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ABSTRACT 

Homozygous mutations in the gene of GBA, lead to Gaucher disease (GD), a 

lysosomal storage disorder, whereas heterozygous mutations are considered to be a 

major risk factor for the development of Parkinson’s disease (PD), even though the 

molecular mechanism of this association remains elusive.  

In this study we aimed to assess the possible involvement of GBA mutations 

in Cretan PD patients and to evaluate clinically the GBA-positive PD patients. We 

assessed the frequency of the two more common mutations in GD, N370S and 

L444P, in 243 PD patients and in a control group of 134 healthy individuals. We 

identified 6 GBA-carriers in PD patients and 2 in the controls, with a frequency of 

2.5% versus 1.5% respectively that was not statistically significant (p = 0.797). N370S 

mutation was found only in one PD patient (0.6%), while L444P was found in 5 PD 

patients (2.8%) and in 2 controls (1.6%). Subsequently, we compared clinical and 

demographic data of GBA-positive PD patients with PD patients cohort. GBA-carriers 

displayed an earlier onset of PD than non-carriers. Moreover, an increased 

prevalence of dementia, psychosis, depression and hyperkinesias in GBA-carriers was 

observed. The clinical phenotype of the GBA-carriers was heterogeneous. Specifically 

the L44P mutation was associated with typical idiopathic PD or parkinsonism with 

atypical features, such as Pisa syndrome, pyramidal signs and vertical 

ophthalmoplegia. 

In conclusion, GBA gene mutations are associated with PD in the Cretan 

population.  GBA-carriers were found to present both a typical and an atypical 

parkinsonian phenotype.  
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1 Introduction   

1.1 Parkinson’s disease 

In 1817, James Parkinson described six patients with “involuntary tremulous 

motion with lessened muscular power, in parts not in action even when supported, 

with a propensity to bend the trunk forward and to pass from a walking to a running 

pace”, describing for the first time a disease after whom it was named of (Parkinson, 

1817). 

Parkinson’s disease (PD) is a common age-related neurodegenerative disease, 

which clinically, it is characterized by motor impairments, including bradykinesia, 

rigidity and resting tremor, and non-motor impairments that can precede the motor 

symptoms, for instance olfactory loss, constipation and rapid eye movement (REM) 

sleep disorder (Trempe & Fon, 2013). There are two forms of the disease, the 

sporadic or idiopathic patients and the familial patients that have monogenic forms 

of the disease and are only the 5-10% of patients with PD (Lesage & Brice, 2009). The 

pathological hallmark of PD is considered to be the severe loss of dopaminergic 

neurons in the pars compacta of substantia nigra (SN), from which lesion the motor 

symptoms arise (Braak et al, 2003). Nonetheless, cell loss in extranigral areas, such 

as the dorsal motor nucleus of the glossopharyngeal and vagal nerves, the locus 

coeruleus and the raphe nuclei, also exists in patients with PD and it occurs 

depending on the progression of the disease (Table 1) (Braak et al, 2003). These 

lesions are accompanied by the presence in the surviving neurons of specific 

inclusion bodies that develop as spindle- or thread-like Lewy Neurites (LN) in cellular 

processes, and as globular Lewy Bodies (LB) in neuronal somas with main 

components aggregated α-synuclein, ubiquitin and tubulin (Braak et al, 2003). 

PD is an incurable disease as its current treatment is the administration of L-

DOPA or dopamine agonists in order to substitute for the brain dopamine (DA) of the 

degenerative neurons in SN, a treatment that relieves the motor symptoms, but 

does not decelerate the progression of the disease (Lesage & Brice, 2009). For this 

reason the development of new treatments for PD is an imperative need. The 

improvement of our knowledge as regards the molecular mechanisms of the 

pathogenesis of the disease would provide us with new therapeutic targets. The 

etiology of the disease remains elusive. In the last decade there have been identified 

from the familial cases six genes, with mutations in two of them, SNCA (α-synuclein) 

and PARK8 (LRRK2), resulting in autosomal dominant form of PD and in the other 

four, PARK2 (Parkin), PARK6 (PINK1), PARK7 (DJ-1) and PARK9 (ATP13A2), in 

autosomal recessive form of the disease (Lesage & Brice, 2009). The functional 

characterization of these genes has enlightened us to the pathogenesis of the 

disease, implicating protein aggregation, mitochondrial dysfunction and oxidative 
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stress to the development of PD, all of which are associated with autophagy, a 

lysosomal degradation process that is highly conserved in almost all eukaryotes 

(Lynch-Day et al, 2012). 

 

Table 1: Stages in the evolution of the pathology of PD (Braak et al, 2003). 

Stage 1 
N = 21; medulla oblongata                        Lesions in the dorsal IX/X motor nucleus and/or intermediate    
                                                                       reticular zone 
Stage 2 
N = 13; medulla oblongata and                Pathology of stage 1 plus lesions in caudal raphe nuclei, 
pontine tegmentum                                   gigantocellular reticular nucleus, and coeruleus–subcoeruleus    
                                                                       complex 
Stage 3 
N = 24; midbrain                                         Pathology of stage 2 plus midbrain lesions, in particular in the   
                                                                       pars compacta of the substantia nigra 
Stage 4 
N = 24; basal prosencephalon                  Pathology of stage 3 plus prosencephalic lesions. Cortical   
and mesocortex                                          involvement is confined to the temporal mesocortex 
                                                                       (transentorhinal region) and allocortex (CA2-plexus). The   
                                                                       neocortex is unaffected 
Stage 5 
N = 17; neocortex                                       Pathology of stage 4 plus lesions in high order sensory  
                                                                       association areas of the neocortex and prefrontal neocortex 
Stage 6 
N = 11; neocortex                                       Pathology of stage 5 plus lesions in first order sensory  
                                                                       association areas of the neocortex and premotor areas, 

                                                       occasionally mild changes in primary sensory areas and the          

                                                       primary motor field 

 

1.1.1 Autophagy 

In cells there are two major pathways for degradation of damaged cellular 

constituents that act as quality control systems of the cell and maintain its 

homeostasis: the ubiquitin-proteasome system that targets short-lived proteins in 

cytoplasm and nucleus and the autophagy-lysosome pathway that targets long-lived 

proteins and organelles in cytoplasm (Xilouri & Stefanis, 2011). Both processes are 

responsible for the turnover of cell constituents under normal circumstances and 

under stress (Xilouri & Stefanis, 2011). Autophagy is induced by cellular stresses such 

as nutrient starvation, oxidative stress, infection and inflammatory stimuli, and leads 

to the release of the resulting breakdown products, such as amino acids, back into 

the cytoplasm in order to be used in biosynthetic pathways and energy generation 

(Rabinowitz & White, 2010; Hirota et al, 2012). There are three types of autophagy 

distinguished by the way that the cellular components are delivered to the lysosome: 
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chaperone-mediated autophagy (CMA), microautophagy and macroautophagy (fig. 

