synthesis of haem group and FeS centres  

(Murphy, 2009). Lipid peroxidation is one the best parameter studied to check 

high level of ROS and mitochondrial dysfunction. Consequently, we examined 

the lipid peroxidation as a marker of oxidative stress-induced membrane 

damage in control and Tay-Sachs fibroblasts. We have found the ratio of 

oxidized to reduced lipids was significantly increase in patients cells compared 

to control cells, suggesting oxidative stress damage (Figure 42).  
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Figure 42| High levels of oxidized lipids in Tay-Sachs fibroblasts. The ratio 

of oxidized (green) to reduce (red) is significantly increased in patients cells 

compared to control cells. Bodipy assay was performed as explained in 

Materials and methods section.  [Scale bar=10μm]. 

Then, to quantify the lipids hydroperoxides a FOX assay was performed. As we 

expected, high levels of hydroperoxides levels was found in patient compared 

with controls (Figure 43). 
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Figure 43| High levels of hydroxiperoxides were found in patient 

compared to control cells. Hydroperoxides levels were measure using the 

FOX assay previously explain in the materials and methods section. Data 

represent the mean ± SD of three independent experiments. *P< 0,05; **P<0,01 

and ***P<0,001 between control and each patient. 

 

High level of ROS is associated with an increase in antioxidant enzymes. As an 

oxidative stress marker we determined the transcription levels of Superoxide 

dismutase (CuSOD, MnSOD) and the expression levels of 8-oxoguanine 

glycosylase (OGG1/2) expression levels by western blot. It is a DNA 

glycosylase enzyme involves in the excision of 7,8-dihydro-8-oxoguanine (8-

oxoG) which is a mutagenic base that comes as a result of ROS exposure to 

DNA. As we expected, these enzymes levels were significantly increased 

(Figure 44). 
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Figure 44| Increase levels of antioxidant enzymes were found in patient 

cells. On average, patients fibroblast showed higher levels of OGG1/2 (A) and 

CuZnSOD and MnSOD (B). Data represent the mean ± SD of three 

independent experiments. *P< 0,05; **P<0,01 and ***P<0,001 between control 

and each patient. 

Moreover, we wanted to know the status of the mitochondrial morphology using 

electron microscopy. Patients fibroblast shown more amount of rounded 

mitochondria, in some cases an atypical morphology, with large cristae (bigger 

mitochondria) (Figure 45). 

Due to the high ROS levels and atypical mitochondria morphology we expected 

to find reduce levels of mitochondria in patient fibroblasts. Given that the 

enzymatic activity of citrate synthase is used as a marker for mitochondrial 

mass we determine its activity. Unexpectedly, we found high levels of this 

enzyme in patient cells (Figure 46).  
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Figure 45|Electron microscopy of Tay-Sachs and control fibroblasts. 

Control fibroblasts showing mitochondria with typical ultrastructure (white arrow) 

and patient fibroblasts showing rounded mitochondria without the typical 

morphology with large cristae (red arrows). [Scale bar= 10μm]. 
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Figure 46| High levels of citrate synthase activity was found in patient 

cells. Enzymatic activity level of citrate synthase is associated to the 

mitochondrial mass and as performed following the protocol explained in 

materials and methods section. Patient fibroblasts shown higher amount of 

mitochondrial than control cells. Data represent the mean ± SD of three 

independent experiments. *P< 0,05; **P<0,01;***P<0,001 and ****P<0,0001 

between control and each patient cells. 

 

Mitochondria forms a dynamic network through the cytoplasm, in order to know 

the state of the mitochondria network we performed an immunofluorescence 

assay targeting the mitochondria marker TOM20 protein. In the mitochondrial 

DNA are only encoded 13 proteins, most mitochondrial proteins are encoded in 

the nuclear DNA, so these proteins need to be imported from the cytosol to the 

mitochondria. The most important entrance is the translocase of the outer 

mitochondrial membrane (TOM) complex, where TOM20 is the protein which is 

involved in the initial recognition of the incoming proteins (Wurm et al., 2011). 

Interestingly, immunostaining images of Tay-Sachs patient fibroblasts show 
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fragmented depolarized mitochondria network while control cells show high 

interconected mitochondrial network (Figure 47). 

 

 

Figure 47| Loss of mitochondrial network in patient fibroblasts. Patient 

fibroblasts showed fragmented mitochondria while control cells presented fused 

mitochondrial network. The magnification imagines shown the increase level of 

fragmented mitochondria in patient fibroblasts. White rows point the fragmented 

mitochondria. [Scale bar=15μm]. 

Additionally, in order to corroborate the previous results we use a mitochondria 

specific dye (MitoTrackerTM red) in order to evaluate the mitochondria 
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morphology. Patient fibroblasts show increase levels of fragmented 

mitochondria whereas control cells show tubular mitochondria (Figure 48). 

 

Figure 48|Evaluation of mitochondria morphology. Morphology of 

mitochondria stained with MitoTrackerTM as described in Materials and Methods 

section. Patient cells show high levels of fragmented mitochondria whereas 

control cells show tubular mitochondria. White arrows point the fragmented 

mitochondria. [Scale bar=15m]. 

The core machinery of mitochondrial dynamics is OPA-1 and MNF1 and MFN2 

in fusion and DRP1 in fission events. cAMP-dependent protein kinase (PKA) is 

the central regulator of cellular respiration and it is involved in the 

phosphorylation of Drp1 at a conserved serine residue inhibiting fission 

(Westermann, 2012), (Hoitzing et al., 2015) events and promoting mitochondrial 

elongation (Gomes, Benedetto, & Scorrano, 2011). OPA has eight different 

isoforms with one or two different cleavage sites. A proportion of OPA-1 

isoforms is cleavage producing two the long form (OPA-1L) and the short form 
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(OPA-1S). Decrease in mitochondrial membrane potential, which is assessed 

by adding CCCP, increase the proteolytical cleavage of OPA-1L with the 

increase if OPA-1S. Long forms mediate mitochondrial fusion, whereas short 

forms mediate mitochondrial fission and thus, fragmentation. (Alavi & 

Fuhrmann, 2013), (MacVicar & Lane, 2014). 

Given that, we analysed their expression levels (Figure 49) showing the 

absence of DRP1 in the phosphorylated state leading to mitochondrial 

fragmentation and highlighting the crucial activity of PKA above Drp1 in the 

adaptation of mitochondrial dynamics to cellular metabolism (Figure 49).  In 

addition, it has been found high levels of OPA-1S in patients cells compared 

with control with only slightly differences in the OPA-1S/OPA-1L ratio after the 

addition of CCCP (Figure 49). 

 

Figure 49| Mitochondrial fission is enhance in Tay-Sachs fibroblasts. Data 

represent the mean ± SD of three independent experiments. *P< 0,05 between 

CTL with CTL+CCCP and Inf1 with Inf1+CCCP. 

Several studies have reported the existence of a link between mitochondrial 

fission and mitophagy. High levels of fission events and mitochondrial 

fragmentation can be considered as a protective mechanism conducted by the 

cell in order to isolate damage mitochondria to following degradation.(Twig & 
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Shirihai, 2011), (Westermann, 2012). Based on these findings we performed an 

immunostaining assay using antibodies against cytochrome c (CytC) and LC3. 

Tay-Sachs (Figure 50 A) and Sandhoff (Figure 50 B) fibroblasts showed high 

level of colocalization between CytC and LC3 which suggested the presence of 

mitophagy. Moreover, these images show again the loss of mitochondrial 

network with mitochondrial fragmentation in patient cells. 
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Figure 50| Presence of mitophagy in patient fibroblasts. 

Immunofluorescence of LC3 and CytC in patient fibroblasts revealed 

significantly colocalization between them which means that the mitophagy 

pathway is enhanced in mutant cells compared with control ones. Data 

represent the mean ± SD of three independent experiments. ***P<0,001 

between control and each patient cells. [Scale bar=10μm]. 

To further confirm the presence of mitophagy in patient cells we determined the 

AMPK expression levels. It has been studied that mitochondrial stress, such as 
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high levels of ROS, increase and activate AMPK. Moreover, high AMPK levels 

are involved in fission events and the activation of mitophagy (Quan et al., n.d.). 

AMPK levels were measure showing increase levels in patient cells compared 

with control ones (Figure 51). 

 

Figure 51 | High AMPK levels were found in patient fibroblasts. Data 

represent the mean ± SD of three independent experiments. *P<0,05; **P<0,01 

and ***P<0,001 between control and each patient cells. 

 

 

It has been found that mitochondrial fusion requires the existence of 

mitochondrial membrane potential (Legros, Lombès, Frachon, & Rojo, 2002). 

TMRM shows the potential across the mitochondrial membranes and, as we 

can see in the Figure 52, the mitochondrial state of Tay-Sachs fibroblasts do not 

change after the addition of CCCP, which means that these cells have an 

impaired mitochondrial membrane potential which prevents fusion events and 

the loss of the mitochondrial network.  
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Figure 52|Fragmented mitochondria have been found in Tay-Sachs 

fibroblasts. TMRM assay was performed following the protocol in materials 

and methods section. Patient fibroblasts shown mitochondrial dysfunction as it 

can be seen by the absence of changes before and after the adding of CCCP. 

Control cells showed the loss of mitochondrial network after the addition of 

CCCP which leads to mitochondrial fision. [Scale bar=10μm]. 

In order to know if the pathological characteristics shown above have an effect 

on mitochondrial function, we assessed a Mito-stress test assay by the XFe24 

extracellular flux analyser (SeaHorse, Bioscience, Billerica, MA, USA) assay in 

order to measure the key parameters of mitochondrial respiratory function and 

profile of control and patients fibroblasts by the determination of the oxygen 

consumption rate (OCR) in the extracellular medium. These include basal 

respiration, ATP production, maximal respiration and spare respiratory capacity. 

More detailed explanation about these parameters can be found in the Materials 

and Method section. They are measured by the sequently adding of a series of 

respiratory modulators which target different components of the electron 
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respiratory chain. They are oligomycin, carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone (FCCP), antimycin A and rotenone (Figure 53).  

The overall respiratory response in control and Tay-Sachs fibroblasts is shown 

in the Figure 54, where the aerobic respiration is mostly reduce in patients 

compared to control cells. 

 

Figure 53|Scheme of key parameters of mitochondrial respiration. These 

include basal respiration, ATP production (basal measurement minus 

oligomycin response), maximal respiration (FCCP response) and spare 

respiratory capacity (antimycin a/rotenone reponse, maximum OCR divided by 

basal respiration OCR). The respiratory function modulators are added in the 

order shown in the figure: the ATP synthase inhibitor oligomycin, electron 

transport chain uncoupler FCCP and complex I and III inhibitors rotenone and 

antimycin A. 
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Figure 54 | Representative respiratory flux profile of control and Tay-

Sachs fibroblasts. Control and Tay-Sachs fibroblast were seeded to 30.000 

cells/well and incubated for 24h. OCR was measured in XF base medium under 

basal conditions followed by the sequential addition of the modulators: 

oligomycin (1μM), FCCP (2μM), rotenone (1μM) and antimycin A (2,5 μM). 

Each data point represent and OCR measurement. The data are expressed as 

mean ± SD.  

Tay-Sachs fibroblasts showed reduce basal respiration, ATP production, 

maximal and spare respiratory capacity reduced compared with control cells 

(Figure 55). This reduction of the respiratory ability with the presence of 

mitochondrial dysfunction confirms the mitochondrial impairment of these 

patients. 
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Figure 55| Parameters of mitochondrial respiration function of Tay-Sachs 

and control fibroblasts. Basal mitochondrial respiration, maximal respiration, 

spare respiratory capacity and ATP-production were calculated as describe 

above. Results are expressed as mean ± SD, n = 3 independent experiments. 

Significance of patients respect to control fibroblasts is represented as 

**P<0,01; ***P< 0,001 and ****P<0,0001. All OCR readings were normalized to 

number of cells described in Materials & Methods section. 

In addition, we tested the ATP levels and the glucose in medium of patient 

fibroblast and were significantly reduced compared with control cells. As well, 

lactate released were measure and showed high increase in patients cells 

compared with control cells (Figure 56). These results show a significantly 

increase anaerobic respiration in patient cells. We link these findings with the 

mitochondrial impairment and thus patient cells need to find a way to produce 

energy without the implication of mitochondria. It strengthens the previous 

findings about the mitochondrial dysfunction in Tay-Sachs and Sandhoff 

patients.   
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Figure 56| Low levels of aerobic respiration in Tay-Sachs and Sandhoff 

fibroblasts. ATP production and glucose in medium were highly reduced. 

