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1. ABSTRACT 

Niemann-Pick type A (NPA) disease is a fatal lysosomal neurodegenerative and autosomal 

recessive disorder. It is characterized by deficiency in acid sphingomyelinase (ASM) and 

accumulation of sphingomyelin and cholesterol in lysosomes. Unfortunately, there is no 

cure for patients who die between 2-3 years of age. 

Previously we described that the c-Abl proapoptotic signaling pathway is key in neuronal 

death in different neurodegenerative diseases, including lysosomal disorders. 

Furthermore, recent studies show a role for c-Abl in autophagy and cellular clearance, 

processes that depend on the lysosome, and are essential for keeping cellular 

homeostasis. Indeed, autophagy dysfunctions are involved in different pathologies, 

including neurodegenerative diseases. Considering these antecedents, we propose to 

evaluate if c-Abl is hyperactivated and modulates autophagy and cellular clearance in NPA 

disease. 

The hypothesis of this thesis is that c-Abl hyperactivation blocks the autophagy flux 

contributing to the neuronal pathogenesis in Niemann Pick type A disease. Our general 

aim is to determine if c-Abl hyperactivation blocks the autophagy flux contributing to the 

neuronal pathogenesis in Niemann Pick type A disease. The specific aims are: 1) To 

determine if the c-Abl signaling pathway is hyperactivated and participates in NPA disease 

neurodegeneration and 2) To evaluate if hyperactivation of the c-Abl signaling pathway 

inhibits autophagy flux in NPA models. We used several NPA models including; fibroblasts 

from NPA patients, Neural Stem Cells derived from these fibroblasts and a NPA mouse. In 
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these models we modulated c-Abl activity and evaluated cell death, cerebellar 

inflammation and autophagy flux. 

Our results show that:  i) c-Abl is hyperactivated and contributes to the 

neurodegeneration in in vitro and in vivo NPA models; ii) There are lysosomal and 

autophagy alterations in NPA models; iii) c-Abl inhibition induces autophagy and 

decreases lipid accumulation in in vitro NPA models; iv) c-Abl inhibition decreases 

neuronal death and inflammation at the cerebellum and improves locomotor function in 

NPA mice and v) the downregulated genes in NPA fibroblasts increase their expression 

upon Imatinib treatment. Interestingly, these genes are direct or indirectly related with 

autophagy. 

These results give new antecedents to understand the role of c-Abl in autophagy 

regulation and its contribution to the NPA disease pathogenic mechanisms.   Additionally, 

these results allow us to propose c-Abl inhibitors as a therapeutic option for this disease. 
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2. INTRODUCTION 

2.1 Niemann Pick type A disease 

Deficiency in acid sphingomyelinase (ASM) in lysosomes causes Niemann Pick type A and B 

(NPA/B) diseases, both of which are inherited autosomal recessive disorders that differ in 

the amount of residual ASM activity (Brady et al. 1966).  While the residual ASM activity of 

~5% or more results in NPB disease, a further reduction to ~1-2% or less induces NPA, a 

disease with a more severe phenotype (Graber et al. 1994).  

NPA disease is a rare lysosomal storage disorder with an incidence of 0.5-1 per 100,000 

births (Schuchman, 2007). However, NPA is more frequent among individuals of Ashkenazi 

Jewish ancestry than in the general population with a carrier frequency of approximately 1 

in 90. Furthermore, around 97% of the mutations in the SMPD1 gene, that encodes for 

ASM, correspond to the common mutations fsP330 (frameshift mutation), L302P, and 

R496L among Ashkenazi Jewish patients (Levran et al. 1992; Schuchman et al. 1997). 

NPA patients present developmental delay, hepatosplenomegaly and progressive 

neurodegeneration (Figure 1), principal aspect studied in this thesis, while NPB patients 

exhibit hepatosplenomegaly without neurological defects. As a consequence, the NPA 

patients typically die between 2 and 3 years of age, while NPB patients usually live into 

adulthood (Schuchman et al. 2017).  
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NPA patients have a normal neonatal development with hepatosplenomegaly as one of 

the first symptoms (McGovern et al. 2006). This development does not progress beyond 

10 months of age for adaptive behavior and motor skills and 12 months of age for 

expressive language. Respiratory failure and bleeding complications are the main causes 

of NPA death (McGovern et al. 2006).  

Because NPA and NPB are caused by a reduction in ASM activity, the enzyme activity 

quantification in circulating leukocytes or cultured skin fibroblasts is the standard 

diagnostic procedure (He et al. 2003). However, it is not yet possible to predict with 

certainty the degree of brain involvement in NPA patients using the results of the ASM 

activity assays. Additionally, sequencing of the SMPD1 gene or analyses of the presence of 

vacuolated cells in peripheral blood or bone marrow are used to confirm the diagnostic. 
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2.2. Lipids accumulation in NPA disease 

ASM is an enzyme found in the lysosomal compartment, where it hydrolyzes 

sphingomyelin (SM) to ceramide and phosphocholine. Thus, a low or null ASM activity 

causes abnormal accumulation of SM in lysosomes (Schuchman et al. 2013). Under stress 

conditions, ASM rapidly translocates from lysosomes to the outer leaflet of the plasma 

membrane, where it also can hydrolyze SM into ceramide (Charruyer et al. 2005). 

Interestingly, SM is the most abundant sphingolipid in cells, with ubiquitous distribution in 

all mammalian tissues, and particularly high levels in the Central Nervous System (CNS). It 

is known that SM and cholesterol are essential lipids of the plasma membrane, which 

levels are crucial for cell function (Bienias et al. 2016).  As a consequence, the activity of 

enzymes related to SM metabolism and its levels in the plasma membrane and lysosomes 

has deep effects on both membranes biophysical properties as well as on cellular signaling 

(Milhas et al. 2010; Zhang et al. 2009). 

 SM and cholesterol levels are tightly regulated in cells. NPA cells not only accumulate SM, 

but also secondarily cholesterol and other lipids, such as glucocerebroside, GM2 and GM3 

gangliosides and sphingosine (Vanier, 2013; Pentchev et al. 1980; Scandroglio et al. 2008). 

Indeed, it has been described that SM accumulation generates cholesterol accumulation 

and vice versa. Conversely, cholesterol depletion reduces SM accumulation in NPA/B cells 

(Puri et al. 1999). Furthermore, Niemann Pick C (NPC) cells, that accumulate cholesterol 

primarily in lysosomes, show a dramatic decrease in ASM activity, although these cells 

contain a normal SPMD1 gene (Thomas et al. 1999; Reagan et al. 2000).  These data show 
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connections between ASM activity, SM and cholesterol accumulation in NPA/B and in NPC 

diseases, suggesting that both diseases are related and could share pathogenic signaling 

pathways. 

2.3. NPA cellular and animal models  

In order to understand NPA/B pathology, there are different in vitro and in vivo NPA 

models. Among the in vitro NPA models, stands up the pharmacological NPA model 

induced by desipramine, an ASM inhibitor (Kornhuber et al. 2010; Tam et al. 2010). 

Furthermore, there are fibroblasts from NPA patients that are good human NPA models 

(Corcelle-Termeau et al. 2016). Lately, Neural Stem Cells (NSCs) derived from NPA 

fibroblasts are a new cell-based disease model for further study the disease 

pathophysiology and for high-throughput screening drug development (Long et al. 2016). 

As an in vivo NPA model, a murine NPA model was created by targeted disruption of the 

of the Smpd1 gene encoding for ASM. The ASM “knockout” mice (ASMKO; Smpd1-/-) 

develop a similar phenotype to NPA patients, including neurodegeneration and a 

shortened lifespan (mice die around by eight months of age). These animals have no 

detectable ASM activity in their tissues and show elevated blood cholesterol levels, 

increased SM levels in the liver and brain, atrophy of the cerebellum and marked 

deficiency of Purkinje cells (Horinouchi et al. 1995).   

NPA disease exhibits a widespread neuronal degeneration that initially affects Purkinje 

neurons in cerebellum (Oterbach et al. 1995; Ledesma et al. 2011).  Additionally, the brain 

shows astrogliosis and the astrocytes in the NPA hippocampus and cortex present altered 



17 
 

morphology (Pérez-Cañamás et al. 2016). The mechanisms that lead to cell death, 

specifically those involved in neuronal death in NPA disease, are unknown. In ASMKO 

mice, Purkinje cell loss starts by 7 weeks of age and culminates with near complete 

degeneration of these neurons by 20 weeks of age and correlates with locomotor function 

impairment (Macauley et al. 2008). In this thesis, we worked with this ASMKO mouse 

model that was kindly donated by Dr. Fernández-Checa (Cell Death and Proliferation, 

Institute of Biomedical Research of Barcelona (IIBB), CSIC, Barcelona, España). 

2.4. Therapies for NPA 

NPA is a fatal disease, unfortunately there is no cure or treatment yet for this disease and 

NPA patients die between 2-3 years of age. For this reason, all efforts to understand its 

pathogenic mechanisms and elaborate an effective therapy are imperative. To address 

this challenge, the Enzyme Replacement Therapy (ERT) approach has been evaluated in 

the NPA animal model. Although, the intravenous administration of recombinant human 

ASM (hASM) into ASMKO mice leads to a correction of visceral pathology, the neurological 

pathology was not corrected. Probably, this is due to inability of the enzyme to pass the 

blood brain barrier (Miranda et al. 2000). Thus NPA neurodegeneration, that is very 

aggressive and early, is difficult to revert or avoid. Indeed, the ERT approach is currently 

tested in clinical trials in NPB patients, which have no CNS damage, with good results 

(EudraCT Number: 2010-023953-12, EU Clinical Trials Register). Nevertheless, 

intracerebral injection of the SMPD1 gene or the ASM protein in ASMKO mouse can 

reduce the SM lysosomal accumulation in the CNS (Dodge et al. 2005; Passini et al. 2005). 
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This approach is effective but very invasive. For these reasons, it is important to evaluate 

other targets, in order to design new therapies for NPA patients. 

