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General introduction 

 

Pompe disease  

Pompe disease (PD) is a metabolic myopathy caused by mutations of the GAA gene, 

resulting in functional deficiency of the lysosomal hydrolase acid α-glucosidase (GAA, 

acid maltase, E.C.3.2.1.20). [Van der PLoeg et al, 2008] Deficiency of acid α-

glucosidase leads to accumulation of lysosomal glycogen in virtually all cells of the 

body, but the effects are most notable in muscles. [Hirschhorn et al,2001] The 

estimated incidence of PD has been reported to vary between 1:40,000 and 1:146,000. 

[Van der Ploeg et al, 2008; Semplicini et al, 2018] Newborn screening programs 

implemented in some countries are changing this figure, with incidence rates of   

approximately 1: 17,000-1:27,000. [Scott   et al, 2013; Bodamer et al, 2017; Chien et 

al, 2019]     

The GAA gene, localized in 17q25.2-q25.3, consists of 20 exons spread over 28 kb of 

genomic sequence and encodes for a protein of 952 amino acids with a predicted 

molecular mass of 110 kDa. [Hoefsloot et al, 1990] The 110 kDa GAA protein 

synthesized in the endoplasmic reticulum is a precursor polypeptide, which undergoes 

N-glycan processing in the Golgi apparatus, and is proteolytically processed in the 

lysosomes into active isoforms of 76 and 70 kDa, through an intermediate molecular 

form of 95 kDa. [Hoefsloot et al, 1990] 

The mature enzyme hydrolyzes the alpha-1,4 and 1,6-glycosidic bonds of glycogen, 

releasing glucose units that are then transported across the lysosomal membrane by 

a specific carrier. 

Being GAA deficiency ubiquitous in PD, glycogen storage occurs in almost every tissue 

and cell type. However, disease manifestations are predominantly related to muscle 

involvement and heart and skeletal muscle are the major sites of pathology. 
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So far more than 500 different GAA gene variations have been identified (The Human 

Gene Mutation Database, HGMD and Pompe Center) and the type of mutation 

correlates in most cases with the residual enzyme activity. GAA activity may range 

from complete deficiency (<1%) in the severe forms, to partial (up to 30%) deficiency 

in milder forms. PD is often due to missense mutations in GAA gene that causes the 

synthesis of a misfolded enzyme protein. 

Traditionally, PD patients have been classified into distinct categories, including an 

early onset “classical” form, early onset intermediate phenotypes, and the attenuated 

late onset juvenile and adult forms. 

The “classic” infantile-onset form represents the severe end of this spectrum with a 

clearly defined phenotype, characterized by severe hypertrophic cardiomyopathy 

typical ECG pattern, generalized hypotonia and a rapidly progressive course. When 

untreated, classic infantile PD patients die by the end of the first year. [Van den Hout 

et al, 2003; Kishnani et al, 2006] 

In the late-onset, slowly progressive juvenile and adult-onset forms symptoms related 

to skeletal muscle dysfunction, resulting in both mobility and respiratory problems, are 

the primary manifestations. [Hagemans et al, 2005] The first symptoms usually start 

between the second and fourth decade and are in most instances related to impaired 

mobility and limb-girdle weakness. The age at onset, the rate of disease progression 

and the sequence of respiratory and skeletal muscle involvement vary substantially 

among different patients. The clinical variability makes diagnosis difficult and, in 

several cases, the final diagnosis is made many years after the start of symptoms. 

Intermediate phenotypes (early onset without cardiomyopathy, childhood-onset) have 

also been described and characterized. 

 

 



 

 3 

Therapy for PD: Enzyme replacement therapy 

The only approved treatment for PD is enzyme replacement therapy (ERT) with 

recombinant human GAA (rhGAA). ERT is based on the concept that recombinant 

lysosomal hydrolases, in most cases enzyme precursors manufactured on large scale 

in eukaryotic cells systems (chinese hamster ovary cells), can be administered 

periodically to patients by an intravenous route. RhGAA binds to the mannose 6-

phosphate receptor, which is present on the cell surface of cardiomyocytes and 

skeletal muscle cells. The enzyme is then internalized into the myocyte and 

transported via endocytosis to the lysosome. Inside the lysosome, rhGAA breaks down 

the accumulated glycogen into glucose. [Reuser et al, 1984; Van der Ploeg et al,1991] 

Major  beneficial  effects  of  enzyme  therapy  in  infants  are   very   encouraging,   but   

leave   no   doubt   that   the   treatment   of   patients   with   classic   infantile   Pompe’s   

disease is very challenging because of the combination of profound  deficiency  of  acid  

α-glucosidase,  the  difficulty of targeting muscle, and the time needed to remodel the 

muscle  fibres  and  restore  the  muscle  function.  The results obtained in infants hold 

promise for patients with residual acid α-glucosidase activity and a less progressive 

clinical course. [Van der Ploeg et al, 2008] 

However, limitations of ERT are becoming evident. First, not all patients respond 

equally well to treatment. Second, it is now clear that skeletal muscle (one of the major 

sites of disease and an important target of therapy) is more refractory to treatment than 

other tissues. Why this happens remains to be fully elucidated. It has been proposed 

that several factors concur in reducing the effectiveness of ERT in skeletal muscle. 

One of these factors is the preferential uptake of rhGAA by liver and the insufficient 

targeting of the enzyme to skeletal muscle. [Raben et al,2003] The large mass of 

skeletal muscle and the relative deficiency of the mannose-6-phosphate receptors in 

muscle cells [Wenk et al,1991] also contribute to the poor correction of GAA activity.  
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The pathophysiology of PD 

Recently, it became clear that a number of pathogenic mechanisms, such as 

autophagy, calcium homeostasis, oxidative-stress, and mitochondrial abnormalities, 

all contribute to tissue damage in PD as well as in other LSDs. [Kohler et al, 2018] 

Autophagy is a dynamic process involving the rearrangement of subcellular 

membranes to sequester cytoplasm and organelles in autophagic vesicles for delivery 

to lysosomes or vacuoles where the sequestered cargo is degraded and recycled. 