1) (Xilouri & Stefanis, 2011). 

In microautophagy the constituents are directly trapped through 

invaginations of the lysosomal membrane without the formation of intermediate 

vesicles for their transition into the lysosome (Xilouri & Stefanis, 2011). 

CMA is a process that eliminates cytosolic proteins that contain a 

pentapeptide motif, which consists of a glutamine (Q) at the end or the beginning of 

the motif, one positively charged residue, lysine (K) or arginine (R), one hydrophobic 

residue, phenylalanine (F), valine (V), leucine (L) or isoleucine (I), one negatively 

charged residue, glutamic acid (E) or aspartic acid (D), and a fifth residue that can be 

one of the mentioned positively charged or hydrophobic amino acids (Dice, 1990). If 

the pentapeptide sequence is incomplete it could arise a resemble one after post-

translational modifications of the protein (Cuervo & Wong, 2014). The pentapeptide 

motif is recognized as a binding site for the cytosolic chaperone heat shock-cognate 

protein of 70KDa (hsc70), which subsequently directs the substrate to the lysosomal 

membrane where it interacts with the cytosolic part of the single-span membrane 

protein lysosome-associated membrane protein type 2A (LAMP-2A) (Chiang et al, 

1989; Cuervo & Dice, 1996). This interaction promotes the multimerization of the 

LAMP-2A receptor protein, an essential process for the translocation of the substrate 

across the lysosomal membrane (Bandyopadhyay et al, 2008). The achievement of 

the translocation requires the presence of a form of hsc70 that normally exists in the 

lysosome, as and the substrate to be unfolded (Agarraberes & Dice, 2001; Salvador 

et al, 2000). It is plausible that cytosolic hsc70 and cochaperones mediate the 

unfolding of the protein, something that it is only necessary for the translocation and 

not for the binding to LAMP-2A. Once the substrate is translocated into the 

lysosomal lumen, LAMP-2A is quickly dissociated from the multimeric complex and 

the substrate is degraded by lysosomal hydrolases (Bandyopadhyay et al, 2008). 

Macroautophagy mediates the degradation of bulk cytoplasmic components, 

and is the only mechanism of the cell for selective or non-selective organelle 

turnover (Harris & Rubinsztein, 2012). It involves the following steps: initiation, 

elongation, maturation and fusion, and degradation (Harris & Rubinsztein, 2012). 

The initiation of the process requires the formation in the cytoplasm of a double-

membrane structure, which is known as an isolation membrane or a phagophore 

(Nixon, 2013). In yeast, phagophore is formed at a cytosolic structure, the pre-

autophagosomal structure (PAS), for which there is no evidence in mammals (Glick et 

al, 2010). In mammalian cells, the origin of the phagophore membrane is 

controversial. So far, different studies show that cytoplasmic membrane, 

endoplasmic reticulum (ER), mitochondria and ER-mitochondria contact sites 

contribute to its formation, although it is not yet possible to exclude the de novo 
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formation from cytosolic lipids (Ravikumar et al, 2010; Axe et al, 2008; Hailey et al, 

2010; Hamasaki et al, 2013; Glick et al, 2010). Subsequently, the phagophore 

elongates with curvature until it becomes enclosed, forming a double-membraned 

vesicle that is called autophagosome (Harris & Rubinsztein, 2012). A segment of the 

cytoplasm or selected organelles are enwrapped by the autophagosome (Harris & 

Rubinsztein, 2012). The process is completed by the fusion of the autophagosome 

with endosome forming an amphisome, which in turn fuses with lysosome, or by 

direct fusion with lysosome forming an autolysosome, resulting in degradation of the 

contents by lysosomal enzymes (Harris & Rubinsztein, 2012). 

Even though, in the beginning macroautophagy was regarded as a non-

selective process, later on there have been described various types of cargo-specific 

degradation, such as mitophagy (selective degradation of mitochondria), pexophagy 

(peroxisomes), reticulophagy (ER) and ribophagy (ribosomes) (Lynch-Day et al, 

2012). 

 

 

Figure 1: Schematic representation of the three types of autophagy. In CMA the substrate is 

identified from the pentapeptide motif by hsc70, it becomes unfolded and then it is 

translocated into the lysosomal lumen via LAMP-2A. Degradation of peroxisomes via 

microautophagy. In macroautophagy a double-membrane phagophore is formed to 

sequester the cargo that expands into an autophagosome, which subsequently fuses with 

the lysosome, allowing cargo degradation and release of resulting components into the 

cytosol through permeases (Lynch-Day et al, 2012).   
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1.1.2 α-Synuclein   

As we have already mentioned, α-synuclein (α-syn) is the major component 

of LB and LN whose presence in the surviving neurons of SN constitutes a typical 

pathological hallmark of PD. In humans, α-syn is encoded by SNCA gene that lies on 

chromosome 4q21.3-q22 and the sequence of the protein can be separated into 

three regions: the N-terminal domain that in the presence of lipids form amphipathic 

α-helices, the non-amyloid-β component or NAC domain, which is the central 

hydrophobic region and is correlated with the high tendency of the protein to form 

fibrils, and, finally, the C-terminal region that consists mainly of negatively charged 

amino acids (fig. 2) (Venda et al, 2010). In the N-terminal region there have been 

identified three point mutations that cause familiar PD (A30P, E46K and A53T), with 