2.5. c-Abl activation as a new cell death signaling pathway in NPA 

c-Abl kinase is a non-receptor tyrosine kinase which has different biological functions 

depending on the cell type and can regulate several pathways in response to different 

signals.  For this reason, c-Abl is relevant to human diseases from cancer to neuronal 

degeneration (Wang, 2014). 

 

2.5.1. Structure and regulation of c-Abl kinase 

c-Abl has an amino (N)-terminal regulatory and catalytic domains that include the Src 

homology 3 (SH3) and SH2 and SH1 (tyrosine kinase) domains. Carboxy (C)-terminus of c-

Abl kinase contains a conserved filamentous (F) actin binding domain (Van Etten et al. 

1994; Wang et al. 2001) and a G-actin (globular actin)-binding domain upstream of the F-

actin-binding domain. Also, c-Abl kinase has conserved PXXP motifs that mediate binding 

to SH3 domain-containing proteins. Consistent with its cytoplasmic and nuclear 

localization and its capacity to regulate gene expression, c-Abl has one nuclear export 

signal (NES) and three nuclear localization signal (NLS) motifs in its C-terminus.  Multiple 

isoforms of c-Abl has been detected; alternative splicing of the first exons results in 

isoforms with distinct N-terminal sequences. The 1b isoforms of c-Abl kinase contain an N-

terminal glycine that is myristoylated, while the 1a variants lack this site and the 

corresponding modification (Figure 2A).  
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The catalytic activity of the c-Abl kinase is tightly regulated by inter- and intramolecular 

interactions and post-translational modifications (Figure 2B).  Among prominent 

intramolecular interactions required for autoinhibition are those involving the SH3 and 

SH2 domains (Hantschel et al. 2004). The SH3 domain binds to the polyproline-containing 

linker sequence that connects the SH2 and kinase domains, while the SH2 domain 

interacts with the C-terminal lobe of the kinase domain (SH1) forming a SH3-SH2-SH1 

clamp structure. Autoinhibition is also mediated by the binding of a myristoylated residue 

in the c-Abl N-terminus to a hydrophobic pocket within the C-lobe of the kinase domain. 

This interaction stabilizes the autoinhibited conformation of the myristoylated 1b isoform 

of the c-Abl kinase. The enzymatic activity of the c-Abl kinase is also regulated by tyrosine 

phosphorylation. Among the tyrosine residues phosphorylated on c-Abl are Y412 in the 

activation loop and Y245 in the SH2-kinase domain linker. Phosphorylation of these 

tyrosines stabilizes the active conformation of the c-Abl kinase, and can occur by 

transphosphorylation between c-Abl proteins or may be mediated by Src family kinases 

(Tanis et al. 2003). Also, the stability of c-Abl kinase can be modulated by tyrosine 

phosphorylation. Phosphorylation of c-Abl on Y245 and Y412 decreases protein stability 

through ubiquitination and subsequent degradation by the 26S proteasome machinery 

(Echarri et al. 2001). 
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2.5.2. c-Abl signaling pathway 

c-Abl has been reported as a central signaling kinase in different neurodegenerative 

disorders including Alzheimer (Alvarez et al. 2004; Cancino   et al. 2008), Parkinson (Ko   et 

al. 2010), Amyotrophic lateral sclerosis (ALS) (Imamura et al. 2017) and Niemann Pick type 

C (NPC) disease (Klein et al. 2011), among others (Schlatterer et al. 2011). 

In neurons c-Abl is localized mainly in the cytoplasm to coordinate actin remodeling in 

response to appropriate stimuli. c-Abl-mediated actin remodeling has been studied 

primarily in the context of cell adhesion and motility, axon guidance, and the formation of 

microspikes and synapses (Colicelli, 2011). However, in many cell types, including neurons, 

oxidative stress and DNA damage stimulate the nuclear and apoptotic functions of c-Abl 

(Schlatterer, 2011). Previous results from our laboratory show that the c-Abl kinase is 

abnormally activated (we will use the term hyperactivated in this thesis to refer to this 

idea) in NPC, which is a lysosomal storage and neurodegenerative disorder. Interestingly, 

NPC and NPA diseases share some characteristics, being both lipid storage lysosomal 

diseases that exhibit neurodegeneration, suggesting that both diseases share pathogenic 

mechanisms. Actually, preliminary results show that c-Abl is also hyperactivated in NPA 

models. 

Recently, c-Abl has been involved in autophagy. For instance, it has been described that c-

Abl inhibition using a classic inhibitor, Imatinib, induces autophagy through the 

overexpression of genes involved in this process (Can et al. 2011). Interestingly, in 

Parkinson, it has been published that Nilotinib, another classic c-Abl inhibitor, induces 

cellular clearance of α-synuclein, via autophagic degradation, and protects the 
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dopaminergic neurons, improving locomotor function in mice models of this disease 

(Hebron et al. 2013).   These results suggest that c-Abl hyperactivation could be blocking 

the autophagy flux and its inhibition would induce this process. The mechanisms that 

connect c-Abl, autophagy and cellular clearance remain to be elucidated. 

 

2.6. Autophagy alterations in NPA 

 

Autophagy is a degradative process that eliminates damaged proteins, dysfunctional 

organelles and protein aggregates in lysosomes (Figure 3) (Menzies et al. 2017). Normally, 

autophagy occurs in a basal level and is essential for cell homeostasis. However, it could 

be increased by different conditions including starvation, abnormal protein and organelles 

accumulation, pathogen infections and oxidative stress (Kawabata et al. 2016; Mizushima 

et al. 2008). In neurons, autophagy is involved in different processes, such as metabolism, 

survival, neuronal differentiation and quality control of cytosolic components. Neurons 

are particularly affected by disruptions of autophagy that are associated with many 

neurodegenerative disorders (Nixon, 2013; Menzies et al. 2017; Lee et al. 2016). 

Furthermore, genetic deletion in neurons of important genes for autophagosomes 

formation, such as ATG5 and ATG7, causes progressive neurologic alterations 

accompanied by proteins accumulation, inclusion bodies and neuronal death in mice 

(Nakamura et al. 2017). Additionally, several studies have showed that ATG5 and ATG7 

have a critic role in axon integrity maintenance, particularly in Purkinje neurons that 

develop an early and progressive neuroaxonal dystrophy and accumulation of 
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membranous structures similar to autophagosomes along the axon when ATG5 or ATG7 

are absent   (Nishiyama et al. 2007). 

 

 

 

There are few studies connecting autophagy and NPA disease. Fibroblasts from NPA 

patients and neurons of the ASMKO mice show accumulation of autophagosomes 

suggesting an inefficient autophago–lysosomal clearance in NPA. Furthermore, it has been 

described that the lysosomal membrane permeabilization leads to cytosolic release of 

lysosomal enzymes, such as Cathepsin B in NPA (Gabandé-Rodríguez et al. 2014). The 
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decrease of lysosomal proteolytic activity of cathepsins would inhibit autophagosomes 

turnover leading to impaired autophagic flux but without affecting the autophagosome-

lysosome fusion event (Yue et al. 2013). By the contrary, it was published that ASM 

regulates lysosome trafficking and its fusion with autophagosomes and that deficiency of 

ASM impairs autophagosome-lysosome fusion and autophagy maturation (Li et al. 2014). 

According to this, recently it has been published that fibroblasts from NPA patients 

accumulate elongated and unclosed autophagic membranes as well as abnormally swollen 

autophagosomes (Corcelle-Termeau et al. 2016). The membranes of these abnormal 

autophagic vesicles are enriched in WIPI2, ATG16L1 (both proteins are part of 

autophagosome biogenesis) and LC3B (a classic autophagosome marker) but reduced in 

ATG9A, an ATG protein that assists the growth of autophagic membranes. Interestingly, 

ectopic ATG9A expression effectively reverted this phenotype (Corcelle-Termeau et al. 

2016).  

Interestingly, a recent study demonstrated that lysosomal ASM is part and is required for 

the lysosomal nutrient-sensing complex (LYNUS) function. LYNUS is a lysosomal 

membrane-anchored multiprotein complex that includes the mammalian target of 

rapamycin (mTOR) and the transcription factor EB (TFEB), and is a key regulator of 

autophagy (Justice et al. 2018).  

All these antecedents show autophagy alterations in NPA disease and our preliminary 

results suggest that c-Abl signaling is hyperactivated in several NPA models. Then, we 

propose to study if c-Abl signaling participates in the autophagy alterations in NPA 
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disease. This could be a new mechanism in which c-Abl hyperactivation could contribute 

to an early neuronal death in NPA disease. 

 

3. HYPOTHESIS 

c-Abl hyperactivation blocks the autophagy flux contributing to the neuronal pathogenesis 

in Niemann Pick type A disease 

 

3.1. GENERAL OBJECTIVE 

To determine if c-Abl hyperactivation blocks the autophagy flux contributing to the 

neuronal pathogenesis in Niemann Pick type A disease 

 

3.2. SPECIFIC OBJECTIVES 

1. To determine if the c-Abl signaling pathway is hyperactivated and participates in 

neurodegeneration in Niemann Pick type A disease 

a) To evaluate the activity of c-Abl signaling pathway in in vitro and in vivo NPA models 

b) To evaluate if c-Abl activity promotes the progress of the pathology in in vitro and in 

vivo NPA models 

 



26 
 

2. To evaluate if hyperactivation of the c-Abl signaling pathway inhibits autophagy flux in 

NPA models 

a) To characterize the autophagy process and determine the autophagy flux alterations in 

vitro and in vivo NPA models 

b) To evaluate the effect of c-Abl modulation on autophagy flux in in vitro and in vivo NPA 

models 

c) To determine c-Abl targets related to autophagy flux in in vitro NPA models through 

RNA sequencing analysis 
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4. MATERIAL AND METHODS 

4.1. Material and reagents 

4.1.1. Reagents 

Protein ladder was obtained from Fermentas International Inc. (Ontario, Canada). 