However, high levels of lactate release were found in patient fibroblasts 

compared with control fibroblasts. Data represent the mean ± SD of three 

independent experiments. **P<0,01 and ***P<0,001 between control and each 

patient cells. 
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6. L-Arginine treatment recovers mTOR activity and 

lysosomal dysfunction 
 

mTOR is part of mTOR complex 1 (mTORC1), a master regulator that couples 

amino acid availability to cell growth and autophagy. Although, mTORC1 activity 

is modulated by growth factors, stress and energy status, amino acids (11) are 

the best inductors, so proposed the use of amino acids to induce mTOR in Tay-

Sachs and Sandhoff fibroblasts. First, we evaluate the effect of l-arginine and l-

leucine, two natural amino acid, and acetyl-DL-leucine, a modified amino acid. 

The percentage of growth under the treatment of each amino acid can be 

observed in the following graphs (Figure 57-59). L-arginine and L-leucine 

treatments showed an increase in patient cells growth levels, although l-arginine 

treatment induced a more significant increment. However, this improvement 

was not observed after acetyl-dl-leucine addition. After analysing l-arginine and 

l-leucine data we observed high increase (Figure 60 A) and high increment 

(Figure 60 B) of patient cells under the l-arginine treatment. Therefore, we 

selected the l-arginine treatment to induce the mTOR pathway and thus protein 

synthesis and lower the autophagy. 

 In order to find an explanation for this specificity of the arginine effects, a 

deeper analysis of the transcriptomic study unveiled many changes in the 

transcription levels of genes involve in the arginine synthesis pathway in Tay-

Sachs and Sandhoff cells. In addition, the serum levels of arginine were 

measure in the entire patient under study with the addition of two more Tay-

Sachs patient with an Adult onset. Interestingly, serum levels of arginine were 

reduced in patients compared to healthy subjects (Figure 61 A). Moreover, 

patients showed reduced nitric oxide (NO) levels since L-arginine is a substrate 

to NO production (Figure 61 B). 

It is known that the semi essential amino acid L-arginine plays a role in the 

nitrogen balance and homeostasis, however it has been found that it works as 

the precursor for the NO synthesis, being a substrate for the nitric oxide 

synthase (NOS) (Loscalzo, 2000). 
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Figure 57 | Cell growth with L-arginine is determined in healthy and Tay-

Sachs patient fibroblasts. Control and patient cells were treated with different 

L-arginine concentration during 120h and the growth rates as determined. 
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Figure 58| Cell growth with L-leucine is determined in healthy and Tay-

Sachs patient fibroblasts. Control and patient cells were treated with different 

L-arginine concentration during 120h and the growth rates as determined. 
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Figure 59| Cell growth with acetyl-DL-leucine is determined in healthy and 

Tay-Sachs patient fibroblasts. Control and patient cells were treated with 

different L-arginine concentration during 120h and the growth rates as 

determined. 
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Figure 60| L-arginine treatment significantly increase cell growth in patient 

fibroblasts. A) Percentage of cell growth of control and Tay-Sachs fibroblasts 

without treatment and treated with the best doses of improvement of  l-arginine 

and l-leucine: CTL 3mM, 10mM; Inf1 1mM, 15mM; Inf2 5mM, 15Mm; Juv1 

5mM, 10mM; Juv2 1mM, 5Mm respectively. The percentage of cell growth 

A) 

B) 
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without treatment (NT) was set at 20%. aaP<0,01; aaaP<0,001 between patient 

NT and Arginine treatment. bbP<0,01 between patient NT and Leucine 

treatment. **P< 0,01 between control NT and Arginine treatment. - -P< 0,01 

between control NT and leucine treatment. B) Percentage of the increment of 

cell growth of control and patient fibroblasts with the best doses. ****P<0,0001 

between control and patients with arginine, aP< 0,05; aaP<0,01; aaaP< 0,001 

between control and patients with leucine. Data represent the mean ± SD of 

three independent experiments. 

 

Figure 61|Reduce arginine and NO total levels in patient serums. A) 

Reduce arginine levels was found in patient serum compared with healthy 

subjects. B) On average, reduce NO total levels was found in patient serum 

A) 

B) 
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compared with healthy subjects. Data represent the mean ± SD of three 

independent experiments. *P<0,05,**P<0,01;***P<0,001 and ****P<0,0001 

between control and each patient cells. 

The most significant change in the transcriptome analysis of arginine 

biosynthesis was the arginosuccinate synthase (ASS1) enzyme which catalyses 

the production of arginosuccinate form aspartate, citruline and ATP. And thus, it 

is involved in the synthesis of arginine and NO (Diez-Fernandez, Rüfenacht, & 

Häberle, 2017). It is strongly inhibited in patient fibroblasts and was confirmed 

by a low protein expression of ASS1 (Figure 62). 

 

 

Figure 62|Reduce ASS1 expression levels in patient fibroblasts. GAPDH 

was used as a loading control. Data represent the mean ±SD of three separate 

experiments.*P < 0.05; **P<0,01; ***P < 0.001 and ****P<0,0001 between 

control and patients. 

 

After treated the cells with L-arginine for 120hours using the concentration 

which make the best improvement in their growth (Figure 57), the status of the 
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mTOR pathways was evaluated. Expression level of p-mTOR and p-AKT were 

significantly improved in patient fibroblasts (Figure 63). In addition, the level of 

protein synthesis were also measure in cells before and after the L-arginine 

treatment through the puromycin assay, showing an increment in protein levels 

with the supplementation of L-arginine in patient fibroblasts (Figure 64). 
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Figure 63| Protein expression levels of mTOR and pAKT were determined in 

control and representative Tay-Sachs (A) and Sandhoff (B) fibroblasts. GAPDH 

was used as a loading control. Data represent the mean±SD of three separate 

experiments.*P < 0.05; ***P < 0.001 between control and TSD patients; aP < 

0.05; aaaP < 0.001 between non-treated and treated cells. 

 

 

 

Figure 64| Protein synthesis in patient fibroblasts is partially recovered 

after the addition of L-arginine treatment compared with control cells. 
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Protein synthesis was quantified in protein extracts of control and patient 

fibroblasts treated with L-arginine by the performed of the puromycin assay. 

GAPDH was used as a loading control. Data represent the mean ±SD of three 

separate experiments. ***P < 0.001 between control and patients; aa P < 0.01 

between non-treated and treated cells. 

Afterwards, in order to estimate how the autophagosome-lysosome fusion is, an 

immunostaining with GFP-LC3 and RFP-LC3 was done without L-arginine and 

after the supplementation. Interestingly, the amount of puncta colocalization 

(yellow puncta) decreased notably as well as their size in patient fibroblasts 

(Figure 65). Briefly, these result confirmed that mTOR induction, protein 

synthesis and autophagosome-lysosome fusion was improved by L-arginine 

treatment.  
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Figure 65| L-arginine supplementation improve autophagy flux in patient 

fibroblasts. The figure shows some representative images of Tay-Sachs 

patient fibroblasts treated with l-arginine after transfection of the mCherry-GFP-

LC3 plasmid and the quantification of the autophagosome puncta. Data 

represent the mean ±SD of three separate experiments. ***P < 0.001 between 

control and patients; aaaP < 0.001 between non-treated and treated cells. 

[Scale=5μm]. 

 

To test whether the supplementation with L-arginine is reducing the autophagy 

machinery induced by the amino acid addition, the TFEB localization was 

studied. Subsequently to the addition of L-arginine there was a notably 

reduction of TFEB in the nuclei of patients fibroblasts which leads to a reduction 

in lysosomal biogenesis (Figure 66). 
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Figure 66|Partially reduction in lysosomal biogenesis after l-arginine 

treatment in patient fibroblasts. There is a reduction in nuclear TFEB 

localization in Tay-Sachs (A) and Sandhoff (B) fibroblasts after l-arginine 

addition compared with control fibroblasts. Data are shown in the plot as the 

mean ± SD of three independent experiments. **P<0,01 between each patient 

and arginine. [Scale bar =15μm]. 

 

Given that lysosomal permeabilization plays a central role in the 

pathophysiological alterations of Tay-Sachs and Sandhoff diseases we next 

evaluated the effects of L-arginine treatment on the expression levels of 

Cathepsin B and its release form the lysosomes. Surprisingly, the amount of 

CatB active, which is highly expressed in patient cells, was markedly reduce 

after the supplementation with L-arginine in patient cells (Figure 67), along with 

an increased colocalization of CatB and LAMP-I puncta which means a partially 

reduction of the LMP (Figure 68). 
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Figure 67| CatB and HexA expression levels. Protein expression levels of 

CatB and HexA active forms were determined in control and representative 

Tay-Sachs (A) and Sandhoff (B) patient fibroblasts after l-arginine treatment. 

Data represent the mean ±SD of three separate experiments.*P < 0.05; and **P 

< 0.001 between control and patients; aa P < 0.01 and  aaa P < 0.001 between 

non-treated and treated cells. 
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For this reason, we also evaluated the HexA expression level finding a notably 

increase of the active form of the enzyme after the l-arginine treatment in 

patient cells (Figure 67). In addition, we quantified the colocalization between 

HexA and LAMP-I confirming the reduction in LMP in patient cells (Figure 69).  
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Figure 68|Partially reduction in the cytosolic location of CatB in patient 

fibroblasts after l-arginine treatment. Data represent the mean ±SD of three 

separate experiments. **P < 0.001 between control and patients; aP<0,05; aaP < 

0,01; aaaP < 0,001 and aaaaP<0,0001 between non-treated and treated cells. 
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Figure 69|Partially reduction in the cytosolic localization of HexA after l-arginine 

treatment in patient fibroblasts. Data represent the mean ±SD of three separate 

experiments. **P < 0.001 between control and patients; aaP < 0,01 and aaaP < 

0,001 between non-treated and treated cells. [Scale bar=15μm]. 

In addition, in order to determine the effects of the l-arginine treatment in the 

mitochondrial network we performed the TMRM assay. Surprisingly, after the 

addition of l-arginine, the mitochondrial network of patient fibroblast was 

partially recovered (Figure 70). 
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Figures 70|Partially recover of mitochondrial network in patient fibroblast 

after the l-arginine supplementation. TMRM assay was performed following 

the protocol in materials and methods section. Patient fibroblasts shown 

mitochondrial dysfunction as it can be seen by the absence of changes before 

and after the adding of CCCP. After the addition of l-arginine there was a 

moderate recover of the mitochondrial network. [Scale bar=15μm]. 

 

Finally, as a proof of concept, two patients (one juvenile Tay-Sachs and one 

Sandhoff) received oral treatment of l-arginine with a dose of 0,3g/kg/day during 

8 months. Although, we do not have objective evaluation test, the subjective 

perception from physiotherapists and families reported a delay of the 

progression and an improvement of the coordination of movements in patients 

under treatment. Biochemically, we analysed the expression level of pmTOR, 

CatB and ASS1 proteins in mononuclear blood cells (BMCs) of these patients 

during 8 month treated with l-arginine. We found that mTOR expression was 

partially recovered, CatB reduced and ASS1 increased in BMCs form patients 

(Figure 71). 

 



206 
 

 

Figure 71| Protein expression levels in blood mononuclear cells after 

treatment with l-arginine. Protein expression of pmTOR, CatB and ASS1 were 

determined in blood mononuclear cells form one juvenile Tay-Sachs patient and 

one Sandhoff patient after oral l-arginine treatment during 8 months. Data 

represent the mean ±SD of three separate experiments. **P < 0.01 and ***P < 

0.001 between non-treated and treated cells. 
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7. Transcriptome analysis reveal altered molecular 

pathways 
 

To better define the molecular mechanism underlining these diseases a 

microarray expression analysis was performed on fibroblasts from control 

subjects and Tay-Sachs and Sandhoff diseases. From a total of 135750 genes 

examined, Tay-Sachs infantile showed 2589 genes changed significantly when 

compared with healthy fibroblasts: 1353 transcripts upregulated and 1236 

transcripts downregulated. Tay-Sachs juvenile showed a total of 1919 genes 

changed: 923 transcripts upregulated and 996 transcripts downregulated. 