A30P and A53T reducing the tendency of this region to form α-helices, which 

tendency of the protein is connected conversely with aggregation tendency, and 

E46K inducing a different formation of the protein than that of the wild-type (Wales 

et al, 2013). The duplication and the triplication of the gene SNCA also cause familiar 

PD, while various polyphormisms in the gene have been identified as risk factors for 

sporadic PD (Chartier-Harlin et al, 2004; Singleton et al, 2003; Nalls et al, 2011). α-

Syn is a highly soluble protein, with its normal function still remaining uncertain. It is 

localized in the presynaptic terminals in the central nervous system and is assumed 

to be implicated in the release of vesicles (Lynch-Day et al, 2012). Naturally it is 

unfolded, but it can be found in some abnormal conformational states, since, under 

certain conditions, monomers of α-Syn interact resulting in the formation of 

prefibrillary species or protofibrils, which sequentially form insoluble fibrils (Venda et 

al, 2010). The current hypothesis is that the protofibrils of α-syn are neurotoxic, 

while the fibrillar aggregates act as protective mechanism, because they isolate the 

toxic protofibrils and facilitate their degradation via macroautophagy (Richter-

Landsberg & Leyk, 2013). The formation of aggregates can occur by multiple 

mechanisms, including overexpression of wild-type or mutated α-syn, misfolding of 

α-syn due to missense mutations, post-translational modifications of the protein, 

and impairment of proteasomal or lysosomal degradation pathways (Richter-

Landsberg & Leyk, 2013). The post-translational modifications of the protein happen 

in its C-terminal region, such as phosphorylation, oxidation and nitration, and 

influence the tendency of the protein to form aggregates, either increasing it, as the 

phosphorylation of serine 129 does, or decreasing it, like the phosphorylation of 

tyrosine 125 (Venda et al, 2010). 
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Figure 2: Human α-syn. (a) SNCA gene, (b) mRNA, and (c) protein domains (Venda et al, 

2010). 

 

α-Syn is degraded via CMA, as it contains the pentapeptide motif that is 

required for protein identification by Hsc70 (Lynch-Day et al, 2012). Impairment of 

CMA can lead to accumulation of α-syn. Mutated forms of the protein can prevent 

its own degradation, but the extent of the impedance of CMA is distinct for different 

mutants. A53T and A30P mutated α-syn interact with greater affinity than wild-type 

with LAMP-2A receptor, but are not internalized to the lysosome, resulting in 

inhibition of their degradation as and the degradation of other substrates, hence in 

an increased level of toxicity, whereas moderate toxicity is provoked by post-

translational modifications of the protein, such as phosphorylated, nitrated, oxidized 

and ubiquitinated forms, that do not block CMA completely (Cuervo et al, 2004; 

Martinez-Vicente et al, 2008). Only the modification of α-syn through a noncovalent 

interaction with oxidized dopamine (DA-α-syn) inhibits completely CMA like the 

mutant forms do, leading to increased toxicity (Martinez-Vicente et al, 2008). This 

fact could explain the loss of dopaminergic neurons in SN and norepinephrine-

releasing neurons of locus coeruleus, that contain dopamine from which 

norepinephrine is synthesized, that is first observed in PD (Martinez-Vicente et al, 

2008). 
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In cells where CMA is inhibited, macroautophagy is enhanced as a 

compensatory mechanism, but instead of survival it can provoke autophagic 

neuronal death (Lynch-Day et al, 2012). However, Spencer et al propose that the 

result of macroautophagy enhancement depends on the signaling pathway that 

initiates it and in particular when is initiated by the PI3K CIII complex it promotes 

survival. They showed that overexpression of Beclin 1 reduces the α-syn aggregates 

and cell death, and increases lysosomal degradation indicating high autophagic 

activity (Spencer et al, 2009).  

Furthermore, aberrant α-syn has been linked to mitophagy. A53T mutated α-

syn provokes excessive mitophagy that leads to excessive neuronal death, an 

outcome that is reversed when mitophagy is suppressed. The provoked mitophagy 

targets not only the unhealthy depolarized mitochondria, but the polarized ones too. 

Overexpression of the wild-type α-syn has the same effect only in a smaller degree. 

Both, wild-type and mutated, decrease the number and the length of mitochondria. 

This excessive mitophagy requires Parkin, as, when it was knockdown, it was 

observed a 72% inhibition of mitophagy in neurons with the mutant form and no 

impact at control neurons. This may be a way that α-syn aggregates and 

mitochondria dysfunction that are observed in PD are correlated (Choubey et al, 

2011). 

Finally, there are data supporting that α-syn indirectly inhibits the activity of 

myocyte enhancer factor 2D (MEF2D). MEF2D is a member of the transcription 

factors family MEF2, which family has been indicated to play a critical role in 

neuronal development, synaptic plasticity and survival of diverse types of neurons, 

by regulating nuclear gene expression, although the exact targets of each member 

remain elusive (She et al, 2011). Yang et al showed that MEF2D continuously moves 

from the nucleus to the cytoplasm, where it interacts with Hsc70 and is degraded 

through CMA. Blockage of CMA results in an increased concentration of inactive 

MEF2D in the cytosol and reduced in the nucleus. In the cortex of A53T α-syn 

transgenic mice and the brain of PD patients the cytoplasmic concentration of 

MEF2D was significantly higher than controls. The above suggest that α-syn prevents 

MEF2D protective action (Yang et al, 2009). A relatively recent study has 

demonstrated the presence of MEF2D in mitochondria where it induces the 

transcription of the gene NADH dehydrogenase 6 that encodes an important 

member of the complex I of the oxidative phosphorylation system. Moreover, 

postmortem studies revealed decreased levels of mitochondrial MEF2D and of its 

target in PD patients in compare to controls. A disruption of this MEF2D action may 

contribute to PD (She et al, 2011). 
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1.1.3 Mitophagy and PD 

 Mitochondria are double-membrane-bound organelles that are vital for the 

production of energy via the oxidative phosphorylation system, and play significant 

roles in apoptosis, calcium signaling and storage, and fatty acid metabolism (Grenier 

et al, 2013). They also are an important source of reactive oxygen species (ROS) that 

in high levels, when they cannot be addressed by cellular anti-oxidants, trigger 

critical damage in cells, accumulation of which has been associated with aging, 

cancer and neurodegenerative diseases (Lynch-Day et al, 2012).  