Tris and glycine were obtained from Invitrogen Corporation (Carlsbad, USA). 

The gel red reagent 10,000x for PCR products visualization was obtained from Biotium 

(California, USA). 

Glycerol, NaCl, NaOH, HCl, sucrose, methanol, ethanol, and isopropanol were obtained 

from Merck (Darmstadt, Germany). 

Ponceau red, Ammonium Persulfate, tetramethyletilendiamine (TEMED), Sodium dodecyl 

sulfate (SDS), Tween 20, β-mercaptoethanol and Desipramine (D3900) (Kornhuber et al, 

2010; Tam et al, 2010) were obtained from Sigma Chemicals Co (St. Louis USA). 

Saline phosphate buffer (PBS) 10x, saline tris buffer (TBS) 10x, agarose, 

acrilamide:bisacrilamide solution were obtained from Winkler (Santiago, Chile). 

Liquid medium designed for use in mounting slides Fluoromount G was obtained from 

Electron Microscopy Sciences (Washington, USA). 

Entellan was obtained from Merck. 
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The filter paper was obtained from Whatman (Maidstone, England), and the nitrocellulose 

membrane for Western blot was obtained from BIORAD (Hercules, USA). 

Chemiluminescent substrate for western blotting was obtained from Cyanagen (Bologna, 

Italy) 

Imatinib mesylate (13139) was purchased from Cayman Chemical Company (Ann Arbor, 

United States of America). 

The Nilotinib and Ably1 supplemented diets and control diet were synthetized in China 

and imported to the animal facilities in Pontificia Universidad Católica de Chile  

The cell culture reagents, Dulbecco’s Modified Eagle Medium (DMEM), OPTI-MEM 

medium, Trypsin 1x, Antibiotic-Antimycotic 100x, Fetal bovine serum (FBS), Bovine serum 

albumin (BSA), the Lipofectamine reagent 2000 and Bicinconinic Acid for protein 

quantification were obtained from Thermo Fisher Scientific (Massachusetts, USA). 

6-hexadecanoyl-4-methylumbelliferone (HMU) and Lysosphingomyelin (LSM) were 

obtained from Moscerdam Substrates (Santa Cruz biotechnology).   

4.1.2. Enzymes 

The proteases inhibitors Leupeptin hemisulfate, PMSF, Pesptatin A were obtained from 

Sigma Chemicals Co (St. Louis, USA). 

Phosphatase inhibitor cocktail (P5726) was obtained from Sigma Chemicals Co (St. Louis, 

USA). 
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The PCR reagent: Go Taq Green Master Mix was obtained from Promega (Madison, USA). 

4.1.3. Antibodies, stainings and Tandem sensor 

Antibodies for immunofluorescences: anti-p62 (ab56416) and anti-tubulin (ab15246) were 

obtained from Abcam, Anti-LC3 (NB100-2220) was obtained from Novusbio. Anti-p-c-Abl 

Tyr412 (C5240) was obtained from Sigma Chemical Co. Anti-CD68 (MCA1957GA) was 

obtained from Bio-Rad, anti-LAMP1 (1D4B, sc-19992) were obtained from Santa Cruz 

Biotechnology. Anti-human LAMP2 (H4B4) was obtained from Developmental Studies of 

the Hybridoma Bank, University of Iowa. 

For immunohistochemistry analysis anti-calbindin D-28K antibody (AB1778) was obtained 

from Chemicon International. 

Antibodies for western blots: anti-c-Abl (A5844) was obtained from Sigma-Aldrich, anti-p-

c-Abl (Tyr412) (07-788; Millipore), anti-ubiquitinated proteins (P4D1; sc8017) and anti-

GAPDH (0411; sc47724) were obtained from Santa Cruz Biotechnology. 

 The secondary antibodies against rabbits or mouse IgGs conjugated with horseradish 

peroxidase were obtained from Upstate Biotechnology, Lake Placid, NY, USA and anti-

rabbit IgG conjugated with Alexa Fluor-488, anti-mouse IgG conjugated to Alexa Fluor-555 

and anti-rat IgG conjugated with FITC were obtained from Invitrogen Detection 

Technologies. For immunohistochemistry: avidin-biotin-horseradish peroxidase complex 

method was obtained from Vector Laboratories, Burlingame, CA, USA. 
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Stainings: BODIPY-FL C122sphingomyelin (BODIPY-SM; catalog no. D7711), Hoechst 33342 

(H3570), CellMaskTM (C10046)) and LysoTracker red (L7528) were obtained from Thermo 

Fisher Scientific Life Sciences. Filipin (F-8765) staining was obtained from Sigma Chemical 

Co. 

Tandem mRFP-GFP-LC3B BacMam 2.0 baculovirus (Thermo Fisher Scientific, P36239) was 

used for transient transduction and for monitoring autophagosome formation and fusion 

with lysosomes into autolysosomes. 

4.1.4. NPA models 

4.1.4a. NPA cellular models: i) SHSY5Y cells were treated with desipramine to inhibit ASM 

and produce a NPA phenotype (Tam C et al. 2010). ii) Primary skin fibroblasts from 

unaffected individuals (GM05659) and NPA patients carrying mutations at the SMPD1 

gene were purchased from the Coriell Institute for Medical Research. GM13205 fibroblasts 

have no detectable sphingomyelinase activity; donor subject (female Ashkenazi, 2 years 

old) had one allele with a deletion of a single cytosine in exon 2 at codon 330 of the 

SMPD1 gene [990delC] resulting in a frameshift leading to the formation of a premature 

stop (TGA) at codon 382 [P330fsX382]. GM16195 fibroblasts have acid sphingomyelinase 

enzyme levels <1% of controls; the donor subject (male Ashkenazi, no data age) was 

homozygous for a T-to-C transition at nucleotide 905 (CTT>CCT) of the SPMD1 gene, 

resulting in a leucine-to-proline substitution at codon 302 [LEU302PRO (L302P)].  iii) 

Primary cultures of neurons were prepared from hippocampus of WT and NPA mice of 

embryonic age E18 and kept in culture for 7 days. iv) NPA Neural Stem cells (NPA NSC) 
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derived from NPA fibroblasts (Long et al. 2016) were provided by Dr. Wei Zheng from 

National Institute of Health (NIH), USA. 

4.1.4b. NPA mice: The NPA mouse model (ASMKO; Smpd1-/-) was created by gene 

targeting, as described previously (Horinouchi et al. 1995) and they were kindly donated 

by Dr. Fernández-Checa (Cell Death and Proliferation, Institute of Biomedical Research of 

Barcelona (IIBB), CSIC, Barcelona, España). Genotypes were identified using a PCR-based 

screening as described previously by Horinouchi et al. 1995. 

4.2 Methods 

4.2.1. Animal treatments 

4.2.1a. Acute treatment: Mice received daily intraperitoneal injections (i.p) of imatinib 

mesylate (Gleevec; Novartis, Basel, Switzerland) (12.5 mg/kg in 0.9% NaCl) from postnatal 

day (p) 21 to p49. Control groups (WT and NPA) received daily intraperitoneal injections of 

0.9% NaCl. Body weight was measured twice a week during the full period of treatment, 

as well as locomotors tests were realized once a week. 

4.2.1b. Chronic treatment: Mice received diet supplemented with c-Abl inhibitors: Ably1 

(67 ppm) and Nilotinib (200 ppm) from postnatal day (p) 21. Unpublished results show 

that Ably1 remains more time in the brain than Nilotinib. For this reason we used a lower 

concentration of Ably1. Control groups (wild-type and NPA) received a control diet.  

Animal body weight was measured twice a week during the full period of treatment, as 

well as locomotor tests were realized once a week. Survival was measured in this group. 
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Some of mice were treated up to 2 and 5 months and then sacrificed for cerebellum 

analysis. All protocols were approved and followed local guidance documents generated 

by the ad hoc committee of Chile (CONICYT) and were approved by the Bioethics 

Committee of the Pontificia Universidad Católica de Chile (Project ID 170912002). 

4.2.2. Locomotor testing 

During the treatments, locomotor coordination was evaluated through two locomotor 

tests. i) In the hanging test, the mouse was placed at the center of a horizontal bar (3 mm 

diameter; 35 mm long) hanging with its forepaws. The body position of the animal was 

observed for 30 s and scored as described in Voikar et al. 2002. ii) In the beam test mice 

were allowed to walk along a beam (100 cm long; 2.5 cm wide). Animals were trained to 

finish the task as quickly as possible. The number of falls during the test was counted. 

4.2.3. Tissue immunohistochemical and immunofluorescense procedures 

Mice were anesthetized with xylazine/ketamine (0.12 and 0.8 mg/10 g body weight, 

respectively) and perfused with 0.9% NaCl. Then, cerebellum was removed and fixed with 

4% paraformaldehyde in PBS overnight, followed by 30% sucrose in PBS at 4°C overnight. 