Sandhoff fibroblasts showed 2832 genes changed: 1338 transcripts upregulated 

and 1494 transcripts downregulated. All of them compared with healthy 

fibroblasts, with a fold change equal or higher than 2 and equal or lower than -2 

and a p-value equal of lower than 0,05 (Figure 72 A). In addition, another 

microarray expression analysis was performed on mice brain form WT, HET 

and KO for HEXB gene. From a total of 65956 genes examined, KO mice 

showed 20 genes changed significantly: 13 transcripts upregulated and 7 

transcripts downregulated and Het showed 5 genes changed: 4 transcripts 

upregulated and 1 downregulated compared with WT mice with a fold change 

equal or higher than 2 and equal or lower than -2 and a p-value equal of lower 

than 0,05 (Figure 72B). 
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Figure 72| Differential expressed genes using transcriptome analysis. A) 

Tay-Sachs and Sandhoff fibroblasts compared with healthy ones. B) Brain 

tissue form KO and Het mice for HEXB gene compared with WT mice. Fold 

change equal or higher than 2 and equal or lower than -2 and a p-value equal of 

lower than 0,05. 

All gene expression data were load into DAVID resource for Gene Ontology 

(GO) enrichment analysis. The enrichment analysis showed that or the 

biological process most of the genes were enriched in cell adhesion, 

development, morphogenesis, differentiation, lipid and nitrogen metabolism and 

blood coagulation. Upregulating genes were more common in Tay-Sachs 
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infantile and juvenile and Sandhoff in cell adhesion, morphogenesis, 

development, differentiation.  However many differences were observed in 

downregulated genes in which haemostasis and  coagulation, wound healing 

and embryo development which were more significant in Sandhoff and  lipid, 

amides and organonitrogen compounds biosynthesis process were more 

significant in Tay-Sachs infantile and cell migration, morphogenesis and 

development in Tay-Sachs juvenile (Figure 73). 
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Figure 73| Gene ontology enrichment assay (GO) for significantly 

expressed transcripts In Tay-Sachs infantile (A), juvenile (B) and 

Sandhoff (C). 

Due to we have found several alteration in autophagy, mTOR and 

arginine biosynthesis pathways a properly determination of the 

significance in gene expression between patient and control 

fibroblasts should have done. To examine these differences in gene 

expression profile gene coding pathway were represented in a 

heatmap for autophagy and lysosome pathway, mTOR and arginine 

biosynthesis in Tay-Sachs (Figure 74, 75 and 76) and Sandhoff 

(Figure 77) and all patients in the arginine biosynthesis pathway 

(Figure 78) setting the significance in a fold change ±1,5 and p-

value<0,07. 

Moreover the strictly significant genes in patients compared with 

healthy subjects were listed, with the significance set in fold-change 

±1,5 and the p-value<0,05, in tables for the autophagy pathway 

(Table 8), lysosome genes (Table 9), mTOR pathway (Table 10) and 

arginine biosynthesis pathway (Table 11). 
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Figure 74|Heatmap clustering of enrichment (z-scores) of the 

autophagy pathway in Tay-Sachs infantile and juvenile patients 

compared with healthy subjects in set of coding genes differentially 

expressed.. Fold-change ±1,5 and p-value <0,07. 



216 
 

 

 

Figure 75|Heatmap clustering of enrichment (z-scores) of the 

lysosomes genes in Tay-Sachs infantile and juvenile patients 

compared with healthy subjects in set of coding genes differentially 

expressed.. Fold-change ±1,5 and p-value <0,07. 
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Figure 76|Heatmap clustering of enrichment (z-scores) of the 

mTOR pathway in Tay-Sachs infantile and juvenile patients 

compared with healthy subjects in set of coding genes differentially 

expressed.. Fold-change ±1,5 and p-value <0,07. 
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Figure 77|Heatmap clustering of enrichment (z-scores) of the 

autophagy, mTOR pathway and lysosome genes in Sandhoff 

patients compared with healthy subjects in set of coding genes 

differentially expressed.. Fold-change ±1,5 and p-value <0,07. 

 

Figure 78|Heatmap clustering of enrichment (z-scores) of the 

arginine biosynthesis pathways in Tay-Sachs and Sandhoff 

patients compared with healthy subjects in set of coding genes 

differentially expressed. Fold-change ±1,5 and p-value <0,07. 
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Table 8| Autophagy pathway genes significantly expressed in patient 

fibroblasts compared to healthy fibroblasts. 

 

 

 

 

 

 

 

 

 

 

Tay-Sachs Juvenile 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

PIK3R1 12,94 0,001497 0,621587 NM_001242466 

RAB7B 2,87 0,01827 0,788803 NM_001164522 

GABARAP 1,92 0,031715 0,825332 NM_007278 

HIF1A 1,72 0,01766 0,784339 NM_001243084 

ZFYVE1 1,71 0,04872 0,845316 NM_001281734 

IRS1 1,55 0,031457 0,825332 NM_005544 

HRAS -1,72 0,035889 0,830194 NM_005343 

PRKCD -2,28 0,024094 0,807076 NM_006254 

PRKAA2 -2,71 0,040698 0,833305 NM_006252 

Tay-Sachs Infantile 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

PIK3R1 12,95 2,06E-05 0,0183 NM_001242466 

RAB7B 5,1 0,0001 0,0599 NM_001164522 

RRAS2 3,31 0,0022 0,2442 NM_001102669 

DAPK1 2,26 0,0281 0,5606 NM_001288729 

ZFYVE1 2,05 0,0204 0,5111 NM_001281734 

HIF1A 2,03 0,0277 0,5591 NM_001243084 

GABARAP 1,87 0,0073 0,3805 NM_007278 

BAD 1,84 0,0049 0,3316 NM_004322 

CTSB 1,72 0,034 0,5846 NM_001908 

ATG10 1,64 0,0259 0,5496 NM_001131028 

RAF1 -1,78 0,0051 0,3348 NM_002880 

AKT1 -1,89 0,0477 0,629 NM_001014431 

PIK3R2; 
IFI30 

-2,01 0,0325 0,5782 NM_005027 

PRKAA2 -2,03 0,0205 0,5121 NM_006252 

ATG4D -2,17 0,0145 0,4738 NM_001281504 

IGF2; INS-
IGF2 

-2,46 0,0003 0,0871 NM_001007139 

ATG7 -2,7 0,0022 0,2442 NM_001136031 

ERN1 -3,29 0,0032 0,2875 NM_001433 

PRKCD -3,64 0,0003 0,0873 NM_006254 

BCL2L1 -5,95 0,0052 0,3376 NM_001191 
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Table 9 |Lysosomes genes significantly expressed in patient fibroblasts 

compared to healthy fibroblasts. 

 

Tay-Sachs Juvenile 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

CD68 4,16 0,040966 0,833305 NM_001040059 

CTSO 2,68 0,037234 0,830194 NM_001334 

LAPTM4A 1,8 0,020544 0,797053 hsa_circ_0000981 

IGF2R -1,58 0,022001 0,800769 NM_000876 

LITAF -1,7 0,021841 0,80031 NM_001136472 

SCARB2 -1,88 0,009984 0,749221 NM_001204255 

NAGA -2,18 0,021429 0,800205 NM_000262 

CLTCL1 -2,37 0,037322 0,830194 NM_001835 

NEU1 -2,57 0,048515 0,845056 ENST00000375631 

CTSZ -2,82 0,030783 0,822914 NM_001336 

AGA -3,03 0,044367 0,837237 NM_000027 

ARSG -4,12 0,037029 0,830194 NM_001267727 

NPC1 -5,83 0,031279 0,825332 NM_000271 

SORT1 -5,89 0,010414 0,753155 NM_001205228 

 

 

Sandhoff 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

PIK3R1 10,84 0,038841 0,791722 NM_001242466 

RAB7B 3,68 0,042686 0,792883 NM_001164522 

IGF1R 1,95 0,034823 0,786437 NM_000875 

DAPK2 1,92 0,019391 0,760391 NM_014326 

PRKACG 1,83 0,0003 0,604239 NM_002732 

PIK3R4 1,63 0,037854 0,791722 NM_014602 

PIK3CD -1,38 0,00897 0,725925 NM_005026 

VAMP8 -1,43 0,042707 0,792883 NM_003761 

PIK3C3 -1,62 0,039853 0,79246 NM_001308020 

RAF1 -1,74 0,036988 0,790425 NM_002880 

EIF2AK4 -1,88 0,016362 0,752121 NM_001013703 

BCL2L1 -3,26 0,011985 0,731702 NM_001191 

PRKCD -3,6 0,005909 0,709325 NM_006254 
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Tay-Sachs Infantile 

Gene 
Symbol 

Fold-
Change 

ANOVA 
p-value 

FDR p-
value 

Gene IDs 

CD68 5,7 0,036 0,5926 NM_001040059 

CTSO 2 0,0252 0,5447 NM_001334 

ARSA 1,9 0,0356 0,591 NM_000487 

CTSB 1,72 0,034 0,5846 NM_001908 

LGMN 1,62 0,0414 0,6112 NM_001008530 

CTSF 1,49 0,0346 0,5868 NM_003793 

LAPTM4B -1,87 0,0051 0,3351 NM_018407 

LIPA -2,19 0,0152 0,48 NM_000235 

NEU1 -2,75 0,0067 0,3699 ENST00000375631 

CTNS -2,81 0,0057 0,352 NM_001031681 

AGA -3,45 0,0006 0,133 NM_000027 

ARSG -3,52 0,0172 0,4931 NM_001267727 

NPC1 -7,34 0,0004 0,1069 NM_000271 

HEXA -27,12 0,0075 0,3858 NM_000520 

 

Sandhoff 

Gene 
Symbol 

Fold-
Change 

ANOVA 
p-value 

FDR p-
value 

Gene IDs 

CD68 7,3 0,003732 0,704388 NM_001040059 

LAPTM4A 2,51 0,044028 0,794317 hsa_circ_0000981 

AP1G2 1,2 0,026778 0,771004 NM_001282474 

CLTC -1,33 0,034873 0,786437 NM_001288653 

CLTA -1,35 0,000585 0,662822 NM_001076677 

LITAF -2,34 0,006126 0,709325 NM_001136472 

IGF2R -2,36 0,027342 0,771158 NM_000876 

AGA -3,51 0,008182 0,725925 NM_000027 
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Table 10| mTOR pathway genes significantly expressed in patient fibroblasts 

compared to healthy fibroblasts. 

 

Tay-Sachs Juvenile 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

PIK3R1 12,94 0,001497 0,621587 NM_001242466 

RPS6KA2 3,23 0,01184 0,765195 NM_001006932 

ATP6V1B2 2,84 0,035385 0,830194 NM_001693 

FNIP2 2,39 0,007737 0,740794 NM_020840 

RPS6KA1 1,69 0,044762 0,837341 ENST00000627677 

IRS1 1,55 0,031457 0,825332 NM_005544 

CLIP1 -1,49 0,01208 0,765195 NM_001247997 

HRAS -1,72 0,035889 0,830194 NM_005343 

ATP6V1C1 -1,73 0,02705 0,818053 NM_001695 

RICTOR -1,91 0,0558 0,855725 NM_001285439 

PRKAA2 -2,71 0,040698 0,833305 NM_006252 

WNT5B -2,85 0,022171 0,800769 NM_030775 

RPS6KA6 -4,34 0,007977 0,740794 NM_014496 

RNF152 -6,08 0,009278 0,74852 NM_173557 

WNT5A -47,42 0,003877 0,681329 NM_001256105 

 

 

Tay-Sachs Infantile 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

PIK3R1 12,95 2,06E-05 0,0183 NM_001242466 

LRP5 3,81 0,0045 0,3235 NM_001291902 

RPS6KA2 2,51 0,0337 0,5835 NM_001006932 

FNIP2 2,12 0,0207 0,5128 NM_020840 

LRP6 2,04 0,0392 0,6031 ENST00000628182 

ATP6V1E2 2,03 0,043 0,6151 NM_080653 

WNT11 2 0,0283 0,5614 NM_004626 

ATP6V1B2 1,93 0,0207 0,5128 NM_001693 

TNFRSF1A 1,88 0,0197 0,5084 NM_001065 

EIF4E2 1,86 0,0489 0,6315 NM_001276336 

FZD1 1,84 0,0387 0,601 NM_003505 

NPRL3 1,79 0,0382 0,5999 NM_001039476 

ATP6V1G3 1,54 0,0105 0,4309 NM_133262 

FZD5 -1,48 0,0182 0,4968 NM_003468 

SLC38A9 -1,55 0,0502 0,6352 NM_001258286 

RAF1 -1,78 0,0051 0,3348 NM_002880 

ATP6V1C1 -1,83 0,0037 0,3015 NM_001695 
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AKT1 -1,89 0,0477 0,629 NM_001014431 

WNT2B -1,95 0,0126 0,4547 NM_001291880 

PIK3R2; 
IFI30 

-2,01 0,0325 0,5782 NM_005027 

PRKAA2 -2,03 0,0205 0,5121 NM_006252 

SEH1L -2,33 0,0121 0,4512 NM_001013437 

IGF2; INS-
IGF2 

-2,46 0,0003 0,0871 NM_001007139 

WNT5B -2,74 0,015 0,4777 NM_030775 

RPS6KA6 -2,8 0,0027 0,267 NM_014496 

RICTOR -2,83 0,0018 0,2231 NM_001285439 

LPIN1; 
MIR548S 

-4,22 0,0083 0,4009 NM_001261427 

RNF152 -8,06 6,21E-06 0,0087 NM_173557 

 

 

 

 

 

 

 

 

 

 

Sandhoff 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

PIK3R1 10,84 0,038841 0,791722 NM_001242466 

FNIP2 3,05 0,013828 0,742566 NM_020840 

STRADA 2,31 0,028354 0,771739 NM_001003786 

LRP6 2,02 0,00027 0,588081 NM_002336 

IGF1R 1,95 0,034823 0,786437 NM_000875 

ATP6V1C1 -1,64 0,044767 0,794699 NM_001695 

RAF1 -1,74 0,036988 0,790425 NM_002880 

PRKCA -2,95 0,020134 0,761407 NM_002737 

RPS6KA6 -3 0,017731 0,753196 NM_014496 

WNT5A -3,91 0,026136 0,771004 NM_001256105 

RNF152 -10,18 0,007434 0,719734 NM_173557 
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Table 11| Arginine biosynthesis pathway genes significantly expressed in 

patient fibroblasts compared to healthy fibroblasts. 