[Klionsky et al, 2007] For autophagy to accomplish its biological function (i.e. the turn-

over of macromolecules and organelles), autophagic vesicles must fuse to lysosomes 

to form autophagolysosomes. When autophagy is blocked protein turn-over is 

impaired, causing the accumulation of ubiquitinated protein aggregates. The presence 

of large pools of autophagic debris in skeletal muscle and the impact of this pathology 

on therapy warrant the classification of PD into a group of disorders known as 

autophagic myopathies. [Nishino et al, 2003] Furthermore, it has been shown that the 

autophagic build-up affects the trafficking and delivery of the recombinant enzyme to 

the lysosome. Thus, in PD, a profoundly disordered intracellular recycling system 

appears to be an important contributor to muscle weakness and incomplete response 

to treatment. [Kohler et al, 2018]  
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Aim of the thesis 

The general aims of the project of my thesis are to investigate the mechanisms 

involved in the pathophysiology and to identify novel biomarkers for the treatment of 

PD that may translate into improved efficacy of the existing therapies. Although the 

biochemistry and genetics of PD are well known already for many years the 

pathophysiology is still incompletely clear. Glycogen storage in cells and tissues and 

impairment of autophagy have been well characterized, however other secondary 

abnormalities of cellular pathways need further characterization. The first aim of the 

project is to better characterize the secondary dysregulation of cellular pathways 

triggered by storage in PD, and to investigate whether these abnormalities may 

represent novel therapeutic targets, complementary to existing therapies. The second 

aim of this research project is focused the potential of microRNAs (miRNAs) as new 

tool for understanding of the disease pathophysiology and as new potential biomarkers 

to follow disease diagnosis, progression and follow up of patients. 
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Chapter 1 

EVIDENCE OF INCREASED OXIDATIVE-STRESS IN PD. A NEW THERAPEUTIC 

TARGET? 
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Introduction 

Autophagy and oxidative-stress: cross-talk and redox signalling 

Increased oxidative-stress is one of the potential factors implicated in induction of 

autophagy. Oxidative-stress is defined as a “state in which oxidation exceeds the 

antioxidant systems in the body, secondary to a loss of the balance between them.” 

Oxidative-stress plays an important role in the pathophysiology of many diseases. The 

reactive oxygen species (ROS) in biological systems including superoxide anion 

(2O2), hydroxyl radical (HO), nitric oxide (NO), peroxyl radical (ROO) and non-radical 

hydrogen peroxide (H2O2) compose the most important components of oxidative-

stress. [Babior, 2000] 

ROS and RNS likely act as the intracellular “alarm molecules” of the availability of 

nutrients, signal their presence and activate the autophagic machinery. ROS-sensitive 

transcription factors and oxidative response give the cellular warning according to the 

redox condition [Chuang et al, 2002]. These signal proteins are two signal pathways 

belonging to two different families. The first of these pathways is mitogen-activated 

protein (MAP) kinase family and in this pathway phosphorylation occurs starting in from 

cytoplasm and continuing to nucleus by the activities of extracellular signal regulator 

kinases, which are c-jun N terminal kinase and p38 MAP kinase. The second family is 

redox-sensitive signal pathway; cytoplasmic signal factors includes thioredoxin 

reductase, thioredoxin, nuclear factor Ref-1 and a few transcription factors (AP-1, 

nuclear factor kappa B (NF-kB), Nfr-1 and Egr-1). Autophagy is required for removing 

the conditions that cause ox-stress (starvation), for clearing ROS and RNS from cells, 

and ultimately for allowing cells to overcome conditions of starvation and oxidative-

stress [Filomeni et al, 2015]. 
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Fig1.Oxidative-stress mediated cell damages in the cell: Excessive ROS production can lead to 

damages in mitochondria, which can cause cell death or oxidative-damaged cell components are 

degraded by autophagy and promote cell survival 

 

Autophagy is a catabolic pathway activated in response to different cellular stressors, 

such as damaged organelles, accumulation of misfolded or unfolded proteins, ER 

stress, accumulation of reactive oxygen species, and DNA damage that is critical to 

maintain cellular homeostasis. There are three major recognized types of autophagy: 

microautophagy, chaperone-mediated autophagy (CMA) and macroautophagy, 

Microautophagy is a constitutive and sometimes selective process by which whole 

portions of the cytoplasm are engulfed by direct invagination of lysosomal membrane 

into tubulovesicular structures. [Ravikumar et al,2010] 
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CMA is characterized by the translocation of cytosolic proteins into lysosomal lumen. 

In this process, protein import is directly mediated by the lysosomal-associated 

membrane protein type 2A (LAMP2A) translocation complex. [Cuervo et al, 2010] 

Macroautophagy is the best characterized form of autophagy. It is responsible for the 

breakdown of proteins and organelles in the cell, and it is considered necessary for 

cell survival. [Navarro-Yepes et al, 2014] During this process, a portion of cytoplasm 

including soluble materials and organelles is sequestered within a phagophore, a de 

novo-formed double-membraned structure also named isolation membrane. After 

elongation, the phagophore closes upon itself to form a discrete double-membrane 

autophagic vesicle, called autophagosome, which entraps sequestered cytosolic 

cargoes. Subsequently, via cytoskeleton-dependent motion, autophagosome engages 

and fuses with lysosome in a Ca2+-dependent manner, forming a fusion-hybrid 

organelle called autolysosome. Within the autolysosome, lysosomal enzymes degrade 

cargoes and the resulting macromolecules are transported back to cytosol for 

recycling. [Yang et al,2009] When autophagic process is completed, lysosomes are 

reformed from the fusion-hybrid organelles through lysosome biogenesis. 

mTOR (mammalian target of rapamycin), which is a factor playing important role in 

autophagic activation, is a kinase signal pathway. This signal pathway is classically 

activated in case of hunger, hypoxia or stress condition. [Levine et al,2005] mTOR 

complexes exist in two types, namely mTORC1 and mTORC2, which are distinguished 

by different components. The active mTORC1 prevents autophagy by phospho-

inhibiting the UNC51-like kinase 1 (ULK1) at Ser757 that interacts with two partners: 

the autophagy related gene 13 (Atg13) and the FAK-family interacting protein of 200 

kDa (FIP200). These three proteins form together the so called ULK1 complex. [Yang 

et al, 2010; Nazio et al, 2013] When cells suffer hypoxia, energy depletion, and other 
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stimuli, mTORC1 activity is simultaneously restrained with the activation of autophagy. 