Cerebella were cut in 30 μm sagittal sections with a cryostat (Leica CM1850) at -20°C. 2-3 

slices by animal were stained by experiment. We examined at least 3 animals per 

condition for quantitative analysis. For calbindin immunohistochemical analysis, anti-

calbindin D-28K antibody (AB1778, 1:1000) was used with the avidin-biotin-horseradish 

peroxidase complex method (1:500; Vector Laboratories)). Entellan was used as mounting 

medium. 
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We followed microglial marker CD68 to assess the inflammatory response. The cerebellum 

sections were incubated with PBS twice for 10 min, then with glycine 0.15M for 10 min 

and blocking solution (BSA 5% in PBS) for 1 h. Then the sections were incubated overnight 

at 4°C with a rat primary antibody against the CD68 (1:1000, Sigma Chemical Co.). After a 

washing with PBS, sections were incubated for 1 h, at room temperature, with a goat anti-

rat IgG secondary antibody conjugated with FITC (1:1000, Invitrogen Detection 

Technologies). Then tissues were washed with PBS and covered with Fluoromount G 

Mounting Medium. Images were captured with an Olympus BX51 microscope (Olympus, 

Tokyo, Japan) and analyzed with the Image-Pro Express program (Media Cybernetics, 

Bethesda, MD, USA).  

4.2.4. Mice hippocampal neuron cultures 

Mice hippocampal neurons cultures were prepared as described previously with some 

modifications (Alvarez et al. 2004; Kaech et al. 2006). Hippocampi from WT and NPA mice 

at embryonic day 18 were removed (the genotype of the animals was determined 1 day 

later), dissected in Ca2+/Mg2+-free Hank's balanced salt solution (HBSS) and rinsed twice 

with HBSS. Then, the tissue was resuspended in HBSS containing 0.25% trypsin and 

incubated for 20 min at 37°C. After three rinses with HBSS, the tissue was mechanically 

dissociated in DMEM, supplemented with 10% horse serum (Invitrogen), 100 U/mL 

penicillin, and 100 μg/mL streptomycin. Dissociated hippocampal cells were seeded onto 

polyLysine coated coverslips. Cultures were maintained at 37°C in 5% CO2 for 2 h before 

the plating medium was replaced with Neurobasal growth medium (Invitrogen) 

supplemented with B27 (Invitrogen), 2 mM L-glutamine, 100 U/mL penicillin, and 100 
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μg/mL streptomycin. At day 2, cultured neurons were treated with AraC 2μM for 24 h to 

prevent glial cell proliferation. 

4.2.5. Cell treatments 

SHSY5Y cells and NPA fibroblasts were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplied with 15% FBS. The hippocampal neurons were maintained in Neurobasal 

growth medium supplemented with B27, 2 mM L-glutamine, 100 U/mL penicillin, and 100 

μg/mL streptomycin. 

The following compounds were added to the cell media for the different treatments: 

desipramine at 5, 10, 20 µM for 24h; Imatinib at 10 µM for 24 h. 

4.2.6. ASM activity measurement  

Cell homogenates were prepared by sonication in water. Assays were always performed in 

parallel, without and with unlabelled lysosphingomyelin (LSM) as a negative control. 

Reaction mix consisted of 10 μL homogenate (2 µg/µL), 10 μl 6-hexadecanoyl-4-

methylumbelliferone (HMU-PC) substrate and either 10 μl LSM or 10 μl substrate buffer. 

The reaction mixtures were incubated for 1 h at 37◦C. Reaction was stopped by the 

addition of 200 μl stop buffer (van Diggelen et al, 2005). 

The fluorescence of HMU was measured on a fluorimeter (Synergy HT, BioTek), using the 

filter set of 4-methylumbelliferone (MU): excitation = 360 nm, emission = 460 nm.  
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4.2.7. Filipin, BODIPY-SM Staining, Hoechst, CellMask and LysoTracker Red Dye Staining 

Briefly, 20,000 cells/well were seeded on cover slips on 24-well plates after 4-h incubation 

at 37°C with 5% CO2, 0.2 mg/ml BODIPY-SM (D7711) was added to cells and incubated 

overnight.  

LysoTracker dye stains cellular acidic compartments that can be used to visualize enlarged 

lysosomes. Then, cells were washed with PBS and incubated with 50 nM LysoTracker red 

dye (L-7528) at 37°C for 1 h.  

CellMaskTM (C10046) was incubated 1 µg/ml for 10 min at room temperature in the dark, 

followed by three washes at room temperature with PBS.  

Then, cells were fixed with 4% paraformaldehyde solution. Later, cells were incubated 

with 1 mg/ml Hoechst 33342 (H3570) in PBS with incubation at room temperature for 10 

minutes. After washing, covers were mounted with Fluoromount-G and cells were imaged 

in the Olympus BX51 microscope (Olympus, Tokyo, Japan). 

For filipin staining SHSY5Y cells were fixed in 4% paraformaldehyde/4% sucrose in PBS for 

30 min. After, cells were washed with PBS and treated with 1.5 mg/mL glycine for 20 min. 

Finally cells were treated with 25 μg/mL filipin for 30 min, washed with PBS and covered 

with Fluoromount-G. Images were captured with an Olympus BX51 microscope. 
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4.2.8. Immunofluorescence on coverslips 

SHSY5Y cells and primary neurons were placed on poly-lysine-coated coverslips (30,000 

cells/cover). For fibroblasts do not need poly-lysine-coated coverslips. After treatment, 

cells were fixed in 4% paraformaldehyde/4% sucrose in PBS and permeabilized with 0.02 

% Triton X-100. Then, cells were blocked with 3% bovine serum albumin in PBS. 

Immunostaining was carried out using anti-p-c-Abl Tyr412 (1:500), Anti-p62 (1:400), anti-

LC3 (1:500), anti-LAMP2 (1:10), anti-LAMP1 (1:100), anti-tubulin (1:1000). Anti-rabbit-

Alexa Fluor-488 (1:1000) and anti-mouse-Alexa Fluor-555 (1:1000) were used as 

secondary antibodies. Fluorescent images were captured with an Olympus BX51 

microscope (Olympus) and analyzed with the Image-Pro Express program (Media 

Cybernetics). Three covers by condition were stained by experiment. We examined at 

least 5 images by cover in at least 3 independent experiments. 

 

  4.2.9. mRFP-GFP tandem fluorescent-tagged LC3 expression 

NSC were transduced with 30 particles per cell of the mRFP-GFP tandem fluorescent-

tagged LC3 (Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B) using Lipofectamine 2000 

reagent (Invitrogen). After 24 h, cells were processed for analysis in a confocal LSM510 

META microscope (Carl Zeiss AG). Quantification of only RFP-positive dots or dots positive 

for GFP and RFP was performed with Image J software.  
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4.2.10. Western blot analysis 

Cerebellar protein samples (30 μg) and cellular protein samples (50 μg) were resolved by 

SDS–PAGE. The immunoblot was carried out using anti-c-Abl (A5844; 1:1000), p-c-Abl 

(Tyr412) (1:1000), anti-LC3 (1:1000), anti-p62 (1:1000), anti-ubiquitinated proteins (1:1000) 

and anti-GAPDH (1:3000) antibodies, and secondary antibodies conjugated with 

horseradish peroxidase (1:3000). 

4.2.11. Transcriptomic analysis 

WT and NPA Fibroblasts were treated with Imatinib 10 µM by 24 h. Then, RNA isolation 

was performed using Direct-zolTM RNA MiniPrep (Zymo Research, The Epigenetics 

Company). RNA was sent to Novogene (Korea) to perform RNA sequencing. To preprocess 

the data we used Trim Galore, followed by read alignment with STAR. Afterwards, we 

calculated expression values using Stringtie and the remaining analysis were performed 

with R. For the heatmap we used the R package heatmap.2. 

4.2.12. Statistical analysis  

Mean and standard error with the corresponding number of experiments are indicated in 

the figure legends. Probability values of the data for Student t-tests and ANOVA tests with 

Tukye’s post-test were obtained using the GraphPad Prism 8 (Graph Pad Software, Inc., 

San Diego, USA). 
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5. RESULTS 

Results will be shown according to the specific objectives. 

5.1. Results objective 1: To determine if the c-Abl signaling pathway is hyperactivated 

and participates in neurodegeneration in Niemann Pick type A disease 

5.1.1 c-Abl is hyperactivated in several NPA models 

5.1.1a Several NPA in vitro models show an increase in c-Abl activation 

We evaluated c-Abl activation in several NPA cellular models. First, we worked with a NPA 

pharmacologic model, in which we treated SHSY5Y neuronal cells with the ASM inhibitor 

desipramine. First, we assayed ASM activity in treated SHSY5Y cells and observed a 

significant ASM activity reduction in desipramine treated cells compared to control cells.  

SHSY5Y cells treated with desipramine showed only a 9% of residual ASM activity 

mimicking the NPA phenotype (Figure 4A). We used SHSY5Y cells heated and treated with 

LSM (a competitive inhibitor) and NPA fibroblasts as controls of ASM activity reduction. In 

order to confirm the NPA phenotype, we evaluated cholesterol accumulation through 

filipin staining and found that the cells treated with desipramine showed positive filipin 

staining indicating the secondary accumulation of cholesterol and confirming the 

induction of the NPA phenotype in SHSY5Y cells (Figure 1A, Annex 1). More important, 

through mass spectrometry, we observed an increase in SM levels in cells treated with 

desipramine (Figure 1B, Annex 1).  
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Once confirmed that we had a good NPA neuronal model, we measured c-Abl kinase 

activation. When this kinase is activated by proapoptotic stimuli, it is autophosphorylated 

in tyrosine 412 (p-c-Abl) and also partially changes its location from a cytosolic to a more 

nuclear one.  

We evaluated the levels of p-c-Abl levels in the SHSY5Y cells treated with desipramine.   

Interestingly, we found a significant increase in p-c-Abl levels that depends on 

desipramine doses in treated cells by western blot (Figure 4B) and immunofluorescence 

analysis (Figure 4C), indicating c-Abl hyperactivation by ASM inhibition. 