 

Tay-Sachs Juvenile 

Gene 
Symbol 

Fold-
Change 

ANOVA 
p-value 

FDR p-
value 

Gene IDs 

CPS1 1,96 0,040666 0,833305 NM_001122633 

ABHD14A-
ACY1 

1,69 0,003892 0,682546 OTTHUMT00000349691 

GOT2 -3,89 0,032579 0,825332 NM_001286220 

GLUL -4,21 0,003389 0,656874 NM_001033044 

ASS1 -12,13 0,002704 0,646748 NM_000050 

 

Tay-Sachs Infantile 

Gene 
Symbol 

Fold-
Change 

ANOVA p-
value 

FDR p-
value 

Gene IDs 

GLS 3,03 0,018 0,4957 NM_001256310 

GOT1 -1,5 0,0427 0,6143 NM_002079 

NOS3 -1,71 0,0237 0,5348 NOS3.kAug10-
unspliced 

GOT2 -3,71 0,0113 0,441 NM_001286220 

GLUL -5,81 6,62E-06 0,0091 NM_001033044 

ASS1 -8,45 0,0003 0,0895 NM_000050 

 

 

Sandhoff 

Gene 
Symbol 

Fold-
Change 

ANOVA 
p-value 

FDR p-
value 

Gene IDs 

ABHD14A-
ACY1 

2 0,005936 0,709325 OTTHUMT00000349691 

GOT2 -4,04 0,040265 0,79246 NM_001286220 

GLUL -4,56 0,009998 0,725925 NM_001033044 

ASS1 -44,73 0,013876 0,743126 NM_000050 
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Discussion 
 

Rare disease poses a high impact in health worldwide. They are the most 

unknown disease for the society due to their low prevalence seen individuality; 

however, if they are studied as a whole their prevalence rise to levels such as 

cancer and AIDS. There are around 7.000 different rare diseases which affects 

between 6% and 8% of the population which are present throughout the whole 

life of the patient and can be acute, chronic or degenerative. The misdiagnosis 

is sadly frequent because of the lack of recognizable sings, which change 

between patients suffering from the same disease. Hence, the lack of 

treatments is another main problem to deal with.  

Tay-Sachs and Sandhoff are two rare inherit rare diseases which are englobed 

in the lysosomal storage disorders (LSDs), a group of rare diseases 

characterized by an accumulation of non-degraded cellular products inside the 

cells. The unknown and enormous complexity of their molecular bases and 

thus, their lack of treatment, made us to undertake this challenging project to 

elucidate the molecular mechanism underlying these pathologies and the 

finding for a treatment. It is known that the cause of the diseases is the 

dysfunction or absence of the β-hexosaminidase A lysosomal enzyme which is 

involved in the degradation of a type of sphingolipids named as GM2 

gangliosides. This enzyme is a heterodymerous of α-subunit and β-subunit. 

Although, It has been described around 78 different mutations in HEXA gene 

(encoding for α-subunit), which 67 are classified as disease causing and (R, 

1997) 43 mutations in HEXB gene (encoding or β-subunit) (Zampieri et al., 

2012), the molecular pathogenesis of these diseases are still unknown. We 

have been working with a total of 8 patient skin fibroblasts with Tay-Sachs and 

Sandhoff diseases diagnosed by the genetic mutation, four of them are 

described as deleterious mutations. Previous work has been oriented to the 

description of new mutation; most of them were point mutations in coding 

sequences which significantly affect the protein stability and active site. 

Mutation type and location are critical for the residual enzymatic activity, which 

indeed influence the age of the disease onset. It was confirmed by the 

observation of a reduction in HexA enzymatic activity. Metabolic dysfunction 
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was also observed with high levels of ROS and lipid peroxidation along with 

increased levels of antioxidant enzymes. Given that mitochondria are the best 

known ROS generator, due to their respiratory activity, mitochondrial function 

needed to be determined. Patient cells showed a reduction in their aerobic 

respiratory ability with reduced levels of ATP, high lactate and low glucose in 

medium. We hypothesise that those mutant cells, due to mitochondrial 

dysfunction and the reduce efficiency to asses oxygen respiration, undergo acid 

lactic fermentation producing 2 ATP instead of the 36 ATP generated in the 

aerobic respiration. Consequently, mutant cells are consuming more glucose 

from the culture media to produce the necessary energy to afford their vital 

function thought the fermentation and thus, releasing of lactate to the media. 

This mitochondrial alterations and oxidative stress in mutant cells are 

responsible for the reduction in cellular growth rate. As long as mitochondrial 

dysfunctions are one of the bases of many diseases and after the previous 

results, we inquired in the mitochondrial morphology and dynamics. As we 

supposed, mitochondria showed atypical morphology and were very fragmented 

and depolarized with a loss of their network. We have found an increment in 

fission events due to the absence of Drp1 phosphorylated, which suggests the 

presence of a protective mechanism to isolate the depolarized and damage 

mitochondria and their following elimination through mitophagy (Westermann, 

2012). However, the citrate synthase activity which is a marker of mitochondrial 

mass is up regulated. It suggests a compensatory mechanism which arises 

from the high level of damage mitochondria and mitophagy. 

The present report provides experimental evidences of metabolic and 

autophagic impairment due to the mutations in HEXA and HEXB genes. Quality 

autophagy flux is characterized by high levels of the ratio LC3-II/LC3-I which 

means high autophagosome formation and with the decrease in p62 levels 

which indicates satisfactory clearance of cellular waste. Results showed high 

levels of the ratio LC3-II/LC3-I which can indicate increased autophagy or 

impairment autophagy flux. LC3-II levels must be interpreted together with the 

p62/SQSTM1 expression levels, which was significantly increase. In this sense, 

Tay-Sachs and Sandhoff fibroblast showed an impaired autophagy flux with an 

increase in the accumulation of non-degraded cellular components. It also was 
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found in nervous tissue from Sandhoff mouse model. This autophagy 

impairment was also determined by BafA1 assay and immunofluorescence 

against LC3 and p62 where high levels of both autophagy markers were 

increased along with significant increment in colocalization. It was also checked 

by ultrastructural analysis where it was observed a high dense cytoplasm full of 

autophagosome. This increment in the production of autophagosomes is 

carrying out by the nuclear translocation of TFEB in patient cells, since it plays 

an important role in the stimulation of gene involved in the lysosomal 

biogenesis. It is found that TFEB regulates the coordinated lysosomal 

expression and regulation (CLEAR) gene network which are involve in the 

expression of most of lysosomal proteins (F. Wang, Gómez-Sintes, & Boya, 

2018). Given that high levels of autophagosome accumulation and autophagy 

dysfunction are associated with impairment in autophagosome-lysosome fusion, 

the autophagy flux was monitored using a viral vector encoding for GFP-RFP-

LC3. It confirmed the impairment in fusion between autophagosome and 

lysosome, with a considerably increment in autophagosome size. 

At first, for LSDs high level of autophagy may seem favourable because of the 

continuous degradation of non-needed cellular materials to avoid their 

accumulation. However, due the dysfunctional or absence of the lysosomal 

HexA enzyme and the inability for the cell to carries out the autophagosome-

lysosome fusion, there is an accumulation of full autophagosome within the 

mutant cells cytosol which results on cellular death. It is very interesting that 

other LSDs such as Nieman-Pick, Gaucher and Pompe diseases are also 

described as rare diseases with defective autophagy flux (Guo et al., 

2016),(Sarkar et al., 2013) (Aflaki et al., 2016),  (Spampanato et al., 2013). 

Lysosomal activity is essential in the maintenance of cellular homeostasis and 

its dysfunction is associated with the progression of various disease conditions, 

such LSDs, neurodegeneration, cancer and autoimmune diseases. Most 

relevant features in the lysosomal damage include changes in the expression 

and activity of lysosomal enzymes, changes in number, pH, cellular location, 

lysosomal size or membrane properties which interferes with many process as 

autophagy (F. Wang et al., 2018). Lysosomal dysfunction was then, observed in 

Tay-Sachs and Sandhoff fibroblasts due to the reduction activity of lysosomal 
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enzyme HexA and an increment in autophagosome size. It has been reported 

enlargement lysosomes induce TFEB activation in order to generate more 

lysosomes. Tay-Sachs and Sandhoff cells have shown increase of TFEB 

nuclear localization and thus TFEB activation (F. Wang et al., 2018), (Sardiello 

et al., 2009).  

Some studies have revealed the link between the reduction of lysosomal 

enzymes such as some cysteine cathepsin family members (CatC and CatL) 

with the increment of CatB as a compensatory mechanism 19 20. Interestingly, 

we found low HexA expression levels and reduced enzymatic activity with the 

compensatory upregulation of mature CatB with lysosomal permeabilization 

(LMP). By immunofluorescence images against CatB, HexA and LAMP-I it can 

be seen a big amount of these enzymes diffused through the cytoplasm in 

mutant cells, which constitute another way to explain these upregulation in the 

CatB expression. The find of the existence of leaky lysosome is may be 

associated with the high level of ROS which makes pores on the lysosome 

membrane (F. Wang et al., 2018). In addition, these release of hydrolases to 

the cytosol, due to the LMP, results in mitochondrial damage, forming damaging 

loop. Further, in Papillon Lefevre and Niemann-Pick disease there is an 

increment of mature CatB protein along with autophagosome accumulation 

(Bullón et al., 2018). All these disturbances on the autophagy machinery and 

lysosome metabolism may be implicated in the physiopathology of Tay-Sachs 

and Sandhoff given that autophagy and lysosomal dysfunction have been 

associated to cell death in neurons and with many of the neurological symptoms 

observed in these diseases (F. Wang et al., 2018), (C. Wang, Telpoukhovskaia, 

Bahr, Chen, & Gan, 2018). 

mTOR is considered the master regulator of autophagy and is involved in the 

protein, lipid and nucleotide synthesis, energy metabolism, lysosomal 

biogenesis and cell proliferation among others. Oxidative stress and low ATP 

levels are known to inhibit mTORC1 leading to an autophagy flux increase and 

lysosomal biogenesis (Villanueva-Paz et al., 2016). With our findings in mind, 

we determined that activated mTOR (p-mTOR) was significantly reduce in 

patient fibroblasts which was corroborated in a Sandhoff mouse model after 

analysing brain, brain stem, spinal cord and cerebellum tissues. In addition, 
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activated AKT (p-AKT), the upstream effector of mTORC1, was also 

downregulated. As we expected, there was a reduction on protein synthesis in 

patient cells. Given that mTOR1 is highly regulated and the presence of Raptor 

protein is essential in its activation we determined it expression level and we 

found decrease levels of Raptor in mutant cells and in Sandhoff mouse tissues 

(Paquette et al., 2018). 