 It has been suggested that mitochondrial dysfunction play a critical role in the 

pathogenesis of PD. This has been supported by observations that mitochondrial 

toxins, like MPTP and rotenone, could cause acute Parkinsonism, in SN pars 

compacta of PD patients there are deletions in higher frequency in the mitochondrial 

DNA than in controls and in post-mortem studies of PD patients in the same brain 

area there is a deficiency of the mitochondrial respiratory system, particularly of 

complex I, which association is still controversial and it has to be clarified if this 

deficiency contributes to the pathogenesis of the disease or is a consequence of it 

(Grenier et al, 2013; Lynch-Day et al, 2012). 

 The quality control process that regulates the proper elimination of damaged 

and superfluous mitochondria is a selective type of macroautophagy, mitophagy, 

which is highly regulated and conserved from yeast to higher eukaryotes (Palikaras & 

Tavernarakis, 2012). Some of the genes that have been linked to familiar PD, 

especially those that encode Parkin and PINK1, have been shown to be involved in 

the process of mitophagy, providing a connection between PD and mitophagy. 

 In mammalian cells, the center of attention for most studies on mitophagy 

has been the PINK1/Parkin dependent degradation. Parkin is a primarily cytosolic E3 

ubiquitin ligase and PINK1 (PTEN-induced kinase 1) is a mitochondrial membrane-

anchored kinase (Lynch-Day et al, 2012). In Drosophila melanogaster studies it was 

demonstrated that PINK1 and Parkin act on the same pathway, with PINK1 acting 

upstream from Parkin (Lynch-Day et al, 2012). PINK1 is constitutively translocated 

from the cytoplasm into the inner membrane of mitochondria through the 

mitochondrial import machinery, TOM and TIM complexes, where is cleaved by the 

inner membrane presenilin-associated rhomboid-like protease (PARL) (Hirota et al, 

2012). Upon mitochondrial depolarization, PINK1 cannot translocate across the 

outer membrane, so it accumulates there, something that triggers the recruitment of 

Parkin to damaged mitochondria (Hirota et al, 2012). Subsequently, Parkin 

ubiquitylates many proteins of the outer mitochondrial membrane, such as 

mitofusin 1 and 2 that are essential for the fusion of mitochondria, thus preventing 

the fusion of damaged mitochondria with healthy ones, and the voltage-dependent 

anion channel (VDAC) (Palikaras & Tavernarakis, 2012). Then, p62 binds the 
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ubiquitinated proteins on mitochondria and as p62 constitutes a substrate for 

autophagy it is considered that these mitochondria are finally degraded by 

autophagy (Hirota et al, 2012) (fig 3). 

 

 

Figure 3: PINK1/Parkin dependent mitophagy. For details refer to the text (Hirota et al, 

2012). 

 

1.1.4 DJ-1 

DJ-1 has a neuroprotective role and influences sensitivity to oxidative stress 

(Canet-Aviles et al, 2004; Martinat et al, 2004). This could be mediated via its 

localization to mitochondria, where it is able to decrease the oxidative stress induced 

by inhibitors of the respiratory chain such as rotenone (Trempe & Fon, 2013). 

Deficiency of this protein results in depolarization and fragmentation of 

mitochondria and augmentation of ROS production, something that could be 

rescued by addition of a cell-permeable glutathione precursor or Parkin/PINK1 

overexpression (Thomas et al, 2011). In a recent study it was shown that DJ-1 

negatively regulates PINK1-dependent Parkin translocation to depolarized 

mitochondria in neurons, as a result of its ability to control ROS generation (Joselin et 

al, 2012). DJ-1 has a protective role from oxidative stress caused by ROS, although 

the exact molecular mechanism by which this is achieved remains elusive. 
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1.1.5 LRRK2 

Leucine Repeat Rich Kinase 2 (LRRK2) is a tyrosine kinase-like protein and it 

has been indicated that it regulates neurite outgrowth in developing neurons and in 

Caenorhabditis elegans has a role in specification of axons and dendrites (Cookson, 

2010). Some of the mutations that are involved in PD seem to increase kinase 

activity. There is also a domain of LRRK2 that interact with Parkin (Bekris et al, 2010). 

The protein is mainly localized in membrane microdomains, multivesicular bodies 

and autophagic vesicles and mutated or reduced protein leads to impairment of 

autophagy (Lynch-Day et al, 2012). Orenstein et al have recently shown that LRRK2 is 

degradated by CMA. Wild-type LRRK2 can be degradated via either UPS or CMA, 

whereas pathogenic mutated LRRK2 inhibits CMA in cellular models of PD (Orenstein 

et al, 2013).   

 

1.2 Gaucher’s disease 

Gaucher’s disease (GD) is a lysosomal storage disorder that was first 

described in 1882 by Philippe Gaucher in his thesis for a Doctorate in Medicine 

(Gaucher, 1882). It is caused by homozygous or compound heterozygous mutations 

in the gene that encodes glucocerebrosidase, resulting in deficiency of this enzyme. 

Glucocerebrosidase is a lysosomal membrane protein that hydrolyzes the beta-

glucosidic linkage of glycosylceramide (also called glucocerebroside), which is an 

intermediate in glycolipid metabolism, producing glucose and ceramide. Its 

deficiency results in accumulation of glucocerebrosides in lysosomes most 

prominently in the mononuclear phagocyte system, giving rise to the cellular 

hallmark of the disease, the Gaucher cells, that are macrophages with displaced 

nuclei and a “wrinkled tissue paper” cytoplasm (fig. 4). Gaucher cells mainly 

populate the spleen, liver and bone marrow, leading to inflammation and 

organomegaly (Siebert et al, 2014). 

Although Gaucher’s disease is pan-ethnic, it has a higher prevalence in the 

Ashkenazi Jewish population, with its frequency ranging from 1 in 500 to 1 in 1000, 

whereas in the general population it is 1 in 40000 to 1 in 60000 (Deng et al, 2014).  