Moreover, we observed that c-Abl localization is also nuclear in desipramine-treated cells 

(Figure 4C).  This is very interesting because nuclear location is related to c-Abl pro-

apoptotic functions (Wen et al. 1996).  
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Also, we worked with neuronal genetic models. We prepared primary culture of 

hippocampal neurons from WT and NPA embryos. First, we characterized the NPA 

phenotype of these neurons. Neurons were stained for tubulin to evaluate the dendritic 

tree through Scholl analysis after obtaining confocal images.   Interestingly, NPA neurons 

show lower arborization with a significantly less number of dendrites of 20 µm than WT 

neurons (Figure 1, Annex 2). Then, we evaluated SM accumulation using BODIPY-SM. We 

found that NPA primary neurons show higher levels of this lipid than WT neurons (Figure 

5A). Interestingly, and according with the NPA pharmacological models, we found that p-

c-Abl levels were increased in NPA primary neurons, indicating c-Abl hyperactivation. 

Furthermore, we found that p-c-Abl nuclear localization is increased in NPA neurons  

compared to WT neurons (Figure 5B). These results support that c-Abl is hyperactivated in 

primary NPA neurons.   
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In order to work with a model closer to NPA patients, we used human NPA fibroblasts, 

obtained from the Repository Coriell. We worked with GM13205 and GM16195 NPA 

fibroblasts (see material and methods), which harbor the most common mutations in NPA 

disease. As expected, we found that SM is accumulated in NPA fibroblasts compared to 

control fibroblasts (GM05569) (Figure 6A). Consistent with the previous results, we found 

that activated c-Abl levels (p-c-Abl) are increased in both NPA fibroblasts (Figure 6B). 

Moreover, we also observed that c-Abl kinase is mainly localized in the nucleus of these 

cells (Figure 6C).This result suggests that c-Abl has also propapoptotic functions in human 

NPA models. 

Additionally, during my internship at Dr. Zheng laboratory in NIH, I worked with another 

genetic NPA model; Neural Stem Cells (NSCs) derived from NPA human fibroblasts (Long 

et al. 2016). NSCs are multipotent cells able to generate CNS cells including neurons and 

glia. For these reasons, this is the best model to study the neurodegenerative aspect of 

this kind of diseases. As expected, NPA NSCs accumulate SM (Figure 7A). Interestingly, in 

this human neuronal NPA model, we also found that the levels of activated c-Abl are 

increased compared to WT cells (Figure 7B). This last result confirms c-Abl hyperactivation 

in several NPA models, most importantly these results suggest that c-Abl kinase is 

hyperactivated in human NPA disease. 
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5.1.1b. c-Abl kinase is hyperactivated in the NPA in vivo murine model 

Because the ASMKO mouse was a new model for our laboratory, first we characterized 

the progression of NPA disease. We assessed the temporal curve for neurons death in NPA 

cerebellum. Our results suggest that Purkinje neurons loss, evaluated through calbindin 

immunohistochemistry, starts around 5 weeks of age at the cerebellum anterior lobules 2 

and 3. Moreover, neuronal death increases with age (Figure 1, Annex 3), affecting all the 

lobules by 10 months of age, as we will show later. Likewise, we found that the CD68 

signal (a microglia marker related to cerebellar inflammation) is already significantly 

increased in lobules 2, 3, 4-5 and 6 in the NPA mice at 4 weeks-old. This CD68 signal also 

increases with the age of the NPA mice (Figure 2, Annex 3).  However, there is no 

significant difference in locomotor function between WT and NPA mice at early ages 

(Figure 3, Annex 3). 

  
In order to evaluate if neuronal death in the NPA mouse is related to c-Abl 

hyperactivation, we analyzed c-Abl activated protein levels (p-c-Abl) in homogenates of 

cerebellum and brain of WT and NPA mice at 4 weeks of age.  We found that p-c-Abl levels 

are increased in NPA cerebellum, but it is not significant. This could be because the 

animals are still very young. However, we found that the levels of p-c-Abl are increased in 

the brain of NPA mouse in comparison to WT mouse at 4 weeks of age (Figure 8). These 

results confirm c-Abl  hyperactivation and indicate that there are also other brain regions 

that are affected in the NPA mouse. 
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Together, these results indicate that c-Abl kinase is hyperactivated in all the NPA models 

studied. In addition, the c-Abl kinase main nuclear localization suggests the activation of 

its pro-apoptotic functions in the NPA cellular models. Thus, c-Abl could be contributing to 

neuronal death in NPA disease. 
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5.1.2. c-Abl inhibition decreases neuronal death and improves neurologic signs in NPA 

mouse 

As a first approach, to determine if c-Abl contributes to the neuronal death, we evaluated 

the effect of c-Abl inhibition on cellular viability in the NPA pharmacological model. As 

expected, we found that SHSY5Y cells treated with desipramine significantly decreased 

their cellular viability. Interestingly, when cells were co-treated with desipramine and the 

c-Abl inhibitor, Imatinib, the cellular viability of these cells significantly increased respect 

to cells treated with desipramine alone (Figure 9). These results suggest that c-Abl kinase 

participates in cellular death in NPA neurons. 
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Then, we used the ASMKO mice to evaluate the effect of c-Abl inhibition on the 

progression of NPA pathology. We treated WT and NPA mice with c-Abl inhibitors using 

two approaches: acute and chronic treatment. 

Acute treatment: Mice were treated with Imatinib, a classic c-Abl inhibitor (Capdeville et 

al. 2002; Druker et al. 1996). Mice were injected intraperitoneally (i.p) daily with Imatinib 

(12.5 mg/Kg) or vehicle from three to seven weeks of age (see material and methods). We 

did not find any difference in mice gain of weight with the Imatinib treatment. Also, we 

evaluated coordination and locomotor function using the Hanging and Beam tests.  In the 

Hanging test, we found that NPA mice showed impairment of the locomotor function 

compared to WT mice, whereas NPA mice treated with Imatinib improved locomotor 

function in comparison to control NPA mice (Figure 10A). In the Beam test we did not find 

differences between NPA and WT mice at these ages and all mice did not fall from the 

beam (results not shown).  Therefore, this test did not help us to evaluate differences 

between the experimental groups at these ages. 

As we previously observed, the cerebellum of NPA mice showed a less calbindin staining 

than WT mice, indicating Purkinje neurons loss. Interestingly, the NPA mice treated with 

Imatinib showed an increased calbindin staining, indicating an improvement in the 

Purkinje neurons survival (Figure 10B). The most significant effect was found in the 

anterior lobules, specifically at lobules 4 and 5. Also, we evaluated the levels of the 

microglia marker CD68 through immunofluorescence. We found that the cerebellum of 

NPA mice shows higher CD68 levels than cerebellum of WT mice and that Imatinib 
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treatment significantly decreased CD68 positive cells in lobules 4 and 5 compared to NPA 

mice cerebellum (Figure 10C).  
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Chronic treatment: In chronic treatment, WT and NPA mice received c-Abl inhibitors 

supplemented diets by approximately 11 months. The animals were fed with control diet 

or diets supplemented with Ably1 (67 ppm) and Nilotinib (200 ppm) from postnatal day 

(p) 21. NPA mice fed with control diet as well as NPA mice treated with diets 

supplemented with the c-Abl inhibitors showed similar loss of weight, starting around 5 

months of age (150 days) (Figure 11A). As expected, NPA mice fed with a control diet 

showed a significant impairment in locomotor function compared to WT mice 

(*p≤0.0001). Interestingly, we found an exciting result in the Hanging test. NPA mice fed 

with the Nilotinib supplemented diet showed a significant reduction in the locomotor 

function deterioration rate until the end of the treatment in comparison to the NPA mice 

treated with the control diet (*p≤0.0001). Moreover, mice treated with Ably1 showed a 

delay in the locomotor function impairment up to 20 weeks of age. After that, the 

deterioration rate was increased until the end of treatment (Figure 11B). Using the 

Hanging test data, we performed a deterioration curve, which shows percent of mice that 

score equal or above 3 during treatment (Figure 11C).  Hanging test score between 5 and 

3 shows a good performance. A score less than 3 indicates locomotor impairment. As we 

expected, 100% of WT mice treated with the control diet had equal or above score 3 until 

the end of the treatment, while all of NPA mice treated with the control diet had a score 

less than 3 at 35 weeks of treatment. Interestingly, at 12 weeks of treatment, there was a 

50% of NPA mice treated with control diet scored 3 or higher, while 50% of NPA mice 

treated with Ably1 diet were at 21 weeks of treatment. In addition, we observed that 75% 

of NPA mice treated with control diet were at 9 weeks of treatment. However, 75% of 
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NPA mice treated with Nilotinib diet were at 40 weeks of treatment. This shows a big shift 

in the curve to the right. At the end of treatment (46 weeks of treatment), 72% of NPA 

mice treated with Nilotinib diet and 30% of NPA mice treated with Ably1 had a score 3 or 

higher. All of these analyses suggest that c-Abl inhibitors supplemented diets improved 

locomotor function and delayed deterioration (Figure 11C).   

For the chronic treatment, we also tried to use the Beam test to measure locomotor 

function. We found that NPA mice treated with the control diet start to fall since 5 months 

of age. The NPA mice treated with Nilotinib or Ably1 supplemented diets showed a 

tendency to decrease in the number of falls, but this effect was no significant (Figure 1, 

Annex 4). These results suggest that this test is not adequate to measure the clear 

improvements obtained with the Hanging test and also with the visual evaluation of the 

NPA mice treated with the Nilotinib and Ably1 supplemented diets compared with the 

NPA mice treated with the control diet.  