We have found the presence of TFEB in the nucleus of patient fibroblast which 

is involved in lysosomal biogenesis. The activity of this transcription factor is 

also regulated by the phosphorylation by mTORC1. In basal conditions, when 

mTORC1 is activated, TFEB is phosphorylated and maintains in the cytoplasm 

where it cannot induce lysosomal biogenesis. Under stress conditions, 

mTORC1 is inactivated and TFEB can reach the nucleus (F. Wang et al., 2018). 

In patient fibroblast we have found TFEB in the nucleus, which the subsequent 

induction of lysosomal biogenesis and mTROC1 downregulated. 

Reduce basal mTOR activity was also observed in cell and mouse model of 

other lysosomal diseases such as in Juvenile Neuronal Ceroid Lipofuscinosis 

(JNCL) and in lymphoblastoid patient cells (Cao et al., 2006), in NPC1- and 

NPC2- KO endothelial cells (Cao et al., 2006), in Fabry disease (Liebau et al., 

2013) and in a mucolipidosis IV model of Drosophila (Wong, Li, Montell, & 

Venkatachalam, 2012).  

In addition, we proposed a mechanism to explain the downregulation of the 

mTOR pathway only in Tay-Sachs patients. We have found significative high 

transcription level of the PIK3R1 gene which encodes for the regulatory (p85α-

subunit) of the PI3K enzyme. PI3k, an heterodymerous composed by a catalytic 

and a regulatory subunit, converts the phosphatidylinositol 4,5-bisphosphate 

into phosphatidylinositol 3,4,5-triphosphate (PIP3) which interacts and active 

AKT, and thus the mTOR pathway  (Deau et al., 2014). In Tay-Sachs cells 

PTEN is repressing the AKT activation and thus, the mTOR pathway. However, 

for the upstream signalling we suggest two different models. On one hand, p85α 

subunit binds and enhances PTEN function, so both of them negatively regulate 

PI3K signalling. However, the high expression of PI3K could be a compensatory 

mechanism in order to activate mTOR pathway. On the other hand, p85α and 
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PI3K are upregulated and promoting mTOR pathway; however PTEN is 

repressing it (Liebau et al., 2013). 

From a mechanistic point of view we generated a HEXA gene KO in HeLa cells 

to determine the importance of the lack of HexA enzyme in the molecular 

mechanism of these diseases. Interestingly, reduced expression of HexA 

reproduced our data about downregulated mTOR pathways, showing a 

connection between the defective HexA enzyme with the mTOR pathway. 

From the transcriptome analysis we have found many gene alterations which 

corroborate the impairment found in the autophagy, lysosome, mTOR and 

arginine pathways. In addition, gene alterations were also found in the 

mitochondrial complexes and in Krebs cycle which reinforced the presence of 

remarkable metabolism impairments. 

Taking together our data, the disrupted mTOR pathway, the autophagy and 

lysosome dysfunction and the mitochondria impairment in Tay-Sachs and 

Sandhoff fibroblasts enhance the chances to the production of novel treatments 

and therapies strategies. 

Due to mTOR pathway is downregulated which the correlative autophagy 

increased we proposed the use of an mTOR inductor in order to restore the 

cellular metabolism and decrease this dysfunctional autophagy. One of the best 

mTOR inductors are the amino acids, which has been previously studied in 

other diseases such as Pompe disease where the arginine and leucine 

supplementation showed restoration of mTOR pathway and phenotype in 

muscle (Liebau et al., 2013). Tay-Sachs and Sandhoff patients showed 

alterations in the arginine biosynthesis pathway, which the most significant 

change was the highly reduction in the ASS1 expression. Given that this 

enzyme is involved in the arginine synthesis and arginine is the precursor of the 

NO synthesis, we found low levels of arginine and NO in patient`s serum. For 

this reason, we selected L-arginine as a possible treatment to restore the 

molecular physiopathology of these diseases. Our experimental approach using 

L-arginine showed a restoration of the mTOR pathway with the subsequent 

increment in protein synthesis and in the autophagy flux showing an 

improvement in the autophagosome-lysosome fusion and the reduction of 
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autophagosome size. Moreover, the location of TFEB changed from the 

nucleus, where it stimulates gene involve in lysosome biogenesis, to the 

cytosol. It may happen due to its phosphorylation by mTOR. LMP was also 

partially restored after l-arginine treatment with the reduction of mature CatB 

expression in patient fibroblasts. 

Unfortunately, the treatments and managements of Tay-Sachs and Sandhoff 

are poor and base on symptoms relief and delay of disease progression. Many 

approaches are being done to find an adequately treatment such as enzyme 

replacement and substrate reduction therapy and bone marrow transplantation 

which have shown an increase in HexA activity but they are not able to prevent 

the neurodegeneration in the CNS (C. Wang et al., 2018). Nowadays, 

everybody is placing their hope in gene therapy which consists in the delivery of 

cDNA encoding for HexA subunits inside a viral vector.  

Our study proposes new molecular pathways non-studied before in Tay-Sachs 

and Sandhoff diseases and the finding of a natural molecule which improves 

them. After the oral treatment of two patients, one Tay-Sachs juvenile and one 

Sandhoff, during 8 months with l-arginine improvement in the patient´s 

symptoms was found. We also found a recover of the mTOR pathway, reduce 

levels of mature CatB and increase levels of ASS1 expression, reinforcing our 

in vitro findings. With this in mind, mTOR modulation with l-arginine can be an 

interesting therapeutic approach for the treatment of these diseases and could 

be used in combination with other specific therapies like gene therapy to 

improve the cellular environment because of the absence risk of it use.  

The need to find medicines or substances already on the market is crucial due to the 

economic risk involved in investing in a new drug with only a potential use for a small 

part of the population and the time it takes to approve a new drug. In this project we 

have found a new molecular pathway in Tay-Sachs and Sandhoff diseases and we 

have demonstrated the positively effects of L-arginine treatment in vitro and in vivo. In 

my opinion, this research would be important for the society because our findings will 

shed light on the unravelling of the molecular mechanisms of other diseases. 
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Conclusions 
 

1. Fibroblasts from Tay-Sachs and Sandhoff patients showed mitochondrial 

dysfunction which leads to metabolic alterations and mitophagy. 

 

2. Fibroblasts from Tay-Sachs and Sandhoff patients showed autophagy 

dysfunction with flux blocked. 

 

3. Fibroblasts from Tay-Sachs and Sandhoff patients present lysosomal 

permeabilization, which leads to a compensatory mechanism with the 

increase of other lysosomal enzymes, such as CatB, and HexA release 

to the cytosol. 

 

 

4. Fibroblasts from Tay-Sachs patients showed an inhibited mTOR 

signalling pathway due to an alteration in the PTEN pathway. 

 

 

5. HEXA gene knock-out by CRISPR/CAS9 in healthy cells (HeLa) 

corroborates the results observed in Tay-Sachs and Sandhoff patients 

with the subsequent inhibition of mTOR pathway. 

 

6. Transcriptome analysis assays corroborated the dysfunction in the 

autophagy, lysosome, arginine and mTOR pathway. 

 

7. L-arginine treatment, as an mTOR inductor, improves the mTOR, 

autophagy, lysosomal permeabilization and mitochondria dysfunctions 

found in the fibroblasts form Tay-Sachs and Sandhoff patients. 

Consequently, L-arginine could be seen as a new pharmacologic 

treatment to stop these diseases progression. 

 

  



240 
 

 
 
 
 
 
 
 
 
 
 
 

REFERENCES 

 

 

 

  



241 
 

 

  



242 
 

References 
 

1. About Rare Diseases | www.eurordis.org. (n.d.). Retrieved December 20, 

2019, from https://www.eurordis.org/about-rare-diseases 

2. Adam, M. P., Ardinger, H. H., & Pagon, R. A. (2001). Neuronal Ceroid-

Lipofuscinoses Synonym: Batten Disease. 

3. Addgene: CRISPR Guide. (n.d.). Retrieved February 11, 2020, from 

https://www.addgene.org/guides/crispr/ 

4. Aflaki, E., Moaven, N., Borger, D. K., Lopez, G., Westbroek, W., Chae, J. J., 

… Sidransky, E. (2016). Lysosomal storage and impaired autophagy lead to 

inflammasome activation in Gaucher macrophages. Aging Cell, 15(1), 77–

88. https://doi.org/10.1111/acel.12409 

5. Ainslie, G. R., Gibson, K. M., & Vogel, K. R. (2016). mTOR, Autophagy, 

Aminoacidopathies, and Human Genetic Disorders. In Molecules to 

Medicine with mTOR: Translating Critical Pathways into Novel Therapeutic 

Strategies (pp. 143–166). Elsevier Inc. https://doi.org/10.1016/B978-0-12-

802733-2.00010-4 

6. Aits, S., Kricker, J., Liu, B., Ellegaard, A. M., Hämälistö, S., Tvingsholm, S., 

… Jäättelä, M. (2015). Sensitive detection of lysosomal membrane 

permeabilization by lysosomal galectin puncta assay. Autophagy, 11(8), 

1408–1424. https://doi.org/10.1080/15548627.2015.1063871 

7. Alavi, M. V., & Fuhrmann, N. (2013). Dominant optic atrophy, OPA1, and 

mitochondrial quality control: Understanding mitochondrial network 

dynamics. Molecular Neurodegeneration. BioMed Central. 

https://doi.org/10.1186/1750-1326-8-32 

8. Alroy, J., & Lyons, J. A. (n.d.). Lysosomal Storage Diseases. 

https://doi.org/10.1177/2326409813517663 

9. Anheuser, S., Breiden, B., Schwarzmann, G., & Sandhoff, K. (2015, 

September 1). Membrane lipids regulate ganglioside GM2 catabolism and 

GM2 activator protein activity. Journal of Lipid Research. American Society 

for Biochemistry and Molecular Biology Inc. 

https://doi.org/10.1194/jlr.M061036 

10. Ballabio, A., & Gieselmann, V. (2009, April). Lysosomal disorders: From 



243 
 

storage to cellular damage. Biochimica et Biophysica Acta - Molecular Cell 

Research. https://doi.org/10.1016/j.bbamcr.2008.12.001 

11. Bartolome, A., & Guillén, C. (2014). Role of the mammalian target of 

rapamycin (mTOR) complexes in pancreatic β-cell mass regulation. In 

Vitamins and Hormones (Vol. 95, pp. 425–469). Academic Press Inc. 

https://doi.org/10.1016/B978-0-12-800174-5.00017-X 

12. Bullón, P., Castejón-Vega, B., Román-Malo, L., Jimenez-Guerrero, M. P., 

Cotán, D., Forbes-Hernandez, T. Y., … Cordero, M. D. (2018). Autophagic 

dysfunction in patients with Papillon-Lefèvre syndrome is restored by 

recombinant cathepsin C treatment. Journal of Allergy and Clinical 

Immunology, 142(4), 1131-1143.e7. 

https://doi.org/10.1016/j.jaci.2018.01.018 

13. Bullon, P., Cordero, M. D., Quiles, J. L., Morillo, J. M., Ramirez-Tortosa, M. 

D. C., & Battino, M. (2011). Mitochondrial dysfunction promoted by 

Porphyromonas gingivalis lipopolysaccharide as a possible link between 

cardiovascular disease and periodontitis. Free Radical Biology and 

Medicine, 50(10), 1336–1343. 

https://doi.org/10.1016/j.freeradbiomed.2011.02.018 

14. Cao, Y., Espinola, J. A., Fossale, E., Massey, A. C., Cuervo, A. M., 

MacDonald, M. E., & Cotman, S. L. (2006). Autophagy is disrupted in a 

knock-in mouse model of juvenile neuronal ceroid lipofuscinosis. Journal of 

Biological Chemistry, 281(29), 20483–20493. 

https://doi.org/10.1074/jbc.M602180200 

15. Chen, H., Chan, A. Y., Stone, D. U., & Mandal, N. A. (2014, January). 

Beyond the cherry-red spot: Ocular manifestations of sphingolipid-mediated 

neurodegenerative and inflammatory disorders. Survey of Ophthalmology. 

https://doi.org/10.1016/j.survophthal.2013.02.005 

16. Cuyàs, E., Corominas-Faja, B., Joven, J., & Menendez, J. A. (2014). Cell 

Cycle Regulation by the Nutrient-Sensing Mammalian target of rapamycin 

(mTOR) pathway. Methods in Molecular Biology, 1170, 113–144. 

https://doi.org/10.1007/978-1-4939-0888-2_7 

17. Deau, M. C., Heurtier, L., Frange, P., Suarez, F., Bole-Feysot, C., Nitschke, 

P., … Kracker, S. (2014). A human immunodeficiency caused by mutations 

in the PIK3R1 gene. Journal of Clinical Investigation, 124(9), 3923–3928. 