Clinically, GD is characterized by a diverse clinical spectrum and is categorized 

into three types depending on the absence (type 1) or presence and rate of 

progression of neurological symptoms (types 2 and 3). Type 1, the most common 

type, is the non-neuronopathic type; it displays a broad range concerning the 

severity of the symptoms, including in its most severe form hepatosplenomegaly, 

anemia, thrombocytopenia and bone complications, such as bone pain and crises, 

avascular necrosis and pathologic fractures. Type 2 or acute neuronopathic GD is 
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possible to appear prenatally, at birth or at the first year of age, exhibiting an 

extensive and progressive neurological deterioration resulting in early death within 

days to years. Type 3, which is also called chronic neuronopathic type, includes a 

variety of phenotypes, such as myoclonic epilepsy, ataxia, dementia and slowed 

horizontal saccadic eye movements. Some patients can develop cardiac calcification, 

hydrocephalus or other abnormalities. The clinical diversity of GD patients could 

propose a continuum of phenotypes rather than the classic division into three types 

(fig. 5) (Sidransky, 2004; Sidransky & Lopez, 2012). 

Two different types of therapeutic intervention are available for type 1 

patients. The enzyme replacement therapy (ERT) is based on chronic intravenous 

administration of recombinant glucocerebrosidase, with the clinical responses to it 

being rapid and impressive, such as significant corrections in hepatosplenomegaly, 

improvement of hematologic parameters and reduction of bone marrow infiltration. 

The other therapeutic approach is substrate reduction therapy that is based on oral 

administration of the iminosugar N-butyldeoxinojirimycin (Miglustat), which reduces 

the synthesis of glucocerebroside by inhibiting its synthesizing enzyme, 

glucosylceramide synthase. The response to miglustat treatment is less prominent, 

and its use is authorized for mildly to moderately affected patients who are 

unsuitable for ERT or in whom ERT is not a therapeutic option. As the recombinant 

enzyme is not able to cross the blood brain barrier, development of small 

compounds, such as Miglustat, for treating patients with neuronopathic GD is 

appealing for future therapeutic strategies (Dekker et al, 2011). 

The accumulation of glucocerebrosides within macrophages has as a result 

increased serum levels of IL-1β, IL-6, TNFα, IL-10 and M-CSF (Guggenbuhl et al, 

2008). Nevertheless, the abnormal macrophages cannot explain the vast clinical 

phenotype of GD and certainly not the neuronopathic types, hence and other 

pathogenic mechanisms could play a role in the development of the disease. It has 

been proposed the existence of a toxic metabolite. Glucocerebrosidase has as a 

second substrate glucosylsphingosine, although it is hydrolyzed much less efficiently, 

with a kcat 100-fold lower than glucocerebroside (fig. 6) (Dekker et al, 2011). It has 

been found elevated glucosylsphingosine concentrations in cerebral and cerebellar 

cortex in brains of type 2 and 3 GD patients, and in spleen and liver in all types of GD 

patients (Nilsson & Svennerholm, 1982; Orvisky et al, 2002). A recent study has 

revealed an approximate 200-fold increase in plasma glucosylsphingosine in type 1 

GD patients in compare to controls, although it was lower than in plasma of the 

neuronopathic types, and has correlated plasma concentrations with the degree of 

deficiency of glucocerebrosidase and the severity of the disease (Dekker et al, 2011). 

The elevated concentrations of glucosylsphingosine cannot be explained by the 

deficiency of glucocerebrosidase because of its low efficient degradation by the 

enzyme. More possible is that they arise from deacylation of the accumulated 
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glucocerebroside (Dekker et al, 2011). Glucosylsphingosine is cytotoxic, as among 

others it causes hemolysis of red blood cells at low concentration, inhibits protein 

kinase C which is important in signal transduction and cell behavior, and it damages 

cholinergic neurons (Dekker et al, 2011). Glucocerebrosides perturb another 

mechanism that could be implicated in the pathology of the neuronopathic types, 

the calcium homeostasis. Studies using cultured neurons from rat hippocampus and 

rat brain microsomes revealed that glucocerebroside enhances agonist-induced 

calcium release from endoplasmic reticulum via the ryanodine receptor in a dose-

dependent manner, leading to neuronal cell death upon exposure to neurotoxic 

agents and to the excitatory neurotransmitter, glutamate (Korkotian et al, 1999; 

Pelled et al, 2000; Lloyd-Evans et al, 2003a). Also, another study used brain 

microsomes that were obtained post-mortem from all types of GD patients and 

showed that agonist-induced calcium release was enhanced in type 2 microsomes 

compared to type 3, 1 and controls and correlated with the degree of 

glucocerebroside accumulation (Pelled et al, 2005).    

 

 

 

Figure 4: Histopathology of a type 1 patient’s spleen with Gaucher cells (Spitz et al, 2006). 
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Figure 5: The vast spectrum of phenotypes of GD with the classical division into 3 types. The 

part of phenotypes that are indicated with curve lines correspond to patients whose 

neurological symptoms it is not clarified if they result of the enzyme deficiency or of a 

secondary cause (Sidransky, 2004). 

 

 

Figure 6: Glucocerebrosidase hydrolyzes glucocerebroside into ceramide and glucose and 

glucosylsphingosine into sphingosine and glucose (Sidransky, 2004). 
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The gene that encodes glucocerebrosidase (GBA) is located on chromosome 

1q21, in a gene-rich region of 85kb that encompasses seven genes and two 

pseudogenes (fig. 7A). GBA gene is composed of 11 exons and 10 introns in a 7,6kb 

region, while 16kb downstream of it there is a pseudogene (GBAP) with 96% exonic 

sequence homology with GBA gene and the same transcription direction. This 

homology causes difficulties in sequencing and detection of mutations of the GBA 

gene, although there is a 55bp deletion in exon 9 of GBAP that could be helpful for 

their distinction. In addition, recombination events between the two genes could 

have as outcome mutations that cause GD (Hruska et al, 2008). 