To correlate the improvements in the Hanging test with the histology of the cerebellum, 

we analyzed WT and NPA cerebella at 5 months of age, after 4 months of treatment. First, 

we evaluated the effect of the diet in p-c-Abl levels. Interestingly, we found that p-c-Abl 

levels are increased in cerebellum of control-treated NPA mice in comparison to WT mice 

with the same diet. As we expected, diets supplemented with the c-Abl inhibitors 

decreased p-c-Abl levels, suggesting that treatment decreased c-Abl hyperactivation 

(Figure 12A).  We also performed immunohistochemistry analysis against calbindin, and 

observed that NPA cerebellum is smaller than WT cerebellum at this age, indicating 

structural alterations in NPA mice. Furthermore, we found a big loss of Purkinje neurons 
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at anterior lobules in the NPA mice cerebellum. Interestingly, both the NPA mice treated 

with the Nilotinib and Ably1 supplemented diets, showed a tendency to have a less 

neuronal death at the posterior lobules (Figure 12B). We are working to increase the 

number of samples to perform quantitative studies that will allow statistical analysis of 

the differences. 

Despite the promising results obtained with the hanging test and the analysis of the 

cerebellum, we did not observe any difference in survival of mice in treatment. It is 

important to mention that the number of animals by group was small (Figure 1, Annex 5).  
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5.2. Results objective 2: To evaluate if hyperactivation of the c-Abl signaling pathway 

inhibits autophagy flux in NPA models 

 

5.2.1. NPA models show autophagy and lysosomal alterations 

Next, we evaluated if the NPA models present alterations in the autophagy flux and 

lysosomes. We evaluated the classic autophagy markers, p62 y LC3I/II, and lysosomal 

markers, such as LAMP1/2, in genetic NPA models.  

First, we analyzed the autophagy and lysosomal markers levels in NPA human fibroblasts. 

We found that LC3II and p62 levels are increased in NPA fibroblasts (Figure 13A). 

Furthermore, we observed a big accumulation of p62 and LC3 positive-autophagic vesicles 

around the nucleus (Figure 13B). Also, we found that LAMP2 levels are increased and a 

higher intensity for the Lysotracker staining, suggesting that NPA fibroblasts show a higher 

number of acid vesicles and lysosomes than WT fibroblasts (Figure 13B).  

Furthermore, we observed a significant increase in p62 levels in primary NPA neurons 

(Figure 14A). Also, we found a tendency of an increase in LC3II and LAMP1 levels in these 

neurons. Moreover, we observed that lysosomes are bigger in primary NPA neurons 

compared to primary WT neurons (Figure 14A). In accordance with these results, we 

found increased p62 levels in NPA NSC compared to WT NSC (Figure 14B). 
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Additionally, we found no difference in p62 levels in brain and cerebellum homogenates 

of WT and NPA mice at 3 months of age (Figure 15A, 15B). However, we found a 

significant increase in LC3II levels in NPA mouse brain and cerebellum (Figure 15A, 15B).  

Altogether, these results are in accordance with results that previously have been 

published (Gabandé-Rodríguez et al. 2014) and show autophagy and lysosomal alterations 

in NPA models.   
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5.2.2. c-Abl inhibition induces autophagy flux and lowers lysosomal markers levels and 

sphingomyelin accumulation 

Next, to evaluate the contribution of c-Abl in autophagy and lysosomal alterations in NPA 

disease, we analyzed the effect of the c-Abl kinase inhibitor, Imatinib, in the autophagy 

markers in NPA fibroblasts.   First, we verified the effect of Imatinib treatment in c-Abl 

activation. As we expected, we found that Imatinib decreased the p-c-Abl levels, indicating 

that Imatinib inhibits c-Abl hyperactivation (Figure 16A). Interestingly, we found that 

Imatinib treatment decreased the number of p62-positive vesicles in NPA fibroblasts. 

Moreover, Imatinib treatment changed the p62-positive vesicles distribution (Figure 16B). 

Also, we found that LAMP1 levels were increased in NPA fibroblasts in comparison to WT 

fibroblasts. Moreover, we observed that NPA fibroblasts are bigger than WT fibroblasts. 

Interestingly, LAMP1 levels decreased when NPA fibroblasts were treated with Imatinib 

(Figure 16C). 
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In order to evaluate the effect of c-Abl inhibition on the autophagy flux in a genetic NPA 

model, we used the Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B in NPA NSCs. The 

use of this tool allows following the maturation of autophagosomes to autolysosomes.  

Cells incubated with this sensor express a LC3 protein fused to an acid-sensitive GFP and 

an acid-insensitive RFP. The expression of this LC3 fusion protein allows visualizing the 

change from autophagosome (neutral pH) to autolysosome (with an acidic pH) by imaging 

the specific loss of the GFP fluorescence, leaving only a red fluorescence (Figure 17A). 

Interestingly, WT NSCs showed mainly a diffuse green signal while NPA NSCs showed both 

punctuate GFP and RFP fluorescence (yellow colocalization), suggesting autophagosomes 

accumulation due to a decrease in autophagosome-lysosome fusion. Furthermore, 

Imatinib significantly increased the red dots in comparison to untreated NPA NSCs, 
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suggesting that Imatinib increased autophagosome-lysosome fusion (Figure 17B). These 

results suggest that c-Abl inhibition induces autophagy flux.  

 

 

 

 

Together, these results suggest that c-Abl inhibition induces the autophagy flux in the NPA 

models. Considering that an increase in autophagy flux could induce an increase in cellular 

clearance, we evaluated the effect of c-Abl inhibition in different parameters. First, we 

analyzed the effect of c-Abl inhibition on autophagy markers and ubiquitinated proteins in 
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brain and cerebellum of WT and NPA mice treated with the c-Abl inhibitors supplemented 

diets by 1 month. As we expected, we found that LC3II and p62 levels are increased in NPA 

cerebellum. Moreover, the c-Abl inhibitors treatment decreased autophagy markers 

levels. Although number of samples is small, the tendency is clear (Figure 18).  However, 

we did not find positive results in the NPA mice brain, suggesting that is too early to see 

an effect in this region (data not shown). Regarding ubiquitinated proteins, we did not find 

an effect of the supplemented diets in the cerebellum and brain of the NPA mice treated 

by 4 months (Figure 1, Annex 6). Probably, the number of samples is too small. Also, it will 

be interesting to analyze different ages. Therefore, we are increasing the number of 

samples to have more robust and conclusive results.  

 

In order to confirm the effect of Imatinib on cellular clearance, we evaluated SM 

accumulation in NPA genetic cellular models. Interestingly, we found that Imatinib 

treatment induced a decrease in SM accumulation in primary NPA neurons (Figure 19A). 

As a control, we confirmed that Imatinib decreased p-c-Abl levels in NPA neurons (Figure 

19B). Moreover, we also found that Imatinib decreased SM accumulation in NPA NSCs 

(Figure 19C).  This last result is very important because NPA NSCs is a genetic NPA model, 

very close to humans, supporting the results obtained with the animal NPA model. 
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5.2.3. Effect of c-Abl inhibition on the genetic expression profile in NPA fibroblasts 

As previously mentioned, c-Abl kinase has nuclear localization signals and its localization in 

this organelle is associated to signaling through different substrates, such as the p73 and 

TFEB transcription factors (Alvarez et al. 2008; Klein et al. 2011; Contreras et al. 2020, 

SUBMITTED) and histone desacetilase HDAC2 (Gonzalez-Zuñiga et al. 2014).  In order to 

explore mechanisms related to changes in genetic expression that c-Abl could be 

modulating related with autophagy flux in NPA cells, we performed a RNA-seq in WT and 

NPA fibroblasts (GM13205) with and without Imatinib treatment.  

As a first analysis of this data, we performed a functional enrichment analysis comparing 

WT fibroblasts v/s NPA fibroblasts and NPA fibroblasts treated with vehicle v/s NPA 

fibroblasts treated with Imatinib (Annex 7). We found interesting results. For example, 

genes that participate in movement of cells and/or organelles are downregulated in NPA 

fibroblasts in comparison to WT fibroblasts (Annex 7A). This could explain why autophagic 

vesicles are accumulated around the nucleus in the NPA models. On the other hand, 

Imatinib treatment increases expression of genes involved in processes based on actin 

filaments (Annex 7D). These genes networks could contribute in a significant way to 

autophagy alterations in NPA disease. 

A second analysis show that there is a subset of genes displaying the highest fold changes, 

as we can observe in the heatmap (Figure 20). Here we can observe two comparisons: 

Control WT v/s control NPA and Control NPA v/s Imatinib NPA. The colors red and blue, 

show down-expressed and over-expressed genes, respectively. The stronger red is, the 
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more negative the fold change is (more downexpression). The same for blue, the greater 

the fold change is (overexpression), the stronger blue appears.  

We looked for genes that met two criteria: 1) that were down-regulated in NPA fibroblasts 

compared to WT fibroblasts and whose expression increased with Imatinib, and 2) that 

encoded for proteins that are related to the autophagic flux in a direct or in an indirect 

way, we found some genes: 1) Genes related to actin, such as ACTC1 and PHACTR3, which 

are downregulated in NPA fibroblasts in comparison to WT fibroblasts; 2) GABARPL1 

(ATG8) gene encoding for the ATG8 protein, which contributes to autophagosome 

formation in late stage, particularly during maturation and fusion with lysosomes.  
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In order to confirm that these genes are down-regulated in NPA fibroblasts compared to 

WT fibroblasts and that their expression increased with Imatinib, we analyzed the mRNA 

levels of these genes through qPCR (Figure 21). We found that the genes related to actin 

are less expressed in NPA fibroblasts compared to WT fibroblasts. In accordance with our 

previous result, Imatinib treatment has a tendency to increase their expression. On the 

contrary, GABARAPL1 levels are increased in NPA fibroblast compared to WT fibroblasts 

and Imatinib treatment increased more its expression.  