244 
 

https://doi.org/10.1172/JCI75746 

18. Dersh, D., Iwamoto, Y., & Argon, Y. (2016). Tay-Sachs disease mutations in 

HEXA target the ? chain of hexosaminidase A to endoplasmic reticulum-

associated degradation. Molecular Biology of the Cell, 27(24), 3813–3827. 

https://doi.org/10.1091/mbc.E16-01-0012 

19. DeVorkin, L., & Lum, J. J. (2014). Strategies to Block Autophagy in Tumor 

Cells. In Autophagy: Cancer, Other Pathologies, Inflammation, Immunity, 

Infection, and Aging (Vol. 3, pp. 121–130). Elsevier Inc. 

https://doi.org/10.1016/B978-0-12-405529-2.00008-1 

20. Dharssi, S., Wong-Rieger, D., Harold, M., & Terry, S. (2017). Review of 11 

national policies for rare diseases in the context of key patient needs. 

Orphanet Journal of Rare Diseases, 12(1), 63. 

https://doi.org/10.1186/s13023-017-0618-0 

21. Diez-Fernandez, C., Rüfenacht, V., & Häberle, J. (2017). Mutations in the 

Human Argininosuccinate Synthetase (ASS1) Gene, Impact on Patients, 

Common Changes, and Structural Considerations. Human Mutation, 38(5), 

471–484. https://doi.org/10.1002/humu.23184 

22. Dikic, I., & Elazar, Z. (2018, June 1). Mechanism and medical implications of 

mammalian autophagy. Nature Reviews Molecular Cell Biology. Nature 

Publishing Group. https://doi.org/10.1038/s41580-018-0003-4 

23. Federación Española de Enfermedades Raras. (n.d.). Retrieved December 

20, 2019, from https://enfermedades-raras.org/ 

24. Ferreira, C. R., & Gahl, W. A. (2017). Lysosomal storage diseases. 

Translational Science of Rare Diseases, 2, 1–71. 

https://doi.org/10.3233/TRD-160005 

25. Field, M. J., & Boat, T. F. (2010). Committee on Accelerating Rare Diseases 

Research and Orphan Product Development Board on Health Sciences 

Policy. Retrieved from www.SLOtography.com. 

26. Field, M. J., & Boat, T. F. (2011). Rare Diseases and Orphan Products: 

Accelerating Research and Development. Rare Diseases and Orphan 

Products: Accelerating Research and Development. National Academies 

Press. https://doi.org/10.17226/12953 

27. Furukawa, K., Ohmi, Y., Tajima, O., Ohkawa, Y., Kondo, Y., Shuting, J., … 

Furukawa, K. (2018). Gangliosides in Inflammation and Neurodegeneration. 



245 
 

In Progress in Molecular Biology and Translational Science (Vol. 156, pp. 

265–287). Elsevier B.V. https://doi.org/10.1016/bs.pmbts.2018.01.009 

28. Ganglioside GM2 (d18:1/25:0) | C74H135N3O26 - PubChem. (n.d.). 

Retrieved January 11, 2020, from 

https://pubchem.ncbi.nlm.nih.gov/compound/Ganglioside-GM2-

_d18_1_25_0 

29. Gavin, P. (2015, August 1). The importance of natural histories for rare 

diseases. Expert Opinion on Orphan Drugs. Taylor and Francis Ltd. 

https://doi.org/10.1517/21678707.2015.1063415 

30. Genetics Home Reference - NIH. (n.d.). Retrieved December 31, 2019, from 

https://ghr.nlm.nih.gov/ 

31. Georgescu, M. M. (2010). Pten tumor suppressor network in PI3K-Akt 

pathway control. Genes and Cancer. Impact Journals, LLC. 

https://doi.org/10.1177/1947601911407325 

32. Gomes, L. C., Benedetto, G. Di, & Scorrano, L. (2011). During autophagy 

mitochondria elongate, are spared from degradation and sustain cell 

viability. Nature Cell Biology, 13(5), 589–598. 

https://doi.org/10.1038/ncb2220 

33. Goodman, C. A., & Hornberger, T. A. (2013). Measuring protein synthesis 

with SUnSET: A valid alternative to traditional techniques? Exercise and 

Sport Sciences Reviews, 41(2), 107–115. 

https://doi.org/10.1097/JES.0b013e3182798a95 

34. Goodman, C. A., Mabrey, D. M., Frey, J. W., Miu, M. H., Schmidt, E. K., 

Pierre, P., & Hornberger, T. A. (2011). Novel insights into the regulation of 

skeletal muscle protein synthesis as revealed by a new nonradioactive in 

vivo technique. FASEB Journal, 25(3), 1028–1039. 

https://doi.org/10.1096/fj.10-168799 

35. Graphs & statistics on gene HEXA - Global Variome shared LOVD. (n.d.). 

Retrieved January 26, 2020, from 

https://databases.lovd.nl/shared/genes/HEXA/graphs 

36. Green and Red Puncta Colocalization [ImageJ Documentation Wiki]. (n.d.). 

Retrieved February 4, 2020, from 

https://imagejdocu.tudor.lu/plugin/analysis/colocalization_analysis_macro_fo

r_red_and_green_puncta/start 



246 
 

37. Guo, H., Zhao, M., Qiu, X., Deis, J. A., Huang, H., Tang, Q. Q., & Chen, X. 

(2016). Niemann-Pick type C2 deficiency impairs autophagylysosomal 

activity, mitochondrial function, and TLR signaling in adipocytes. Journal of 

Lipid Research, 57(9), 1644–1658. https://doi.org/10.1194/jlr.M066522 

38. Haendel, M., Vasilevsky, N., Unni, D., Bologa, C., Harris, N., Rehm, H., … 

Oprea, T. I. (2019). How many rare diseases are there? Nature Reviews 

Drug Discovery. https://doi.org/10.1038/d41573-019-00180-y 

39. Hansen, M., Rubinsztein, D. C., & Walker, D. W. (2018, September 1). 

Autophagy as a promoter of longevity: insights from model organisms. 

Nature Reviews Molecular Cell Biology. Nature Publishing Group. 

https://doi.org/10.1038/s41580-018-0033-y 

40. Haskins, M., & Giger, U. (2008). Lysosomal Storage Diseases. In Clinical 

Biochemistry of Domestic Animals (pp. 731–749). Elsevier Inc. 

https://doi.org/10.1016/B978-0-12-370491-7.00024-6 

41. Herder, M. (2017). What Is the Purpose of the Orphan Drug Act? PLoS 

Medicine, 14(1). https://doi.org/10.1371/journal.pmed.1002191 

42. Hermansky-Pudlak syndrome - UpToDate. (n.d.). Retrieved December 31, 

2019, from https://www.uptodate.com/contents/hermansky-pudlak-syndrome 

43. Hille, F., & Charpentier, E. (n.d.). CRISPR-Cas: biology, mechanisms and 

relevance. https://doi.org/10.1098/rstb.2015.0496 

44. Hoitzing, H., Johnston, I. G., & Jones, N. S. (2015). What is the function of 

mitochondrial networks? A theoretical assessment of hypotheses and 

proposal for future research. BioEssays, 37(6), 687–700. 

https://doi.org/10.1002/bies.201400188 

45. Huizing, M., Helip-Wooley, A., Westbroek, W., Gunay-Aygun, M., & Gahl, W. 

A. (n.d.). Disorders of Lysosome-related Organelle Biogenesis: Clinical and 

Molecular Genetics. 

https://doi.org/10.1146/annurev.genom.9.081307.164303 

46. Jia, J., An, Z., Ming, Y., Guo, Y., Li, W., Liang, Y., … Shi, T. (2017). eRAM: 

encyclopedia of rare disease annotations for precision medicine. Nucleic 

Acids Research, 46(2), 937–943. https://doi.org/10.1093/nar/gkx1062 

47. Jiang, Z. Y., Hunt, J. V., & Wolff, S. P. (1992). Ferrous ion oxidation in the 

presence of xylenol orange for detection of lipid hydroperoxide in low density 

lipoprotein. Analytical Biochemistry, 202(2), 384–389. 



247 
 

https://doi.org/10.1016/0003-2697(92)90122-N 

48. Kakkar, P., Das, B., & Viswanathan, P. N. (1984). A modified 

spectrophotometric assay of superoxide dismutase. Indian Journal of 

Biochemistry and Biophysics, 21(2), 130–132. 

49. Kim, Y. C., & Guan, K. L. (2015, January 2). MTOR: A pharmacologic target 

for autophagy regulation. Journal of Clinical Investigation. American Society 

for Clinical Investigation. https://doi.org/10.1172/JCI73939 

50. Kolodny, E. H. (2003). Lysosomal Storage Diseases. In Office Practice of 

Neurology: Second Edition (pp. 1254–1264). Elsevier Inc. 

https://doi.org/10.1016/B0-44-306557-8/50200-8 

51. Kolter, T., & Sandhoff, K. (2006, December). Sphingolipid metabolism 

diseases. Biochimica et Biophysica Acta - Biomembranes. 

https://doi.org/10.1016/j.bbamem.2006.05.027 

52. Kwiatkowski, D. J. (2009). Tuberous Sclerosis. In Genetic Diseases of the 

Kidney (pp. 527–542). Elsevier Inc. https://doi.org/10.1016/B978-0-12-

449851-8.00030-9 

53. Labun, K., Montague, T. G., Krause, M., Torres Cleuren, Y. N., Akon 

Tjeldnes, H. ˚, & Valen, E. (2019). CHOPCHOP v3: expanding the CRISPR 

web toolbox beyond genome editing. Nucleic Acids Research, 47, 171–174. 

https://doi.org/10.1093/nar/gkz365 

54. Legros, F., Lombès, A., Frachon, P., & Rojo, M. (2002). Mitochondrial fusion 

in human cells is efficient, requires the inner membrane potential, and is 

mediated by mitofusins. Molecular Biology of the Cell, 13(12), 4343–4354. 

https://doi.org/10.1091/mbc.E02-06-0330 

55. Leroy, J. G. (2006, December). Congenital disorders of N-glycosylation 

including diseases associated with O- as well as N-glycosylation defects. 

Pediatric Research. Nature Publishing Group. 

https://doi.org/10.1203/01.pdr.0000246802.57692.ea 

56. Leroy, J. G., Cathey, S. S., & Friez, M. J. (1993). GNPTAB-Related 

Disorders. Retrieved from https://www.ncbi.nlm.nih.gov/books/ 

57. Levine, B., & Kroemer, G. (2008, January 11). Autophagy in the 

Pathogenesis of Disease. Cell. https://doi.org/10.1016/j.cell.2007.12.018 

58. lie Raymond, A.-A., Gonzalez de Peredo, A., Stella, A., Ishida-Yamamoto, 

A., Bouyssie, D., Serre, G., … Simon, M. (2008). Lamellar Bodies of Human 



248 
 

Epidermis PROTEOMICS CHARACTERIZATION BY HIGH THROUGHPUT 

MASS SPECTROMETRY AND POSSIBLE INVOLVEMENT OF CLIP-170 

IN THEIR TRAFFICKING/SECRETION* □ S. 

https://doi.org/10.1074/mcp.M700334-MCP200 

59. Liebau, M. C., Braun, F., Höpker, K., Weitbrecht, C., Bartels, V., Müller, R. 

U., … Kurschat, C. E. (2013). Dysregulated Autophagy Contributes to 

Podocyte Damage in Fabry’s Disease. PLoS ONE, 8(5). 

https://doi.org/10.1371/journal.pone.0063506 

60. Loscalzo, J. (2000, May 9). What we know and don’t know about L-arginine 

and NO. Circulation. Lippincott Williams and Wilkins. 

https://doi.org/10.1161/01.CIR.101.18.2126 

61. Lysosomal storage diseases | Nature Reviews Disease Primers. (n.d.). 

Retrieved December 30, 2019, from 

https://www.nature.com/articles/s41572-018-0025-4?proof=true 

62. MacVicar, T. D. B., & Lane, J. D. (2014). Impaired OMA1-dependent 

cleavage of OPA1 and reduced DRP1 fission activity combine to prevent 

mitophagy in cells that are dependent on oxidative phosphorylation. Journal 

of Cell Science, 127(10), 2313–2325. https://doi.org/10.1242/jcs.144337 

63. Mitochondria - The Cell - NCBI Bookshelf. (n.d.). Retrieved February 13, 

2020, from https://www.ncbi.nlm.nih.gov/books/NBK9896/ 

64. Mizushima, N., Levine, B., Cuervo, A. M., & Klionsky, D. J. (2008, February 

28). Autophagy fights disease through cellular self-digestion. Nature. 