When mTORC1 is inhibited, ULK1 is activated and is able to phosphorylate Atg13 and 

FIP200. This is the first step that leads to the autophagosome formation. 

 

 

Fig2.Process of autophagosome formation. Autophagy is inhibited by mTOR. Various kinds of stress 

(hypoxia, oxidative-stress, pathogen infection, endoplasmic reticulum stress or nutrient starvation 

conditions) inhibit mTOR, and the process of autophagy is initiated. 

mTOR, represents the main kinase responsible for Transcription factor EB (TFEB) 

phosphorylation in presence of amino acids. TFEB has arisen as a master regulator of 

lysosome function and autophagy. In the presence of nutrients TFEB is phosphorylated 

by mTOR on S142 and S211 serine residues, which play a crucial role in determining 

TFEB subcellular localization. [Settembre et al,2102]  Once in the nucleus, TFEB 

drives the expression of several genes controlling lysosomal functions, through the 
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CLEAR (Coordinated Lysosomal Enhancement And Regulation) signaling network. 

[Medina et al 2015; Sardiello et al, 2009] Furthermore, following an elevation in ROS 

production or an increase in exogenous oxidants, Mucolipin TRP channel 1-mediated 

Ca2+ release promoted calcineurin-dependent TFEB nuclear translocation, thus 

enhancing autophagy and lysosome biogenesis and mitigating oxidative stress. 

[Zhang et al, 2016]  

 

 

 

 

 

 

 

 

 

Fig3.Mechanisms of TFEB activation A. TFEB is inactivated under optimal lysosomal conditions of 

low pH and nutrient abundance. mTORC1 phosphorylates TFEB; phosphorylated TFEB binds to 14-3-

3 proteins and is retained in the cytoplasm. B. TFEB is activated under lysosomal stress caused by high 

pH, nutrient starvation, and accumulation of intralysosomal undigested material. mTORC1 inhibition or 

the phosphatase calcineurin decrease the levels of phosphorylated TFEB, allowing TFEB translocation 

to the nucleus and inducing the expression of CLEAR network genes. 
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As part of the energy-sensing cascade, mTORC1 is also regulated by the AMP-

dependent protein kinase (AMPK). The autophagy pathway is regulated by energy 

depletion through activation of the 5’-AMP activated protein kinase (AMPK), which 

senses cellular AMP levels. [Kim et al,2011; Mizushima et al, 2011] AMPK can activate 

autophagy through several mechanisms, including the direct phosphorylation of ULK1 

at Ser 317 and Ser 777. [Kim et al,2011] AMPK can also phosphorylate Beclin 1 (Thr 

388) leading to Vps34 activation. [Zhang et al, 2016] Depletion of cellular reducing 

equivalents regulates autophagy via activation of the NAD+-dependent class III histone 

deactylase sirtuin 1 (SIRT1). [Lee et al,2008] SIRT1 was reported to complex and 

catalyze the deacetylation of key autophagy regulator proteins, including ATG5, -7, -8. 

[Lee et al,2008] 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig4. AMPK can elicit autophagy steps by directly phosphorylating different protein substrates 
involved in its initiation phases. 
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Genetic studies have confirmed the importance of autophagy in cellular resistance to 

oxidative-stress and in mitochondrial maintenance. [Kara et al,2016] Secondary 

derangements of cellular pathways have been identified as key factors in the 

pathophysiology of the lysosomal storage diseases. [Lieberman et al,2012] 

Understanding the interrelationship between oxidative-stress and autophagy in PD, 

may help us design therapeutic strategies to target pathological autophagy without 

hindering its physiological effects. 

 

 

Fig5. Relationship between autophagy and ROS. ROS levels regulate autophagy levels by different 

pathways such as: (1) oxidization of ATG4 leading to accumulation of autophagosomes, (2) activation 

of the AMPK signaling cascade inducing the initiation of autophagy through the ULK1 complex, (3) 

disruption of BECLIN1–BCL-2 interaction leading to the initiation of autophagy or (4) alteration of 

mitochondria homeostasis leading to mitophagy activation. Autophagy inhibits ROS accumulation 

through (4) the elimination of damaged mitochondria by mitophagy or (5) the degradation of KEAP1 by 

selective autophagy mediated by SQSTM1/p62 and the expression of NRF2-regulated antioxidant 

genes. 
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Autophagy and oxidative-stress: The status in PD 

The morphological evidence for abnormal autophagy in muscle biopsies from adult PD 

patients was first reported by Dr. Engel. [Kohler et al,2018] The presence of large areas 

of autophagic accumulation detected by electron microscopy in the therapy-resistant 

fast muscle suggested that abnormal autophagy might be the culprit. [Lieberman et 

al,2012] Surprisingly, huge clusters of LAMP1 (a lysosomal marker) and LC3 (an 

autophagosomal marker) positive vesicles are seen in the core of virtually every 

muscle fiber even in young PD mice. In humans, autophagic buildup is present in many 

muscle cells in late-onset patients (both juvenile and adults), thus making the 

observations in the mouse model relevant to the human study. [Raben et al,2010] 

 

 

 

 

 

Fig6. Electron microscopy (EM) provides evidence for the presence of autophagic accumulation in the 

fast muscles (white part of the gastocnemius muscle) of a 5-mo-old PD knockout mouse. (A’) Control. 