Altogether, our results suggest that c-Abl kinase regulates gene expression and could 

contribute in a significant way to autophagy alterations in NPA disease. 
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6. DISCUSSION 

Our results show that c-Abl is hyperactivated and contributes to autophagy alterations in 

several in vivo and in vitro NPA models.  

We found that c-Abl is hyperactivated in all the different NPA models that we have 

analyzed in this thesis. c-Abl has been reported to be activated in other lysosomal and/or 

neurodegenerative diseases, including Niemann Pick type C (NPC), Alzheimer and 

Parkinson disease (Alvarez et al. 2008; Alvarez et al. 2004; Imam   et al. 2011). Thus, these 

diseases, which are different in their etiology, share a mechanism for neuronal death that 

involves hyperactivation of c-Abl kinase.  

It has been described that c-Abl kinase can be activated in response to distinct types of 

cellular stress (Shaul et al. 2005; Sun et al. 2000; Hopkins et al. 2012).  However, the 

upstream stimulus and mechanism that activates c-Abl kinase in NPA disease remains 

unclear. It has been published that c-Abl kinase activation and signaling appear to be 

differentially affected by ROS levels in NPC neurons (Klein et al. 2011). Interestingly, 

oxidative stress also has been described in NPA disease. Autofluorescent lipofuscin 

aggregates were abundant in the hippocampus of ASMKO mice by 4 months of age. These 

autofluorescent deposits are indicative of lipofuscin-like aggregates that form due to 

oxidation and ROS accumulation (Pérez-Cañamas et al. 2017). Moreover, 

dihydrorhodamine (DHR) staining, which measures ROS levels in living tissue, showed a 

two-fold increase in DHR staining levels in the hippocampus of 4-month-old ASMKO 

compared with WT mice (Pérez-Cañamas et al. 2017). However, our results suggest that c-
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Abl is hyperactivated at 4 weeks of age. It is likely that oxidative stress is an early hallmark 

in the NPA disease and could be hyperactivating c-Abl kinase. On the other hand, recent 

studies suggest that c-Abl may be regulated in different cellular contexts by distinct lipids 

(Van Etten, 2003). Therefore, there is a possibility that SM or other lipids accumulation 

could hyperactivate c-Abl kinase in NPA pathology. Interestingly, a recent study suggests 

that ASM and c-Abl are involved in apoptosis regulation (Ren et al. 2012). Clearly, we have 

more to learn about the regulation of this fascinating kinase. This is an interesting topic 

that remains to be elucidated.  

As previously mentioned, we worked with several NPA models and in all of them we 

observed c-Abl hyperactivation. Our first approach consisted in the treatment of a 

neuronal cellular line with the ASM inhibitor desipramine. We confirmed that desipramine 

induced the NPA phenotype, decreasing ASM activity (around 90%) and increasing lipid 

accumulation. In this pharmacological NPA model we also observed c-Abl hyperactivation.   

Desipramine induces functional inhibition of ASM. The ASM enzyme is attached by 

electrostatic forces to the inner lysosomal membrane, thereby being protected against 

proteolysis. High concentrations of the protonated bases like desipramine disturb the 

binding of ASM to the inner lysosomal membrane and result in detachment of ASM and 

subsequent inactivation possibly involving proteolysis (Kornhuber et al. 2010). However, 

we cannot rule out that part of observed effect of c-Abl hyperactivation is produced 

through other targets of desipramine. Actually, desipramine is a tricyclic antidepressant 

(TCA) used to promote recovery of depressed patients. Currently, the most widely 

accepted theory of desipramine’s mechanism of action is that it blocks the reuptake of 
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norepinephrine and serotonin in the presynaptic neuronal membrane (Turker et al. 1967).   

Reuptake blockade increases the available amount of neurotransmitter in the synapse. 

Antinociceptive effects of desipramine are believed to be achieved via manipulation of 

norepinephrine. In addition to these mechanisms, desipramine appears to downregulate 

beta-adrenergic receptors and serotonin receptors. It also proposed to have alpha-1 

blocking, antihistamine, and anticholinergic effects as well (Alba-Delgado et al. 2018). 

Next, we found that c-Abl is hyperactivated and presents a preferent nuclear localization 

in human NPA fibroblasts. Interestingly, c-Abl nuclear localization has been related with its 

proapoptotic functions, leading to cellular death (Wen et al. 1996). Furthermore, NPA 

Neural Stem Cells (NSCs) reproduce the same results obtained from NPA fibroblasts. This 

human genetic NPA model could give us a closer idea about what is happening in neurons 

from NPA patients and support that c-Abl hyperactivation is participating in neuronal 

pathogenia of the disease in patients. 

Also we evaluated an in vivo NPA model and observed c-Abl hyperactivation in brain and 

cerebellum of NPA mice. Interestingly, our results show that neurodegeneration in NPA 

mouse cerebellum begins early, around 5 weeks of age at Purkinje neurons. However, it 

has been described other zones of brain and cerebellum are damaged later (Macauley et 

al. 2008). According with this, our results show an increase of p-c-Abl levels in brain of 

NPA mice. Interestingly, although neuronal death starts early, NPA mice live during 10-11 

months (adulthood) as we found in chronic treatment. On the contrary, NPA patients die 

between 2-3 years of age, being a very aggressive disease. The reason of this difference 

between NPA animal model and NPA patients is still unclear. Clinical descriptions of NPA 
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neuropathology are limited. However, we will discuss some ideas. NPA animal model has 

been developed by the targeted deletion of the gene that codifies ASM (Horinouchi et al. 

1995). NPA mouse lacks ASM protein (Smpd1-/-) while disorder is caused by loss of 

function mutations in the gene encoding ASM in humans. However, ASMKO mice develop 

a phenotype very similar to the NPA patients. ASMKO mice do not have residual ASM 

activity and exhibit progressive lipid storage in reticuloendothelial (RES) organs, as well as 

in the brain. The principal accumulating lipid is SM, but cholesterol and ganglioside 

storage also has been observed similar to NPA patients (Horinouchi et al. 1995). However, 

in addition to SM, elevated levels of bis(monoacylglycero)phosphate (BMP) and 

lysosphingomyelin (sphingosine phosphocholine) are also common  in NPA patients. In 

addition to the above-noted phenotypes, the ASMKO mice also exhibit alterations in 

ceramide mediated signal transduction. This has been studied mostly in the context of 

stress-induced apoptosis, where the ASM deficient mice are resistant to cell death 

induced by several treatments (e.g., irradiation, ischemia) (Henry ey al. 2013). ASM is a 

major source of ceramide, both in lysosomes and at the cell membrane. While it may be 

hypothesized that defective ASM activity in NPA/B disease results in depleted ceramide, 

surprisingly, ASMKO mice have elevated ceramide in their tissues. This is likely due to 

breakdown of the accumulated sphingomyelin by other sphingomyelinases present in 

nonlysosomal compartments. Moreover, abnormalities in downstream products of 

ceramide hydrolysis, sphingosine and sphingosine-1-phosphate, also are elevated in 

ASMKO mouse tissues. These potent signaling lipids may be contributing to pathogenesis 

as well (Schuchman et al. 2017). Furthermore, it has been described that hepatic levels  of 
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SM, ceramide  and sphingosine were elevated in one NPB patient, indicating  that there 

are  other  ways  to compensate the formation of these lipids downstream of SM 

(Acuña et al. 2016). 

ASMKO mice develop a fine tremor of the whole body and severe intention tremor, and 

their gait become increasingly ataxic: tottering with zigzag movement, characteristic of 

cerebellar dysfunction with an early death of most affected animals by 10 months of age 

(Otterbach et al. 1995). The neuropathology of NPA includes widespread neuronal 

degeneration, including gliosis and demyelination, in both animal model and NPA patients. 

According to this, the NPA animal model mimics the neurovisceral form of human NPA 

disease. However, the most studied neuronal loss is the progressive degeneration of 

Purkinje neurons in the cerebellum. But, it is not the only affected area in NPA 

neuropathology and it is possible that other zones of brain and cerebellum could be 

compensating neuronal loss in the NPA mouse and for this reason NPA mouse shows a 

slower progression of disease than NPA patients. It is another interesting projection of this 

thesis to study what other areas of brain and SM metabolism are affected in NPA mice. 

The reasons why Purkinje cells are initially the most affected neurons are unknown. 

Purkinje cells are big neurons with large cytoplasmic volume and extensive dendritic 

arbors, which implies high metabolic demands and higher susceptibility to insults (O'Hearn 

et al. 1999; Olney et al. 1999). Moreover, it has been described that the Purkinje neurons 

death follows a highly ordered array of stripes that reveals differential susceptibility of 

morphologically identical cells but with specific molecular phenotypes, and differential 

gene expression that could be neuroprotective. 
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Indeed Purkinje cells of anterior lobules as our results show, particularly 1 to 5 are the first 

and most severely affected, these more susceptible Purkinje cells are negative for zebrin-II 

suggesting it expression is neuroprotective (Sarna et al. 2001). Other genes, which have 

been suggested, are protective for Purkinje neurons are heat shock protein 25 (Hsp25) 

(Armstrong et al. 2000) and metabolic enzymes that would partly compensate the ASM 

deficiency (Terada et al. 2004). Also, it has been shown that lipid accumulation affects 

signaling pathways, for instance impairment in p75 growth factor receptor signaling at the 

plasma membrane has been linked to neuronal death (Dusart et al. 1994). Moreover, it 

has been described that the p75 signaling pathway is regulated by ceramide and lipid 

levels at the plasma membrane (Brann et al, 1999). Also, it has been shown that lipid 

accumulation induces oxidative damage (Pérez-Cañamás et al. 2017) in NPA disease, 

which could contribute to Purkinje neuron vulnerability. 