https://doi.org/10.1038/nature06639 

65. Munson, M. J., & Ganley, I. G. (2015). MTOR, PIK3C3, and autophagy: 

Signaling the beginning from the end. Autophagy, 11(12), 2375–2376. 

https://doi.org/10.1080/15548627.2015.1106668 

66. Murphy, M. P. (2009). How mitochondria produce reactive oxygen species. 

Biochem. J, 417, 1–13. https://doi.org/10.1042/BJ20081386 

67. Napolitano, G., & Ballabio, A. (2016). CELL SCIENCE AT A GLANCE TFEB 

at a glance. https://doi.org/10.1242/jcs.146365 

68. Nguengang Wakap, S., Lambert, D. M., Olry, A., Rodwell, C., Gueydan, C., 

Lanneau, V., … Rath, A. (2019). Estimating cumulative point prevalence of 

rare diseases: analysis of the Orphanet database. European Journal of 

Human Genetics, (1983). https://doi.org/10.1038/s41431-019-0508-0 



249 
 

69. Niimi, K., Nishioka, C., Miyamoto, T., Takahashi, E., Miyoshi, I., Itakura, C., 

& Yamashita, T. (2011). Impairment of neuropsychological behaviors in 

ganglioside GM3-knockout mice. Biochemical and Biophysical Research 

Communications, 406(4), 524–528. 

https://doi.org/10.1016/j.bbrc.2011.02.071 

70. OMIM - Online Mendelian Inheritance in Man. (n.d.). Retrieved January 2, 

2020, from https://omim.org/ 

71. Overview of Lysosomal Storage Disorders - Pediatrics - MSD Manual 

Professional Edition. (n.d.). Retrieved January 2, 2020, from 

https://www.msdmanuals.com/professional/pediatrics/inherited-disorders-of-

metabolism/overview-of-lysosomal-storage-disorders#v25255013 

72. Paquette, M., El-Houjeiri, L., & Pause, A. (2018). mTOR Pathways in Cancer 

and Autophagy. Cancers, 10(1), 18. 

https://doi.org/10.3390/cancers10010018 

73. Parenti, G., Andria, G., & Ballabio, A. (2015). Lysosomal Storage Diseases: 

From Pathophysiology to Therapy. Annual Review of Medicine, 66(1), 471–

486. https://doi.org/10.1146/annurev-med-122313-085916 

74. Parzych, K. R., & Klionsky, D. J. (n.d.). An Overview of Autophagy: 

Morphology, Mechanism, and Regulation. 

https://doi.org/10.1089/ars.2013.5371 

75. Pastores, G. M., & Wang, R. Y. (2017). Lysosomal Storage Diseases. In 

Swaiman’s Pediatric Neurology: Principles and Practice: Sixth Edition (pp. 

323–333). Elsevier Inc. https://doi.org/10.1016/B978-0-323-37101-8.00041-2 

76. Patterson, M. C. (2013). Gangliosidoses. In Handbook of Clinical Neurology 

(Vol. 113, pp. 1707–1708). Elsevier B.V. https://doi.org/10.1016/B978-0-444-

59565-2.00039-3 

77. Philippart, M. (2014). Neuronal Ceroid Lipofuscinoses. In Encyclopedia of 

the Neurological Sciences (pp. 433–436). Elsevier Inc. 

https://doi.org/10.1016/B978-0-12-385157-4.00106-8 

78. Pyo, J.-O., Nah, J., & Jung, Y.-K. (2012). Molecules and their functions in 

autophagy. EXPERIMENTAL and MOLECULAR MEDICINE, 44(2), 73–80. 

https://doi.org/10.3858/emm.2012.44.2.029 

79. Quan, E., #1, T., Herzig, S., Courchet, J., Lewis, T. L., Losón, O. C., … 

Shaw, R. J. (n.d.). AMP-activated protein kinase mediates mitochondrial 



250 
 

fission in response to energy stress HHS Public Access. 

https://doi.org/10.1126/science.aab4138 

80. R, M. (1997). Tay-Sachs Disease-Causing Mutations and Neutral 

Polymorphisms in the Hex A Gene. Human Mutation, 9(3). 

https://doi.org/10.1002/(SICI)1098-1004(1997)9:3<195::AID-

HUMU1>3.0.CO;2-7 

81. RARE Facts - Global Genes. (n.d.). Retrieved December 20, 2019, from 

https://globalgenes.org/rare-facts/ 

82. Sandhoff, K., & Harzer, K. (2013). Gangliosides and Gangliosidoses: 

Principles of Molecular and Metabolic Pathogenesis. 

https://doi.org/10.1523/JNEUROSCI.0822-13.2013 

83. Sardiello, M., Palmieri, M., Ronza, A. Di, Medina, D. L., Valenza, M., 

Gennarino, V. A., … Ballabio, A. (2009). A gene network regulating 

lysosomal biogenesis and function. Science, 325(5939), 473–477. 

https://doi.org/10.1126/science.1174447 

84. Sarkar, S., Carroll, B., Buganim, Y., Maetzel, D., Ng, A. H. M., Cassady, J. 

P., … Jaenisch, R. (2013). Impaired autophagy in the lipid-storage disorder 

niemann-pick type c1 disease. Cell Reports, 5(5), 1302–1315. 

https://doi.org/10.1016/j.celrep.2013.10.042 

85. Scheffler, I. E. (2008). Mitocondrial. Mitochondria (2a ed). Hoboken, New 

Jersey: John Wiley & Sons, Inc. https://doi.org/10.1002/1521-

3773(20010316)40:6<9823::AID-ANIE9823>3.3.CO;2-C 

86. Schuchman, E. H., & Simonaro, C. M. (2013). The Genetics of Sphingolipid 

Hydrolases and Sphingolipid Storage Diseases (pp. 3–32). 

https://doi.org/10.1007/978-3-7091-1368-4_1 

87. Schuchman, E. H., & Wasserstein, M. P. (2018). Lysosomal Storage 

Diseases: Perspectives and Principles. In Hematology: Basic Principles and 

Practice (pp. 740–746). Elsevier Inc. https://doi.org/10.1016/B978-0-323-

35762-3.00053-6 

88. Seranova, E., Connolly, K. J., Zatyka, M., Rosenstock, T. R., Barrett, T., 

Tuxworth, R. I., & Sarkar, S. (2017). Dysregulation of autophagy as a 

common mechanism in lysosomal storage diseases. Essays in 

Biochemistry, 61–733. https://doi.org/10.1042/EBC20170055 

89. Solovyeva, V. V., Shaimardanova, A. A., Chulpanova, D. S., Kitaeva, K. V., 



251 
 

Chakrabarti, L., & Rizvanov, A. A. (2018, November 20). New approaches to 

Tay-Sachs disease therapy. Frontiers in Physiology. Frontiers Media S.A. 

https://doi.org/10.3389/fphys.2018.01663 

90. Spampanato, C., Feeney, E., Li, L., Cardone, M., Lim, J. A., Annunziata, F., 

… Raben, N. (2013). Transcription factor EB (TFEB) is a new therapeutic 

target for Pompe disease. EMBO Molecular Medicine, 5(5), 691–706. 

https://doi.org/10.1002/emmm.201202176 

91. Sparks, S. E., & Krasnewich, D. M. (1993). Congenital Disorders of N-Linked 

Glycosylation and Multiple Pathway Overview. GeneReviews®. University of 

Washington, Seattle. Retrieved from 

http://www.ncbi.nlm.nih.gov/pubmed/20301507 

92. Sugiura, Y., Furukawa, K., Tajima, O., Mii, S., Honda, T., & Furukawa, K. 

(2005). Sensory nerve-dominant nerve degeneration and remodeling in the 

mutant mice lacking complex gangliosides. Neuroscience, 135(4), 1167–

1178. https://doi.org/10.1016/j.neuroscience.2005.07.035 

93. Takamiya, K., Yamamoto, A., Furukawa, K., Yamashiro, S., Shin, M., 

Okada, M., … Aizawa, S. (1996). Mice with disrupted GM2/GD2 synthase 

gene lack complex gangliosides but exhibit only subtle defects in their 

nervous system. Proceedings of the National Academy of Sciences of the 

United States of America, 93(20), 10662–10667. 

https://doi.org/10.1073/pnas.93.20.10662 

94. Tambuyzer, E. (2010, December). Rare diseases, orphan drugs and their 

regulation: Questions and misconceptions. Nature Reviews Drug Discovery. 

https://doi.org/10.1038/nrd3275 

95. Tambuyzer, E., Vandendriessche, B., Austin, C. P., Brooks, P. J., Larsson, 

K., Miller Needleman, K. I., … Prunotto, M. (2019). Therapies for rare 

diseases: therapeutic modalities, progress and challenges ahead. Nature 

Reviews Drug Discovery. https://doi.org/10.1038/s41573-019-0049-9 

96. Tanida, I., Ueno, T., & Kominami, E. (2008). LC3 and autophagy - Methods 

in Molecular Biology. Methods in Molecular Biology, 445(2), 77–88. 

https://doi.org/10.1007/978-1-59745-157-4-4 

97. Triggs-Raine, B., Mahuran, D. J., & Gravel, R. A. (2001). 17. Naturally 

occurring mutations in GM2 gangliosidosis: A compendium. Advances in 

Genetics. https://doi.org/10.1016/s0065-2660(01)44081-8 



252 
 

98. Tropak, M. B., Yonekawa, S., Karumuthil-Melethil, S., Thompson, P., 

Wakarchuk, W., Gray, S. J., … Mahuran, D. (2016). Construction of a hybrid 

β-hexosaminidase subunit capable of forming stable homodimers that 

hydrolyze GM2 ganglioside in vivo. Molecular Therapy - Methods and 

Clinical Development, 3, 15057. https://doi.org/10.1038/mtm.2015.57 

99. Twig, G., & Shirihai, O. S. (2011, May 15). The interplay between 

mitochondrial dynamics and mitophagy. Antioxidants and Redox Signaling. 

Mary Ann Liebert, Inc. https://doi.org/10.1089/ars.2010.3779 

100. Villanueva-Paz, M., Cotán, D., Garrido-Maraver, J., Oropesa-Ávila, M., 

de la Mata, M., Delgado-Pavón, A., … Sánchez-Alcázar, J. A. (2016). AMPK 

Regulation of Cell Growth, Apoptosis, Autophagy, and Bioenergetics. In EXS 

(Vol. 107, pp. 45–71). https://doi.org/10.1007/978-3-319-43589-3_3 

101. Vitner, E. B., Platt, F. M., & Futerman, A. H. (2010, July 2). Common and 

uncommon pathogenic cascades in lysosomal storage diseases. Journal of 

Biological Chemistry. https://doi.org/10.1074/jbc.R110.134452 

102. Wang, C., Telpoukhovskaia, M. A., Bahr, B. A., Chen, X., & Gan, L. 

(2018, February 1). Endo-lysosomal dysfunction: a converging mechanism 

in neurodegenerative diseases. Current Opinion in Neurobiology. Elsevier 

Ltd. https://doi.org/10.1016/j.conb.2017.09.005 

103. Wang, F., Gómez-Sintes, R., & Boya, P. (2018, December 1). Lysosomal 

membrane permeabilization and cell death. Traffic. Blackwell Munksgaard. 

https://doi.org/10.1111/tra.12613 

104. Westermann, B. (2012). Bioenergetic role of mitochondrial fusion and 

fission. In Biochimica et Biophysica Acta - Bioenergetics (Vol. 1817, pp. 

1833–1838). https://doi.org/10.1016/j.bbabio.2012.02.033 

105. Wong, C. O., Li, R., Montell, C., & Venkatachalam, K. (2012). Drosophila 

TRPML is required for TORC1 activation. Current Biology, 22(17), 1616–

1621. https://doi.org/10.1016/j.cub.2012.06.055 

106. Wurm, C. A., Neumann, D., Lauterbach, M. A., Harke, B., Egner, A., Hell, 

S. W., & Jakobs, S. (2011). Nanoscale distribution of mitochondrial import 

receptor Tom20 is adjusted to cellular conditions and exhibits an inner-

cellular gradient. Proceedings of the National Academy of Sciences of the 

United States of America, 108(33), 13546–13551. 

https://doi.org/10.1073/pnas.1107553108 



253 
 

107. Yoshikawa, M., Go, S., Takasaki, K., Kakazu, Y., Ohashi, M., Nagafuku, 

M., … Inokuchi, J. I. (2009). Mice lacking ganglioside GM3 synthase exhibit 

complete hearing loss due to selective degeneration of the organ of Corti. 