 

Furthermore, it has been shown that the autophagic build-up affects the trafficking and 

delivery of the recombinant enzyme to the lysosome. [Fukuda et al,2006; Shea et 

al,2009] Thus, in PD, a profoundly disordered intracellular recycling system appears 

to be an important contributor to muscle weakness and incomplete response to 

treatment. Impaired autophagy is directly related to mitochondrial abnormalities since 
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damaged mitochondria are removed through the autophagic pathway, a process 

known as mitophagy. [Youle et al,2011] Indeed, mitochondrial alterations are observed 

in muscle biopsies in the majority of Pompe patients. [Schoser et al,2007] A profound 

dysregulation of Ca2+ homeostasis and multiple mitochondrial defects, such as a 

decrease in mitochondrial membrane potential, mitochondrial Ca2+ overload, an 

increase in reactive oxygen species, and an increase in caspase-independent 

apoptosis, were reported in GAA knockout (KO) mice and in primary muscle cells from 

PD patients. [Lim et al,2015] However, this pathway and their contribution to the 

pathogenesis of the disease have largely been ignored. 

 

 

 

 

 

 

Fig7. Electron-microscopy of muscle biopsies (white part of gastrocnemius) from 5-mo-old WT and KO 

mice. Black arrows point to enlarged mitochondria with distorted cristae (middle and right panels and 

inset).  
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Aim of the project 

The general aims of the project are to investigate the mechanisms involved in the 

pathophysiology of PD, since secondary abnormalities may represent novel targets of 

therapy. The specific aims are: 

1. To characterize the oxidative-stress and autophagic pathways in vitro and in the 

mouse model of PD 

2. Manipulate pharmacologically the oxidative-stress and autophagic pathways 
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RESULTS 

Cultured PD patient cells and tissues from the PD mouse model show increased 

oxidative-stress 

We evaluated the levels of oxidative-stress in PD using biochemical tests that measure 

ROS levels (2’,7’-dichloro dihydrofluorescein, DCFDA), lipid peroxidation 

(Thiobarbituric Acid Reactive Substances, TBARS) and intracellular glutathione (GSH) 

levels and activity (5,5’-dithiobis-2-nitrobenzoic acid, DTNB). All these tests were 

performed on PD patients’ fibroblasts and controls (Fig. 1A), on PD patients’ myoblasts 

and controls (Fig. 1C) and on PD and WT mouse muscles (gastrocnemius, quadriceps, 

heart, diaphragms) and liver (Fig 1D). In all three models we considered the normal 

values of controls equal to 100 and we observed increased ROS levels and lipid 

peroxidation and reduced glutathione activity. In PD mouse, liver resulted less stressed 

than muscle tissues. The increase of oxidative-stress was also confirmed by western 

blot analyses of specific stress markers (P-Erk, P-p38 MAPK) (Fig. 1B, E). These 

results indicate that the oxidative-stress pathway is affected in PD, possibly 

contributing to the disease pathophysiology. The abnormalities found in cultured cells 

are representative of those found in vivo; thus, cultured cells may represent a tool for 

further characterization of the pathway and for drugs screenings. 
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Fig1.  Increased oxidative stress in PD: A, C, D) Lipid peroxidation, ROS production and GSH levels 

in 3 months PD mice, both fibroblasts and myoblasts isolated from patients. Lipid peroxidation levels 

determined by TBARS assay, intracellular ROS levels were determined by DCFDA assay, GSH levels 

determined by DTNB assay in WT (white bars) and in PD samples (grey bars); Data shown are the 

means ± S.D. of three independent experiments. B, E) Western blot analysis of P-ERK (1-2) and P38 in 

WT and PD fibroblasts and in different tissue from mouse model. 
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Oxidative-stress is related to the impairment of the autophagic pathway 

To better evaluate the hypothesis that oxidative-stress is a consequence of autophagy, 

we physiologically or pharmacologically activated autophagy. As shown in Fig.2, we 

used starvation (for 4h), rapamycin (20µM for 24h), a known inhibitor of the mTOR 

complex, and MK6-83 and MLSA-1 (30µM for 24h), two known activators of Mucolipin 

TRP channel 1 (TRPML1) a lysosomal Ca2+ channel. In all instances activation of 

autophagy resulted into reduced levels of oxidative-stress, as shown by reduced ROS 

levels and lipid peroxidation and increased GSH activity. When we inhibited autophagy 

by Bafilomycin, a V-ATPase inhibitor, we obtained opposite effect with a further 

increase of oxidative-stress. These results indicate that the impairment of autophagy 

is one of the factors implicated in oxidative-stress in PD, and that activation of 

autophagy may represent a strategy to reduce cellular stress.  
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Fig2.  Modulation of autophagy impacts on stress in fibroblasts: Lipid peroxidation, ROS production 

and GSH levels in fibroblasts isolated from patients. WT (white bars), PD samples (black bars) and PD 

treatment (grey bars); Data shown are the means ± S.D. of three independent experiments.  
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Stress impacts on the uptake of the recombinant enzyme (rhGAA) used for ERT 

Previous literature suggests that oxidative-stress affects the function of clathrin-

mediated endocytosis. [Volpert et al, 2017] We sought for possible correlation between 

oxidative-stress and the response to ERT by in-vitro experiments. We treated six PD 

fibroblasts cell lines with rhGAA to see their ability to internalize the exogenous enzyme 

of ERT comparing to stress level of each one. We found inverse correlations between 

the levels of single stress indicator and correction of GAA activity by rhGAA (Fig. 3A, 

B, C); more evident in lipid peroxidation and ROS levels. By combining the results of 

the three tests in each single patient cells, we calculated a cumulative “stress score” 

and the inverse correlation coefficient was highly significant (-0.99) (Fig. 3D). This 

means that higher levels of oxidative-stress found in patients correspond to decreased 

ability to respond to therapy and indicates that increased oxidative-stress may have 

deleterious effects on the efficacy of enzyme replacement therapy in PD. 
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Fig3.  Stress impacts on correction of GAA activity by ERT: The correlations between the levels of 

stress indicators and correction of GAA activity by rhGAA. 
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Induction of oxidative-stress with sodium arsenite affects rhGAA 

uptake/processing 

To further support our idea that stress could impact the efficacy of the therapy we 

induced additional stress in patients’ cells and we looked again at the internalization of 

rhGAA. As expected, treatment with sodium arsenite 100µM for 4h induced further 

increase of ROS level and lipid peroxidation, reduced level of GSH (Fig. 4A) and 

increased of P-p38MAPK (Fig. 4B). The ability of rhGAA internalization was assessed 

under these conditions (Fig. 4D). GAA activity was significantly reduced both at 6 hours 

and at 24 hours, as also shown by western blot analysis of GAA that showed impaired 

processing of the GAA precursor in to the mature 76-70 kDa active isoforms in the 

presence of arsenite. 
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Fig4.  Induction of oxidative stress with sodium arsenite affects rhGAA uptake/processing: A) 