The cDNA of glucocerebrosidase has about 2kb length. However, there have 

been identified mRNA molecules of different sizes possible due to splice variants, 

alternate polyadenylation sites, or transcription of GBAP gene. The translation of the 

mRNA can start at two different in-frame start codons, in exons 1 and 2 respectively, 

giving rise in two proteins that differ in the size of the signal peptide, the first with a 

39-residue signal sequence and the second with a 19-residue signal sequence, even 

though both of them are eventually modified into the 497-residue mature enzyme 

(fig. 7B). It has been reported a variety of the levels of mRNA in different cell lines, as 

and the absence of a correlation between the levels of mRNA and the quantity of 

enzymatic activity. In addition, it has been shown diversity in various cell lines of the 

ability of translation or post-translational modification and transport of 

glucocerebrosidase (Hruska et al, 2008). 

Glucocerebrosidase is a ~62 kDa enzyme, composed of 497 amino acids, and 

is activated in lysosome by saposin C. It consists of three domains: domain I that 

contains two disulfide bridges which may be essential for proper folding, domain II 

that includes two closely associated β-sheets, forming a domain similar to an 

immunoglobulin (lg) fold, and domain III which is a (β/α) TIM barrel containing the 

catalytic site. It binds to the lysosomal integral membrane protein type 2 (LIMP-2), 

which serves as a lysosomal surface receptor for GBA, in the endoplasmic reticulum 

(ER), and in traverse Golgi and endocytic compartments en route to lysosome, at 

which the acidic pH facilitates dissociation of GBA from LIMP-2 (Deng et al, 2014).              

Until now there have been described about 300 mutations in the GBA gene, 

including 203 missense mutations, 18 nonsense, 36 insertions or deletions, 14 splice 

junction mutations, 13 complex alleles with two or more mutations in cis, and 

several recombinant alleles that have resulted from reciprocal (gene fusion or 

duplication) and non-reciprocal (gene conversion) recombination events with the 

nearby pseudogene (fig. C) (Hruska et al, 2008). 

In the late 1980s were reported the first two mutations of the GBA gene, 

c.1448T>C (L444P) and c.1226A>G (N370S), that are the most common GBA 

mutations in most populations (Tsuji et al, 1987, 1988). N370S is exclusively 



20 
 

associated with type 1 GD and is the most frequent mutation in Ashkenazi Jews 

patients, whereas L444P is associated mainly with type 3 GD (Guggenbuhl et al, 

2008). Yet, the genotype/phenotype correlations in GD are not straightforward, as 

there have been reported patients homozygous for L444P exhibiting different clinical 

phenotypes. Also, siblings with the same genotype could have different clinical 

manifestations, even and identical twins could have different degrees of disease 

severity. On the other hand, same phenotypes could result from different genotypes. 

Apparently, there are many components that contribute to the outcome of the 

disease, some of which could be modifier genes, such as genes that are implicated in 

other steps of the metabolic pathway, in trafficking, processing, binding or 

degradation of glucocerebrosidase, and environmental factors (Sidransky, 2004).     

  

 

Figure 7: (A) The 62 kb region of chromosome 1q that includes GBA gene. (B) The exonic 

structure of GBA with the two start sites and 15 common mutations. (C) Number of 

identified deletion, insertion, substitution and slice-site mutations per exon (Hruska et al, 

2008). 

 

1.2.1 Gaucher’s disease and Parkinsonism 

In 1996 single cases that were followed by additional reports described GD 

patients who develop parkinsonian features including tremor, rigidity and 

bradykinesia. In 2003, there was a study of 17 GD patients with Parkinsonism of 

different ethnic origin, where 14 patients (82%) had the N370S mutation, with 5 
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homozygotes among them. The parkinsonian symptoms were similar to those seen 

in sporadic PD and the patients had an average age of onset in their 40s. Most of 

them responded favorably to levodopa, whereas enzyme replacement therapy had 

no impact on the parkinsonian symptoms in 7 treated patients. Autopsies were done 

on 4 patients and showed loss of dopaminergic neurons of SN and Lewy body 

inclusions in the brainstem, the hippocampus and the cerebral cortex (Tayebi et al, 

2003). 

Later, it was noted that relatives of GD patients with Parkinsonism who were 

obligate or confirmed GBA heterozygotes had developed PD. Subsequently, two 

studies at Gaucher Clinics in USA and Israel showed 25% of the patients to report a 

1st- or 2nd- degree relative with Parkinsonism, strengthening the initial finding and 

providing evidence that heterozygosity of GD may be a risk factor for the 

development of parkinsonism (Goker-Alpan et al, 2004; Halperin et al, 2006). Since 

then, multiple studies were conducted, in which it was performed screening for 

mutations in PD patients cohorts with different geographical or ethnical origins, 

either for the most frequent mutations in GD (L444P and N370S) or complete 

sequencing of all GBA exons. The highest frequency was reported in Ashkenazi 

Jewish PD patients, with mutations in 31.3% of PD patients versus 6.2% of controls 

and the lowest in a study of Norwegian patients with a frequency of 2.3% versus 

1.7% in controls (Aharon-Peretz et al, 2004; Toft et al, 2006). In 2009, a large analysis 

was conducted that included 16 research centers from 12 countries, with 5691 PD 

patients (780 Ashkenazi Jews) and 4898 control individuals (387 Ashkenazi Jews). All 

of the individuals were screened for at least the two most common mutations 

(L444P and N370S), revealing a frequency of 15% in Ashkenazi Jewish patients and of 

3 % in Ashkenazi Jewish controls, and 3% in patients of other ethnic origins and less 

than 1% in non-Ashkenazi Jewish controls. In 1700 patients of this study the GBA 

gene was sequenced completely, with 7% of non-Ashkenazi Jewish ancestry patients 

reported to be mutation carriers. The study concluded that the odds ratio (OR) of PD 

patients for carrying a GBA mutation was 5.43, confirming that heterozygous 

mutations in the GBA gene are currently the most common genetic risk factor for PD 

(Sidransky et al, 2009). 

Clinically, in GBA mutation carriers the onset of motor impairment was 1.7-

6.0 years earlier than in PD patients without GBA mutations. In addition, screening of 

PD patients with an early age at onset <50 years showed that the frequency of GBA 

mutations was doubled compared with late-onset cases (Sidransky & Lopez, 2012). 