Proceedings of the National Academy of Sciences of the United States of 

America, 106(23), 9483–9488. https://doi.org/10.1073/pnas.0903279106 

108. Yu, R. K., Tsai, Y. T., Ariga, T., & Yanagisawa, M. (2011). Structures, 

biosynthesis, and functions of gangliosides-an overview. Journal of Oleo 

Science. https://doi.org/10.5650/jos.60.537 

109. Zampieri, S., Cattarossi, S., Oller Ramirez, A. M., Rosano, C., Lourenco, 

C. M., Passon, N., … Dardis, A. (2012). Sequence and Copy Number 

Analyses of HEXB Gene in Patients Affected by Sandhoff Disease: 

Functional Characterization of 9 Novel Sequence Variants. PLoS ONE, 7(7), 

e41516. https://doi.org/10.1371/journal.pone.0041516 

 

  



254 
 

 

  



255 
 

 
 
 
 
 
 
 
 
 
 

APPENDIX 

  



256 
 

  



257 
 

Appendix 
 

1. Publications 

 

 

1. Fabiola Marín-Aguilar*, Beatriz Castejón-Vega*, Elísabet Alcocer-Gómez, 

Matthew A. Cooper, Eloísa Andújar-Pulido, Mónica Pérez-Alegre, Jordi 

Muntané, Antonio J. Pérez-Pulido, Avril A. B. Robertson, Jesús Ruiz-

Cabello, Pedro Bullón, Mario D. Cordero “NLRP3 inflammasome 

inhibition by MCC950 in aged mice improves health via enhanced 

autophagy and PPARα activity”. Journal of Gerontology: Biological 

Sciences, 2019 *Equal Contribution.  

 

2. Fabiola Marín-Aguilar, Ana V. Lechuga-Vieco, Diego Cañadas-Lozano, 

Elísabet Alcocer-Gómez, Beatriz Castejón-Vega, Javier Lucas, Carlos 

Garrido, Alejandro Peralta-Garcia, Antonio J. Pérez-Pulido, Alfonso Varela-

López, José L. Quiles, Bernhard Ryffel, Ignacio Flores, Pedro Bullón, Jesús 

Ruiz-Cabello, Mario D. Cordero “NLRP3 inflammasome suppression 

improves longevity and prevents cardiac aging in male mice”. Aging 

Cell, 2019  

 

3. Diego Cañadas-Lozano, Fabiola Marín-Aguilar, Beatriz Castejón-Vega, 

Bernhard Ryffel, José M. Navarro-Pando, Jesús Ruiz-Cabello, Elísabet 

Alcocer-Gómez, Pedro Bullón, Mario D. Cordero. “Blockade of the NLRP3 

inflammasome improves health and lifespan in obese mice”. 

Geroscience 2019 

 

4. Bullón P*, Castejón-Vega B*, Román-Malo L, Jimenez-Guerrero MP, Cotán 

D, Forbes-Hernandez TY, Varela-López A, Pérez-Pulido AJ, Giampieri F, 

Quiles JL, Battino M, Sánchez-Alcázar JA, Cordero MD. “Autophagic 

dysfunction in patients with Papillon-Lefèvre syndrome is restored by 

recombinant cathepsin C treatment”. Journal of Allergy and Clinical 

Immunology, 2018 Feb 2. pii: S0091-6749(18)30144-1. *Equal 

Contribution 



258 
 

 

5. Alcocer-Gómez E, Castejón-Vega B, Cordero MD. “Stress-Induced 

NLRP3 Inflammasome in Human Diseases”. Adv Protein Chem Struct 

Biol. 2017;108:127-162.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



259 
 

2. Mettings 
 

1. Oral Presentation: 

 

1. “Tay-Sachs and Sandhoff diseases”. III Jornadas de Experiencias 

Compartidas. University of Seville, Spain, October, 2019. 

 

2.  “Autophagy dysfunction and Lysosomal permeabilization in Tay-

Sachs and Sandhoff Diseases”. European Network of Multidisciplinary 

Research and Translation of Autophagy knowledge Annual meeting of 

Transautophagy. Sofia, Bulgary. April, 2019. 

 

                                          

2. Poster Presentation:  

 

1. “Tay-Sachs and Sandhoff: two rare diseases with mitochondrial            

dysfunctions”. IX Congreso Internacional de Medicamentos Huérfanos 

y Enfermedades Raras, Seville. February, 2019 

 

2.  “Mitochondrial dysfunctions in Tay-Sachs and Sandhoff diseases”. 

VI Meeting on Genomic Medicine and Oncology of Genyo. Genyo 

Center, University of Granada, Spain. December, 2018. 

 

3.  “Autophagic dysfunction in patients with Papillon-Lefevre 

syndrome is      restored by recombinant cathepsin C treatment”. 

1st Meeting on Vesicular Biology. University of Coimbra, Portugal. 

February, 2018. 

 

4. Autophagic dysfunction in Papillon Lefèvre”. V Meeting on Genomic 

Medicine and Oncology of Genyo. Genyo Center, University of Granada, 

Spain. December, 2017. 

  



260 
 

 

 

  



261 
 

 

 
 
 
 
 
 
 
 
 

AGRADECIMIENTOS 

  



262 
 

  



263 
 

Agradecimientos  

 

Siempre tuve claro dedicarme a la ciencia, pero nunca pensé que llegaría este 

momento, el de ser Doctora. Me dieron la oportunidad de realizar el doctorado 

para el estudio de estas enfermedades, el cual supuso un reto en el que puse 

todo mi interés y tiempo. No puedo catalogar este recorrido como algo fácil, 

pero si puedo afirmar que durante todo este tiempo he disfrutado de cada 

momento y crecido como  persona y como científica. 

Este trabajo no hubiese sido posible sin la participación de personas e 

instituciones, los cuales siempre me han facilitado las cosas. Por ello, es para 

mí un placer agradecer a todos la ayuda que me han ofrecido a lo largo de este 

proyecto. 

En primer lugar, quiero dar las gracias a mis directores de tesis Dr. Mario David 

Cordero Morales y Dr. Pedro Bullón Fernández por todo el apoyo y confianza 

que han depositado en mí. Agradecer a Pedro por haber estado siempre 

dispuesto a ayudarme en todo lo que he necesitado día a día.  

Debo agradecer de manera muy especial a mi director y tutor Dr. Mario David 

Cordero Morales por creer mí, por el interés que siempre le ha mostrado a mis 

ideas, por su disponibilidad y su gran paciencia. Tengo que agradecerle, no 

solo el apoyo en el desarrollo de la tesis y en mi formación como investigadora 

sino también, a su incondicional apoyo tanto en lo laboral como en lo personal. 

Siempre ha estado ahí y me ha ayudado cuando lo necesitaba y me ha 

enseñado a desenvolverme en el mundo de la Ciencia. 

Quiero agradecer a mi grupo de laboratorio por ayudarme en todo momento. A 

Fabiola por acogerme y enseñarme todo sus conocimientos; a Elizabeth por 

toda su ayuda y consejos; a Jéssica  por su ayuda en el inicio del proyecto, por 

su alegría y energía,  por nuestros almuerzos juntas, por hacerme reír 

continuamente y por su amistad. Y a mi última compañera y no menos 

importante, Deborah. Ella ha sido fundamental en esta última etapa, me ha 

ayudado y apoyado muchísimo, siempre con una sonrisa; muchas gracias por 

tu amistad. 



264 
 

Agradecer a ACTAYS, en especial a Beatriz y Natalia, la confianza depositada 

en mí y la beca que me ofrecieron para el estudio de estas enfermedades, sin 

la cual este proyecto no hubiera sido posible. 

Quiero hacer especial mención al Dr. José Antonio Sánchez Alcázar por 

abrirme las puertas de su laboratorio y darme la oportunidad de trabajar con él, 

considerándome una más de su grupo. Y agradecerle el tiempo que dedicó en 

el inicio de mi andadura en el mundo de la investigación, sin él no habría 

llegado a donde estoy. También agradecer todo la ayuda y apoyo que encontré 

en su grupo, siempre dispuestos a facilitarme el trabajo. En primer lugar, 

agradecerle a Ana todo lo que me enseñó en mi primera etapa. Agradecer a 

Juanmi toda la ayuda y consejos que me ha ofrecido.  

Quiero expresar mi más sincero agradecimiento a Marina y a Mónica. Ellas han 

sido dos pilares muy importantes para mí, siempre dispuestas a ayudarme en 

cualquier momento y a cualquier hora. Ha sido y será siempre un placer 

trabajar con ellas porque además de compañeras, las considero muy buenas 

amigas. Agradecer también su inagotable paciencia y todos los conejos que me 

han dado.  

También darle las gracias al Dr. Antonio Pérez Pulido y a su grupo por su 

ayuda y aclaración de dudas del análisis bioinformático del proyecto. 

Gracias al Dr. Manuel J. Muñoz y a la Dra. Ana María Brokate Llanos por 

aceptarme en su laboratorio para la realización de una colaboración y hacer mi 

estancia muy agradable. 

Agradezco al Dr. Jon Lane el abrirme las puertas de su laboratorio para la 

realización de la estancia, por su ayuda desinteresada  y por su generosidad 

para compartir su experiencia y conocimientos. Igualmente, agradecer a su 

grupo de investigación por facilitarme mi trabajo diario con simpatía.  

A lo largo de mi trayectoria investigadora he conocido a profesionales muy 

interesantes y comprometidos con la investigación como son Dr. José M. 

Álvarez Suárez y Dr. Jordi Muntané Relat. Especialmente agradecer a Jordi por 

contar conmigo para trabajos de investigación y por su agradable trato. 



265 
 

En mi estancia en Bristol, he tenido la suerte de conocer a gente estupenda 

que ha hecho que mi paso por esta ciudad sea inolvidable. En especial, a Alba, 

Íñigo, Iván, Sara, Viky y Sonia que siempre han estado ahí desde el principio 

tanto en los buenos como en los malos momentos. A todos aquellos que no 

nombro porque la lista sería interminable, no los olvido y siempre los tendré 

presentes. 

A mis mejores amigos de Utrera por su amistad, alegría y su apoyo en los 

momentos difíciles. Me habéis ayudado muchísimo sin saberlo, en nuestras 

noches de cine, de juegos de mesa y de fiesta. Sin vosotros nada de esto 

hubiese sido posible. Os quiero y os querré siempre. Agradecer en especial a 

mi Mario, por haber estado ahí en todos los momentos, apoyándome en todo, 

dándome fuerzas, animándome. Gracias por tu paciencia infinita, gracias por 

todo, no sé qué haría sin ti, te quiero muchísimo. Y a mi mejor amigo, a mi Adri, 

que lo quiero mucho y siempre está dispuesto a todo, siempre me ha apoyado 

y me ha sacado una sonrisa cuando más lo necesitaba y cuando no también. 

Estoy muy orgullosa por tener amigos como ustedes, no podría imaginar mi 

vida sin vosotros. 

Agradecer a la familia de Mario, en especial a Loli, por los buenos ratos que 

paso con ellos y su incondicional apoyo. 

A mi familia le agradezco su confianza y apoyo, sin el cual no habría sido 

posible alcanzar mis objetivos. Especial agradecimiento a mi Tía María del 

Carmen que ha sido como una segunda madre para mí, que siempre ha estado 

ahí cuando la he necesitado. A mi prima Raquel, ha sido y siempre será como 

la hermana que nunca tuve. Nos hemos apoyado mutuamente en los 

momentos más difíciles de nuestra vida y hemos disfrutado mucho juntas. 

Y a mi abuela Ana, por ser una persona incansable, luchadora, vital, que ha 

dado todo por su familia. Que diariamente me alegra con su presencia, siempre 

sonriente y positiva. 

Por último, gracias a mis padres, Diego y Esperanza, por creer en mí y 

alentarme cada día a seguir creciendo. Ayudándome a superar los baches que 

hay en le vida; a no escatimar ningún medio para conseguir mi felicidad. 



266 
 

Gracias al amor que me dan día a día, a su paciencia, a su interés en mi 

trabajo, por su incansable ayuda y por todo los consejos que me han dado a lo 

largo de toda mi vida. 

Gracias infinitas. 

  



267 
 

 

  



268 
 

 

 

 

 

 

  



269 
 

 