Lipid peroxidation, ROS production and GSH levels in fibroblasts isolated from patients after a 4 hours 

treatment with sodium arsenite. WT (white bars), PD samples (black bars) and PD treatment (grey bars);  

B) Western blot analysis of P38 in PD fibroblasts after a 4 hours treatment with sodium arsenite a 

different concentrations; C,D) Percent of GAA activity increasing in PD fibroblasts treated with ERT with 

and without sodium arsenite D) Western Blot analysis of GAA isoforms and quantitative analysis of the 

different enzyme isoforms. 
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Antioxidants improve rhGAA uptake and processing 

On the basis of literature data, we selected some molecules that are known to have an 

antioxidant effect. We used Idebenone (IDE), Edaravone (EDA), N-AcetylCysteine 

(NAC) and Resveratrol (RESV). As expected, antioxidants reduced significantly stress 

levels measured by TBARS, DCF-DA, and DTNB in PD fibroblasts (Fig. 5). Co-

incubation for 24 hrs of rhGAA with antioxidant drugs resulted in improved correction 

of GAA activity (FIGURE 6a), increased amounts of GAA-related polypeptides on 

western blot analysis, and enhanced processing of the rhGAA 110 kDa polypeptide 

into the mature 76-70 kDa active isoforms (Fig. 6B), indicating improved uptake 

trafficking of the recombinant enzyme to lysosomes. 
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Fig5.  Effect of antioxidants on stress: Lipid peroxidation, ROS production and GSH levels in 

fibroblasts isolated from patients after a treatment with different antioxidants. * All statistically significant 

(p < 0.001) compared to untreated PD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig6. Effect of antioxidants on ERT: A) Percent of GAA activity increasing in PD fibroblasts treated 

with ERT with and without antioxidants. B) Western Blot analysis of GAA isoforms and quantitative 

analysis of the different enzyme isoforms. * All statistically significant (p < 0.05) compared to treated 

with ERT alone. 
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The antioxidants improve MPR recycling in PD fibroblasts 

A possible factor that could explain the improvement of rhGAA uptake and processing 

is the effect of antioxidants on the trafficking and localization of the mannose-6-

phosphate receptor (MPR). Cells were incubated in the presence of an anti-MPR 

antibody at 16o C for 1h in order to synchronize MPR trafficking. After switching the 

temperature to 37o C, MPR trafficking was followed at different time points (15 min, 30 

min) by immuno-fluorescence analysis. MPR trafficking was impaired in PD cells 

compared to controls. In the presence of antioxidants, idebenone and NAC, PD 

fibroblasts showed improved MPR trafficking, comparable to that seen in control cells 

at 30 min (Fig. 7) and co-localization with the trans-Golgi marker TGN46, suggesting 

that correction of stress improves trafficking of membranes and membrane-bound 

proteins. The improved MPR localization and trafficking is likely to contribute to the 

enhancement of rhGAA uptake and trafficking. 
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Fig7. Effect of antioxidants on MPR localizazion: Immunofluorescence analysis of CI-MPR 

distribution and TGN46 in control and fibroblasts patients by confocal fluorescence microscopy. 

Fibroblasts treated with and without antioxidants at different time points. 
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Modulation of autophagy impacts on ERT 

We showed that modulation of autophagy has an effect on stress reduction (Fig. 2). 

We therefore tested the effect of activation of autophagy on ERT uptake. Co-incubation 

for 24 hrs of rhGAA with drugs resulted in improved correction of GAA activity (Fig. 

8A), increased amounts of GAA-related polypeptides on western blot analysis, and 

enhanced processing of the rhGAA 110 kDa polypeptide into the mature 76-70 kDa 

active isoforms (Fig. 8B), indicating improved uptake trafficking of the recombinant 

enzyme to lysosomes. 

 

 

Fig8. Modulation of autophagy impacts on ERT: A) Percent of GAA activity increasing in PD 

fibroblasts treated with ERT with and without drugs. B) Western Blot analysis of GAA isoforms and 

quantitative analysis of the different enzyme isoforms. 
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of tissue GAA activity in tissues, compared to mice treated with rhGAA alone (Fig. 9A). 

In quadriceps and diaphragm the increase reached statistical significance (p=0.01 and 

0.001, respectively). GAA activity in diaphragm, a critical muscle for respiratory 

function, attained levels that are close to those found in control mice (shaded area). 

Co-dosing of n-acetylcysteine and a single intravenous injection of 100mg rhGAA 

resulted into an enhanced glycogen clearance from tissues (Fig. 9B). These results 

suggest that protocol based on the combination of antioxidant and enzyme 

replacement therapy may translate into improved exposure of tissues to the 

therapeutic enzyme and better clearance of the stored substrate. 

 

 

Fig9. Effect of antioxidants in PD mouse: A) In all tissues examined (liver, heart, diaphragm, and 

gastrocnemium) the combination of NAC and rhGAA (green bars) resulted in higher GAA enzyme 

activity compared to rhGAA and NAC alone (pink and grey bars); B) Glycogen content was evaluated 

in gastrocnemius (GS), quadriceps (QD), diaphragm (Diaph) and heart  of PD mouse, ERT-treated and 

ERT-NAC.  
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New therapeutic pathaway for lysosomal storage diseases? 