Autophagy is an important cellular process that eliminates damaged proteins, 

dysfunctional organelles and protein aggregates and where lysosomes have a central role 

(Menzies et al. 2017). Neurons are particularly affected by disruptions of autophagy that 

are associated with many neurodegenerative disorders (Nixon et al. 2013; Menzies et al. 

2017; Lee et al 2016). Recently, it has been published that autophagy can be regulated by 

c-Abl kinase (Can et al. 2011; Hebron et al. 2013). Interestingly, we found that activated c-

Abl levels and autophagy markers are increased at an early age in NPA mice brain and 

cerebellum, suggesting that these mechanisms are connected and could be contributing 

to NPA disease progression. Unfortunately, how c-Abl is regulating autophagy is unclear 

yet.  



81 
 

Our results show lysosomal and autophagy alterations in all NPA models studied. 

Furthermore, we found a high number of autophagy vesicles around nucleus and that 

classic autophagy markers (p62 and LC3) are increased in NPA models. Our results are in 

accordance with what has been published that fibroblasts from NPA patients accumulate 

elongated and unclosed autophagic membranes, as well as abnormally swollen 

autophagosomes (Corcelle-Termeau et al. 2016). Furthermore, it has been described that 

autophagosome clearance is delayed leading to accumulation of vesicles in other similar 

pathologies. For example, alterations in lysosomal function and autophagy are tightly 

associated to neurodegeneration in NPC disease (Guanghong et al. 2007) and other 

neurodegenerative disorders like Parkinson (Garcia-San et al. 2018), Gaucher disease 

(Aflaki et al. 2016) and Alzheimer disease (Cermak  et al. 2016), among others (Menzies  et 

al. 2017; Lee  et al. 2016). In this sense, it has been described that lipid accumulation in 

NPA could contribute to autophagosomes accumulation because of autophagosome-

lysosome fusion impairment (Li et al. 2014; Corcelle-Termeau et al. 2016). Also, lysosomal 

membrane permeabilization leading to cytosolic release of lysosomal enzymes, such as 

Cathepsin B, has been described in NPA fibroblasts (Gabandé-Rodríguez et al. 2014) and 

also in  NPC  models by our group (unpublished results). 

Then, NPA cells exhibit alterations in lysosomal function and autophagy and c-Abl 

hyperactivation. Our results show that both mechanisms are connected. We observed 

that when c-Abl is inhibited, there is a decrease in SM accumulation, autophagy markers 

and cellular death. It would be interesting to evaluate the effect of induction of c-Abl 

activation on autophagy. The mechanism by which c-Abl could be regulating autophagy is 
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not fully clear. It has been described that c-Abl phosphorylates some proteins related to 

actin cytoskeleton, which directly participates in the movement of vesicles (Mitsushima et 

al. 2006). Also, c-Abl could be regulating autophagy (Can et al. 2011), lysosomal 

biogenesis, clearance and exocytosis through gene expression regulation (Contreras et al. 

2020, SUBMITTED). This could explain the decrease in SM accumulation after 24 h with c-

Abl inhibitors observed in this thesis. Our results show that c-Abl inhibition regulates 

autophagy decreasing autophagy markers in cerebellum and brain of NPA mice and an 

increase in the autophagosome-lysosome fusion using LC3 double color in NPA NSCs. 

However, more studies are necessary to evaluate the effect of c-Abl inhibition on 

autophagy flux. Moreover, we think that c-Abl inhibition is regulating different processes 

related to lysosomes at the same time. 

 As mentioned, c-Abl has signals of nuclear localization, where it has different substrates 

including transcription factors p73 and TFEB (Klein et al. 2011; Contreras et al. 2020, 

SUBMITTED) and histone desacetilase HDAC2 (Gonzalez-Zuñiga et al. 2014). Our 

transcriptomic analysis (RNA sequencing) of NPA cells in which we inhibited c-Abl with 

Imatinib shows that c-Abl could regulate the expression of genes directly or indirectly 

involved in autophagy flux. For example using this approach we found interesting genes 

such as the GABARAPL1 gene (ATG8), which participates in the formation and/or 

maturation of autophagy vesicles or some genes related to actin which participate in 

vesicles movement regulated by cytoskeleton.  

Although we confirmed by qPCR the c-Abl inhibition dependent changes of actin related 

genes in NPA fibroblasts, the changes of GABARAPL1 gene expression showed no clear 
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tendency. We need to increase the number of samples and/or study protein levels and 

distribution. Elucidating the mechanism by which c-Abl regulates autophagy flux is an 

interesting projection of this thesis. 

On the other hand, the results obtained with mice treated with injections of Imatinib are 

interesting and suggest that there is an increase in Purkinje neuron survival and a 

decrease in CD68 signal associated to inflammation when c-Abl is inhibited. These results 

are similar to those published in NPC mice with an Imatinib treatment (Alvarez et al. 

2008). However, we also observed an increase in the animal's survival in the NPC mice 

model treated with Imatinib, an effect that could be associated with a faster progression 

of the disease of this mice model compared with the NPA mice. 

Considering that NPA mice live 10 months approximately, we thought that a longer 

treatment was necessary to obtain better results. Interestingly, chronic treatment with c-

Abl inhibitors supplemented diets showed a significant improvement in locomotor 

function and an exciting delay in locomotor impairment, especially with the Nilotinib 

supplemented diet. Ably1 supplemented diet also delayed locomotor impairment, 

especially at the beginning of treatment. This result is important because Ably1 is a new 

inhibitor that was designed by our laboratory and the NCATS-NIH group. Ably1 has better 

penetrance in the blood barrier than Nilotinib (unpublished results). However, the 

Nilotinib supplemented diet treatment had a better and more significant effect than Ably1 

treatment. The reasons that account for these differences between the treatments with 

Ably1 and Nilotinib are not clear yet.   Nilotinib and Ably1 present a different c-Abl 

inhibition mechanism. Nilotinib binds to the ATP binding cleft between the N-terminal and 
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C-terminal lobes, while Ably1 binds to an allosteric pocket for myristate at the C-terminal 

lobe of the kinase domain (Meirson et al. 2018). Multiple isoforms of c-Abl have been 

detected; alternative splicing of the first exon results in isoforms with distinct N-terminal 

sequences. The 1b isoforms of c-Abl kinase contain an N terminal glycine that is 

myristoylated, while the 1a variants lack this site and the corresponding modification 

(Greuber et al. 2013). One explanation could be that Ably1 only inhibits the 1b isoform but 

not the 1a isoform. c-Abl isoforms levels and their regulation and expression still remains 

to be elucidated. On the contrary, Nilotinib inhibits both isoforms. But also this difference 

could be associated to the fact that Nilotinib is more potent (IC50 ≤30 nM) than Ably1 

(IC50=2 µM). In addition, it is important to mention that the diets supplemented with the 

inhibitors were used with different concentrations:  67 ppm for Ably1, while 200 ppm was 

used for Nilotinib but unpublished results show that Ably1 remains more time than 

Nilotinib in the brain. Despite this exciting result in locomotor function, we found no 

effect on the survival of treated mice. We think that we need a bigger number of animals 

to obtain better results. Our group has published a 12% increase in the survival of NPC 

mice with Imatinib treatment using at least 6 animals per condition (Alvarez et al. 2008). 

We are working to increase the number of mice for more conclusive results. 

As mentioned, neurons are particularly affected by disruptions of autophagy (Nixon, 

2013). Therefore, an improvement in autophagy could decrease neuronal death. Our 

results show that c-Abl inhibition decrease autophagy markers suggesting an autophagy 

flux induction. This could positively affect Purkinje neurons leading to a decrease in 

neuronal death and improving locomotor function in NPA mouse. As mentioned above, 
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we think that there are other regions of brain that could be also regulating locomotor 

function and the neurodegenerative pathology of NPA in general. Surely, this is an 

interesting aspect to continue studying  other regions of the brain that could be affected 

in the disease and could be succinct to improve by inhibiting c-Abl.  

In summary, our results show that c-Abl kinase is hyperactivated in several NPA models 

and regulates autophagy, being this aspect very relevant in neurodegeneration (Figure 

22). Moreover, we found that c-Abl inhibition decreases neuronal death, improves 

neurological signs of NPA mice, increase autophagy flux and lowers sphingomyelin 

accumulation. Considering that c-Abl inhibitors are safe drugs with mild secondary effects 

and approved by FDA, our results suggest that c-Abl inhibition could be a possible therapy 

for NPA patients, especially when this disease currently has no cure or treatment. More 

experiments are required to confirm this idea but this could be the biggest projection of 

this work. Interestingly, recent reports show that c-Abl inhibitors have been used in 

clinical trials for different neurodegenerative pathologies like Parkinson disease (Pagan et 

al. 2019; Abushouk et al. 2018) and other Dementias (Pagan et al. 2016), Huntington’s 

disease (Clinical trial gov identifier NCT03764215) and Alzheimer’s disease 

(NCT02947893). Results in Parkinson patients are promising because they show 

improvement in locomotor function and decreased synuclein accumulation, stimulating a 

new phase of this study (Pagan et al. 2019). 

Altogether, these antecedents and our results suggest that c-Abl kinase is promising 

therapeutic target supporting the potential use of c-Abl inhibitors for clinical treatment of 

NPA patients. 
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7. CONCLUSIONS 

 Our results show that c-Abl kinase is hyperactivated in several NPA models 

 NPA models show autophagy and lysosomal alterations 

 c-Abl inhibition induces autophagy flux and lowers sphingomyelin accumulation in 

in vitro NPA models 

 c-Abl inhibition decreases neuronal death, inflammation markers and improves 

locomotor function in NPA mice 

 c-Abl kinase is relevant in neurodegeneration supporting potential use of c-Abl 

inhibitors for clinical therapy in NPA patients 
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