Aside from the age of onset, the clinical phenotype seems to be the same with 

sporadic PD, as most studies using the Unified PD rating scale, mini-mental state 

examination, and Hoehn and Yahr (H & Y) staging could not detect significant 

differences in the extent of PD manifestations and the rate of progression of disease 

between GBA carriers and non-carriers. Nevertheless, some studies reported a 
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higher frequency of cognitive decline, bradykinesia and olfactory dysfunction, and 

less rigidity to characterize PD patients with GBA mutations (Velayati et al, 2010). 

Moreover, PD patients with GBA mutations have been reported to suffer more 

frequently from non-motor symptoms, such as depression and anxiety, as and 

autonomic dysfunction and sleep disturbances compare to non-carriers PD patients 

(Brockmann et al, 2011; McNeill et al, 2012).   

1.2.2 GBA mutations and other Lewy body disorders 

 There have been conducted several studies in order to examine the 

association of GBA mutations with other Lewy body disorders, in particular with 

Lewy body dementia (LBD) and multiple systems atrophy (MSA). The first screening 

for GBA mutations in 35 LBD patients revealed a frequency of 23% (Goker-Alpan et 

al, 2006), while in another study for the N370S and L444P mutations with 57 patients 

and 554 controls the frequency was 3.5% in patients versus 0.4% in controls (Mata et 

al, 2008). In 2012 occurred a large multicentre analysis of GBA mutations in 721 LBD 

patients and 1962 controls that reported a higher frequency of GBA mutations in 

LBD patients than in PD patients, with an OR of 8.28 (Nalls et al, 2012). On the 

contrary, various studies failed to establish an association between GBA mutations 

and patients with MSA. In MSA α-synuclein aggregation is mostly encountered in 

oligodendrocytes, rather than in neurons, a difference that could be related to the 

pathogenesis of the disease (Sidransky & Lopez, 2012). 

1.2.3 Possible mechanisms for GBA-associated PD 

The mechanisms that are associated with GBA mutations and the 

pathogenesis of PD are not yet clarified. Initially, two theories were proposed, the 

gain-of-function and the loss-of-function theory.  

The gain-of-function theory is mainly supported by the fact that most of GBA 

mutations result in a misfolded protein. This aberrant protein could enhance α-syn 

aggregation by directly interacting biochemically with α-syn or by causing lysosomal 

dysfunction, impairment of the ubiquitin-proteasome pathway or autophagy 

(Sidransky & Lopez, 2012). Furthermore, a study in 7 brain samples from PD and LBD 

patients with GBA mutations showed the presence of mutant glucocerebrosidase in 

32-90% of both ubiquitinated and non-ubiquitinated LBs, in contrast to patients 

without mutations where the presence of glucocerebrosidase was in less than 10% 

of LBs, suggesting that glucocerebrosidase may play a role in α-syn oligomerisation 

or impaired degradation, although this colocalization could be explained by the 

“misfolded trap” mechanism, in accordance with which soluble α-syn oligomers trap 

aberrant glucocerebrosidase (fig. 8) (Goker-Alpan et al, 2010; Westbroek et al, 2011). 

Inconsistent with this theory is the existence of some null GBA mutations in patients 
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with parkinsonism and that carriers of such mutations have even higher risk of 

developing parkinsonism (Sidransky & Lopez, 2012). 

In the loss-of-function theory, the accumulation of glucocerebroside in 

lysosomes could directly provoke α-syn aggregation or indirectly by altering the 

lysosomal pH or leading to lysosomal dysfunction and autophagy impairment 

(Siebert et al, 2014). In addition, α-syn can bind to the lipid-raft-associated 

ganglioside GM1, something that could contribute to the proper trafficking of α-syn 

to presynaptic membranes. Consequently, the accumulation of glucocerebroside and 

glucosylsphingosine could result in alterations in lipid homeostasis, following 

alterations in α-syn processing. An important argument against the exclusive 

involvement of loss-of-function theory is that most GD patients never develop PD 

(Sidransky & Lopez, 2012).  

Various studies on patient samples, cell and mouse models have provided 

evidence for both theories. Cullen et al supported gain-of-function theory, as they 

showed that in neuronal cell lines, where they overexpressed wild-type α-syn and 

different GBA mutations, α-syn accumulation was dependent on the amount of 

glucocerebrosidase, but not its activity. Also, using an in vivo point mutation knock-

in mouse model of GD (D409V/D409V) they demonstrated age-dependent α-syn 

accumulation, although the contribution of reduced enzyme activity could not be 

excluded, as it was 20% of control (Cullen et al, 2011).  In another study in favor of 

the loss-of-function theory, treatment of mice with conduritol β epoxide, which is an 

inhibitor of glucocerebrosidase, resulted in moderately increased levels of α-syn 

(Manning-Bog et al, 2009). 

 Another theory about the link of GBA mutations and PD pathogenesis is the 

prion hypothesis. Goldin suggested that α-syn aggregates could spread with a prion-

like mechanism of cell-to-cell transmission using lipid-rich Gaucher cells as carriers. 

This theory could not apply on heterozygotes, as they do not have glucocerebroside 

accumulation in macrophages. This could be explained by a new somatic GBA 

mutation in macrophages, which would initiate α-syn spreading (Goldin, 2010). 
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Figure 8: Presence of glucocerebrosidase in LB in two subjects (a and b) carrying GBA 

mutations and diagnosed with Parkinsonism and GD, while in e there is no staining of 

glucocerebrosidase in a case of LBD without GBA mutations (Goker-Alpan et al, 2010).  

Mazzulli et al indicated the existence of a reciprocal relationship between α-

syn and glucocerebrosidase activity. They showed that increased levels of α-syn 

inhibit translocation of glucocerebrosidase from endoplasmic reticulum (ER) and 

Golgi to lysosome, leading to less lysosomal enzyme that in turn results in 

glucocerebroside accumulation and subsequent aggregation of α-syn, as 

glucocerebroside directly affects the formation of α-syn amyloid fibrils by stabilizing 

soluble oligomeric intermediates. The final outcome of the above is impaired CMA 

and macroautophagy degradation of α-syn as a consequence of lysosomal 

dysfunction causing increased aggregation of α-syn in the cytoplasm that, 

sequentially, will inhibit the translocation of glucocerebrosidase from ER to Golgi. 