Secondary cellular abnormalities are now recognized as major players in the 

pathogenetic cascade of LSDs and may affect the efficacy of therapies. In preliminary, 

exploratory studies we evaluated the status of the autophagic and oxidative-stress 

pathways also in cultured Mucopolysaccharidosis Type IV A (MPSIVA) fibroblasts. The 

results obtained indicate that also in MPSIVA autophagy is affected and that oxidative-

stress is increased. In MPSIVA fibroblasts we found an increase of LC3-II and p62 

levels (Fig. 10B). In addition, we found a significant increase in lipid peroxidation, ROS 

levels and intracellular GSH levels (Fig. 10A). p38-MAPK phosphorylation was also 

substantially increased. We used autophagy-modulating drugs, as described for PD, 

enhance ERT. Co-incubation for 24 hrs of rhGALNS with drugs increased amounts of 

GALNS-related polypeptides on western blot analysis, and enhanced processing of 

the rhGALNS 55kDa polypeptide into the mature 40kDa active isoform (Fig. 11), 

indicating improved uptake trafficking of the recombinant enzyme to lysosomes. The 

results confirm that the oxidative and the autophagic-lysosomal pathways are impaired 

in LSDs, and that these pathways may be manipulated in order to enhance the efficacy 

of approved therapies, such as enzyme replacement therapy.  
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Fig10. Increased oxidative stress in MPSIVA:   A) Lipid peroxidation, ROS production and GSH levels 

in fibroblasts isolated from patients. WT (white bars) and in MPSIVA samples (grey bars); B) Western 

blot analysis of P38, P62 and LC3 in WT and MPSIVA fibroblasts. 

 

 

Fig11. Modulation of autophagy impacts on ERT:  Western Blot analysis of GALNS isoforms in 

MPSIVA fibroblasts treated with ERT with and without drugs. 
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CONCLUSIONS 

PD pathophysiology and its molecular/cellular mechanisms are not fully understood. 

Glycogen storage in cells and tissues and impairment of autophagy have been well 

characterized, however other secondary abnormalities of cellular pathways need 

further characterization. This is particularly important since secondary abnormalities 

may represent novel targets of therapy. In fact, albeit highly effective on some aspects 

of PD (reversal of cardiac involvement and prolonged survival in classic infantile-onset 

patients; improved or stabilized neuromuscular deficits and respiratory function in late-

onset patients), current therapies for PD show important limitations. The aims of my 

thesis were to better characterize the secondary dysregulation of cellular pathways 

triggered by storage in PD, and to investigate whether these abnormalities may 

represent novel therapeutic targets, complementary to existing therapies. We have 

performed a thorough characterization of the oxidative-stress and autophagic 

pathways in PD cells (both fibroblasts and myoblasts) and in tissues from the murine 

model of the disease. Cell studies were done under basal conditions and under stress 

condition. In addition, we have studied the consequences of increased oxidative-stress 

on the uptake and trafficking of rhGAA. Finally, we studied drugs that modulate 

oxidative-stress ad autophagy and their effects as a complementary approach in 

combination with ERT (modulation of stress, enzyme correction, enzyme processing 

effects on the recycling of the MPR). Our results provide the proof of concept that 

correcting secondary abnormalities in PD cells may enhance uptake and processing 

of the recombinant enzymes used for enzyme replacement therapy, possibly with a 

synergistic effect. Most of the small-molecules that we tested in this research are 

approved for human therapy (such as antioxidants). Should our preclinical studies 

prove successful, the translation into clinical trial(s) could be immediate and improve 

patients’ quality of life. 
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Materials and methods 

 

Patients’ fibroblst and animal model 

A KO PD mouse model obtained by insertion of neo into the GAA gene exon 6 Raben 

et al, [1998] was purchased from Charles River Laboratories (Wilmington, MA), and is 

currently maintained at the Cardarelli Hospital's Animal Facility (Naples, Italy). Animal 

studies were performed according to the EU Directive 86/609, regarding the protection 

of animals used for experimental purposes. Every procedure on the mice were 

performed with the aim of ensuring that discomfort, distress, pain, and injury would be 

minimal. Mice were euthanized following anesthesia. Human PD fibroblasts 

(approximately 30 cell lines) are already available at the cell bank of the Department 

of Translational Medical Sciences (DISMET), Section of Pediatrics, Federico II 

University, Naples. Fibroblasts were grown in Dulbecco’s modified Eagle’s medium 

(Invitrogen, NY, USA), supplemented with 20% fetal bovine serum (Invitrogen, NY, 

USA), 2 mM L-glutamine, and antibiotics (Invitrogen, NY, USA). Cells were grown in a 

5% CO2 humidified atmosphere at 37 °C. 

 

Gaa activity assay 

GAA activity was assayed by using the fluorogenic substrate 4- methylumbelliferyl-

alpha-D galactopyranoside (Sigma-Aldrich). Fibroblasts were harvested by 

trypsinization and disrupted by freezing and thawing (3X). Cell homogenates (10µg of 

protein) were incubated at 37° for 60 min with 2mM 4-methylumbelliferyl a-D- 

glucopyranoside as substrate in a 0.2 acetate buffer pH 4.0 in an incubation mixture of 

20μl. Reactions were stopped with 1 ml glycine carbonate buffer pH 10.7 and 

fluorescence was read on a Turner biosystems fluorometer Modulus 9200 (360nm 
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excitation, 450nm emission). Protein concentration in cell homogenates was measured 

according to Lowry method. 

 

Cell lysates 

Cells were plated at a density of 3x104 cells/cm2 in DMEM + 20% FBS (Invitrogen, NY, 

USA), + 2 mM L-glutamine (Invitrogen, NY, USA), and antibiotics for 24 h at 37°C. The 

cells were washed with PBS and detached by trypsinization, and centrifuged at 10,000 

rpm at RT. The cell pellets were resuspended in RIPA buffer with addiction of protease 

inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) and phosphatase inhibitor, 

and incubated on ice, by vortexing every 5 minutes. Upon 30 min incubation on ice, 

lysates were centrifuged at 14,000 g for 30 min at 4°C. Following the Lowry assay, 

reported above, aliquots of 20 μg of cytosolic proteins were separated on a 15% SDS-

PAGE, and Western blotting analyses were performed. 

 

Mice tissue lysates 

Mice tissue protein extracts were obtained by lysing cells with RIPA buffer and with 

addiction of protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) and 

phosphatase inhibitors for 3 minutes at 50 oscillations/minute in tissue lyser (Qiagen, 

Hilden, Germany) and by five cycles of freeze-thawing. Samples were centrifuged at 

14,000 g for 30 minutes at 4°C. Following the Lowry assay, reported above, aliquots 

of 20μg of cytosolic proteins were separated on a 15% SDS-PAGE, and Western 

blotting analyses were performed. 

 

Western Blot 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed as described by Laemmli using 15% polyacrilamide gel in a vertical slab gel 
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apparatus. Reduced loading buffer (0.125 M Tris-HCl pH 6.8 containing 2% SDS, 10% 

glycerol, 0.02% bromophenol blue and 5% 2-mercaptoethanol) was added to protein 

samples. The mixture was boiled for 2 minutes, centrifuged and loaded on the gel. 

Following gel electrophoresis, proteins were transferred on polyvinylidene fluoride (NC 

membranes, Amersham, Freiburg, Germany) (100V, 1h, at 4°C). Membranes were 

then incubated with the blocking solution (5% BSA or MILK 5% in TBS buffer 

containing 0.1% Tween-20) at room temperature for 30min. Following blocking step, 

membranes were washed with TBS buffer containing 0.1% Tween-20 (TBS-T) , and 

incubated at RT for 1h with anti-phospho p38 antibody (Cell Signaling, Danvers, MA, 

USA; 1:1000 diluition), anti-phospho pERK antibody (Cell Signaling, Danvers, MA, 

USA; 1:1000 diluition), anti-ERK2 antibody (Cell Signaling, Danvers, MA, USA; 1:1000 

diluition), anti-GALNS antibody (Themofisher, Thermo Scientific, Rockford, IL; 1:1000 

diluition)in 2,5% BSA in TBS-T; anti-GAA antibody (PRIMM; 1:500 diluition), anti-

GAPDH antibody (Ambion, Austin. TX, USA; 1:10000 diluition), anti-actin antibody 

(Sigma-Aldrich, St. Louis, MO, USA; 1:1000 diluition), anti-tubulin antibody (Sigma-

Aldrich, St. Louis, MO, USA; 1:1000 diluition), anti-LC3 antibody (Novus Biologicals, 

Abingdon, UK; 1:500 diluition)), anti-P62 antibody (Sigma-Aldrich, St. Louis, MO, USA; 

1:1000 diluition) in 2,5 % MILK in PBS buffer containing 0.1% Tween-20 (PBS-T). 

Membranes were then washed with TBS-T and incubated on a shaker for 1h at room 

temperature with goat anti-rabbit or goat anti-mouse secondary antibodies conjugate 

to horseradish peroxidase enzyme (HRP). Membranes were then washed with TBS-

T. The detection of immuno-positive species by enzyme-linked chemiluminescence 

(enhanced chemiluminescence: ECL) was performed according to the manufacturer’s 

instructions (ECL, Amersham, Freiburg, Germany), Quantitative analysis of band 

intensity was performed using ImageJ or using a Phosphoimager (Biorad). 
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DTNB assay 

The interaction of the sulfhydryl group of GSH with 5,5′-dithiobis- 2-nitrobenzoic acid 

(DTNB) produces a yellow-coloured compound, 5-thio-2-nitrobenzoic acid (TNB), 

whose intensity can be measured at 412 nm. Thus, the rate of TNB production is 

directly proportional to the concentration of GSH in the sample. To estimate 

intracellular GSH levels, cells were detached by trypsin, centrifuged at 1000×g for 

10min and re-suspendend in RIPA buffer, containing protease inhibitors. After 30 min 

incubation on ice, lysates were centrifuged at 14,000×g for 30 min at 4 ∘C. Supernatant 

protein concentration was determined by the Lowry assay. Then 50μg of proteins were 

incubated with 3 mmol L−1 ethylenediaminetetraacetic acid (EDTA) and 144 μmol L−1 

DTNB in 30 mmol L−1 Tris HCl (pH 8.2) and centrifuged at 14,000×g for 5min at room 

temperature. Finally, the absorbance of the supernatant was measured at 412 nm 

using a multiplate reader (Epoch Biotek. Winooski,USA). GSH levels were expressed 

as percentage of TNB absorbance of the sample under test compared with the 

untreated sample. Three separate analyses were carried out with each extract.  

 

DCFDA assay 

To determine ROS levels within the cytosol, cells were incubated with the cell 

permeable redox-sensitive fluorophore 2′ ,7′ -dichlorodihydrofluorescein diacetate (H2 

-DCFDA) (Sigma-Aldrich) at a concentration of 25 μmol L−1 for 30 min at 37 ∘C. Cells 

were then washed twice with warm phosphate-buffered saline(PBS) supplemented 

with 1 mmol L−1 CaCl2 , 0.5 mmol L−1 MgCl2 and 30 mmol L−1 glucose (PBS plus), 

detached by trypsin, centrifuged at 1000g for 10 min and re-suspended in PBS plus at 

a density of  1×105 cellsmL−1.  H2-DCFDA is non-fluorescent until, in the presence of 

ROS, it is hydrolysed by intracellular esterases and readily oxidized to the highly 

fluorescent 2′ ,7′-dichlorofluorescein (DCF). DCF fluorescence intensity was measured 
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at an emission wavelength of 525 nm and an excitation wavelength of 488 nm using a 

PerkinElmer LS50 spectrofluorimeter. Emission spectra were acquired at scanning 

speed of 300 nm min-1, with five slit widths for excitation and emission. ROS production 

was expressed as percentage of DCF fluorescence intensity of the sample under test 

compared with the untreated sample. For homogenate from tissues were assayed as 

described above. Three separate analyses were carried out with each extract.  

 

Measurement of Lipid Peroxidation 

The levels of lipid peroxidation were determined by using the thiobarbituric acid 

reactive substances (TBARS) assay. Briefly, cells were detached by trypsin, 

centrifuged at 1000g for 10min and 5×105cells were re-suspendend in 0.67% 

thiobarbituric acid (TBA) and an equal volume of 20% trichloroacetic acid was added. 

The samples were then heated at 95 °C for 30 min, incubated on ice for 10 min and 

centrifuged at 3000g for 5 min, at 4°C. TBA reacts with the oxidative degradation 

products of lipids in samples, yielding red complexes that absorbance at 532 nm. Lipid 

peroxidation levels were expressed as percentage of absorbance at 532 nm of the 

sample under test, compared to the untreated sample. For homogenate from tissues 

were assayed as described above. Three independent experiments were carried out, 

each one with three determinations.  

 

Immunofluorescence studies 

To study the distribution of CI-MPR, human fibroblasts grown on coverslips were fixed 

using PFA 4% and blocked with 0.05% saponin, 5% BSA, 50mM NH4Cl, 0,02% NaN3 

diluted in PBS for 1 hour. The cells were incubated with the primary antibodies, with 

secondary antibodies in blocking solution and then mounted with vectashield mounting 

medium with DAPI (Vector Laboratories, Burlingame, CA). 
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For experiments shown, images were taken using a Zeiss LSM700 confocal 

microscope (Carl Zeiss, Jena, Germany) integrated with the AxioCam MR camera and 

63x oil objective. Digital images were captured by using Zeiss AxioVision software and 

maximum intensity projections were generated using Image J software. Results of 

these analyses were obtained on a total of 100 cells for each cell line. 

 

Glycogen assay 

Glycogen concentration was assayed in tissue lysates by measuring the release of 

glucose after digestion with Aspergillus niger amyloglucosidase (Sigma Aldrich, Saint 

Louis, MO, USA). Data were expressed as μg of glycogen/mg of protein. 
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Chapter 2 

microRNA AS BIOMARKES IN PD  
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INTRODUCTION 

Enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA) is 

presently the only approved pharmacologic treatment to PD. [Van den Hout et al, 2000] 

The patients’ response to ERT is highly variable. Although extraordinarily effective in 

some patients and on some aspects of the disease (most notably survival and 

cardiomyopathy in infantile patients; motor and respiratory function in late-onset 

forms), in other patients ERT results in minor effects in specific muscles with signs of 

continuing disease progression. [Prater et al, 2012] A major issue in the monitoring of 

disease stage and therapeutic efficacy is the availability of objective and reliable tests 

that are not influenced by inter and intra-investigator variance. Currently, clinical tests 

(muscle strength, muscle function, patient-reported outcomes) are in common use. 

[Angelini et al,2012] The aim is to identify new reliable biomarkers to monitor of disease 

progression and of efficacy of therapies, and to obtain information on the 

pathophysiology of PD. We explored the possibility to use microRNAs (miRNAs) as 

disease markers in PD.  
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General Conclusion 

While the biochemistry and genetics of PD are well known already for many years, its 

pathophysiology is still incompletely understood. Through electron microscopy it has 

been possible to observe how muscle cells affected by PD show an abnormal 

accumulation of autophagosomes, probably connected to a malfunction of the 

autophagic process. This would not only damage the muscle fibers, destroying their 

normal architecture, but would also prevent the correct targeting of the exogenous 

enzyme within the cells, which would not be able to reach the destination site, the 

lysosome, remaining trapped in the autophagic area. The characterization of these 

pathways is particularly important since secondary abnormalities may represent novel 

targets of therapy. Also, identifying new reliable biomarkers to monitor of disease 

progression and of efficacy of therapies, is still a major need in the management of 

patients’. 

The scope of the present work was to address these issues. We have investigated: 

a) The status of oxidative-stress and autophagic pathways in PD and the effects of 

their pharmacological manipulation as an adjunctive therapy for PD patients’ 

b) miRNAs as biomarkers in PD 

 

a) Characterization of the oxidative-stress and autophagic pathways in PD.  

The derangement of secondary pathways is emerging as an important factor in many 

LSDs, including PD.  A detailed characterization of the autophagic and oxidative-stress 

pathways has important implications. On one hand these studies will provide new 

information on the disease pathophysiology, on the other hand they are potentially 

relevant for the identification of novel therapeutic targets. Thus, after characterizing the 

status of these pathways, I explored the possibility to manipulate them 

pharmacologically and to find new therapeutic strategies. I have provided several lines 
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of evidence supporting the presence of increased oxidative-stress in PD, both in vitro 

(fibroblasts from patients) and in vivo, in the PD mouse model. I also showed that 

oxidative-stress is related to the impairment of the autophagic pathway. The ultimate 

goal of my studies was to improve the efficacy of ERT, in order to address some of the 

limitations of this approach. This may translate into improved outcome and quality of 

life for patients. Since the compounds that we have tested as therapeutic agents are 

in most cases already approved for clinical use, a possible translation of our results 

into clinical studies could be immediate. 

 

b) miRNAs as biomarkers in PD   

Insufficient delivery of the therapeutic enzyme to target tissues, with incomplete 

correction of pathology in skeletal muscles, has been extensively documented in PD 

animal models and in patients. The aim of this part of my project was to identify new 

reliable biomarkers to monitor of disease progression and of efficacy of therapies. We 

explored the possibility to use microRNAs (miRNAs) as disease markers in PD. In our 

work we found: 

- 198 miRNAs differentially expressed with statistical significance in gastrocnemius 

and 66 DE-miRNAs in heart in mouse model 

- 55 miRNAs differentially expressed in patients’ plasma. 

One of these microRNAs, miR-133a, was selected for further quantitative real-time 

polymerase chain reaction analysis in plasma samples from 52 patients, obtained from 

seven Italian and Dutch biobanks. miR-133a levels were significantly higher in PD 

patients than in controls and correlated with phenotype severity, with higher levels in 

infantile compared with late-onset patients. In three infantile patients miR-133a 

decreased after start of enzyme replacement therapy and evidence of clinical 

improvement. Expanding the cohort of patients and identifying more miRNAs will allow 
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us to establish possible relationships between miRNAs and ERT or disease 

progression. 
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