This bidirectional relationship of α-syn and glucocerebrosidase forms a positive 

feedback loop that may result in a self-propagating disease (fig. 9) (Mazzulli et al, 

2011).  
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Figure 9: The bidirectional relationship between α-syn and glucocerebrosidase. (1) and (2) 

show the trafficking of glucocerebrosidase from ER to Golgi and, eventually, to lysosomes, 

where (3) it hydrolyzes its substrate and interacts with α-syn facilitating its degradation. (4) 

Reduced levels of the enzyme lead to accumulation of its substrate and slower α-syn 

degradation, resulting in α-syn oligomers and fibrils. (5) As a consequence of the previous is 

lysosomal dysfunction and impaired autophagy, inducing α-syn aggregation in the cytosol, 

(6) which will block glucocerebrosidase trafficking from ER to Golgi. ECE = extracellular 

environment, CM = cellular membrane, SAPC = saposin C, GCase = glucocersbrosidase, GC = 

glucocerebroside (Siebert et al, 2014).     

This theory is strengthened by a study that revealed reduced activity of 

glucocerebrosidase in post-mortem brain samples from PD patients with 

heterozygous mutations in the GBA gene, with a 58% decrease in SN, 48% in 

putamen and 47% in cerebellum, as well as a 33% decrease in SN, a 24% decrease in 

cerebellum and reduced protein levels in the brains of sporadic PD patients without 

GBA mutations (Gegg et al, 2012). An increased concentration of ER 

glucocerebrosidase in compare with post-ER glucocerebrosidase was shown in 

induced pluripotent stem cells-derived cortical neurons from a patient with A53T α-

syn, in brain samples from a patient with the same mutated α-syn and in cortex 

samples from sporadic PD patients, indicating reduced translocation of 

glucocerebrosidase from ER to lysosomes (Chung et al, 2013). Sardi et al showed that 

in the GD mouse model D409V/D409V substrate accumulation, cognitive 
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impairment, and α-syn aggregation in the brain was reversed, following adenovirus-

mediated expression of wild-type glucocerebrosidase in the brain. In addition, α-syn 

was reduced in transgenic mice that over-expressed A53T α-syn again by the 

adenovirus-mediated expression of wild-type enzyme (Sardi et al, 2011; 2013). 

Biophysical studies showed a direct interaction between α-syn and 

glucocerebrosidase only at the acidic pH (5.5) of the lysosomal compartment. Also, 

at pH 5.5 and not 7.4 the enzyme co-immunoprecipitated with native α-syn in brain 

samples from PD patients. This interaction seems to occur with the C-terminal region 

of α-syn, whereas the N-terminal is bound to a glycolipid-rich vesicle inside the 

lysosome, and it may be beneficial for α-syn processing by facilitating its degradation 

or preventing its aggregation (Yap et al, 2011). Further biophysical studies showed 

that α-syn inhibits the activity of glucocerebrosidase in a dose-dependent way (Yap 

et al, 2013).  

PD patients heterozygous for GBA mutations may satisfy both conditions of 

this bidirectional pathogenic loop in parallel: (i) reduced glucocerebrosidase activity 

compromising autophagy and causing accumulation of α-syn and (ii) α-syn 

aggregation inhibiting lysosomal activity of normal glucocerebrosidase. This could 

provoke additional enhancement of LB formation, forcing the wide-spread pattern 

which was observed in GBA-associated PD and in this way partially explaining the 

more rapid progression of motor and non-motor symptoms in these patients 

(Brockmann & Berg, 2014). 

A variety of studies have provided evidence in support of the bidirectional 

relationship theory between α-syn and glucocerebrosidase, a theory that has as a 

main component the lysosome, which plays a central role in PD pathogenesis, as we 

have already described. 

 

2 Aim of the study 

The aim of this study was the assessment of the possible involvement of GBA 

mutations in the Cretan PD patients and the clinical evaluation of the phenotype of 

PD patients that are positive for GBA mutations in comparison with the non-carriers 

PD patients.  

Also, we intended to create a high risk group of pre-symptomatic GBA 

carriers with high risk for developing PD that will be followed longitudinally. This 

group will be composed of GBA-positive relatives of PD patients. In this way we will 

be able to monitor the disease process.   
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3 Materials and Methods 

3.1 PD patients and control group 

We studied 253 patients with extrapyramidal disorders and 134 controls, 

who contributed from 2000 to 2010 to the University of Crete PD Biobank. All 

patients and controls were of Cretan ethnicity. All patients had a diagnosis of 

primary degenerative parkinsonism: 243 patients were diagnosed with PD according 

to the United Kingdom Parkinson’s Disease Society Brain Bank clinical criteria, 4 

patients for Essential Tremor (ET), 3 for LBD, 1 for MSA, 1 for Friedreich’s ataxia and 

1 for Corticobasal degeneration (CBD). Patients with suspect of secondary 

parkinsonism were excluded. The clinical and demographic data that were collected 

are the following: gender, age at onset, family history of PD, Alzheimer’s disease 

(AD) and ET, disease duration, first symptom, type of PD, cognitive changes, 

psychiatric features, H & Y stage and course of the disease. 

We also included in our study 18 healthy relatives of PD patients. 

Controls were drawn randomly from the local population and matched to PD 

patients by gender, age and place of residence. All controls denied any family history 

for movement disorders in first-degree relatives.  

We selected 100 patients with disease onset before age of 60, as earlier 

onset PD patients tend to have a familial concentration and a more marked genetic 

component, for sequencing of exons 8-11 of the GBA gene, which contain the 

majority of PD-associated mutations.  

3.2 Molecular analysis 

Peripheral blood was collected from each patient, and DNA was extracted 

from leucocytes according to standard procedures. 155 PD patients and 51 controls 

were screened for N370S mutation, and 177 PD patients and 128 controls for the 

L444P mutation, since these two mutations are the most frequent mutations among 

GD patients. Molecular analysis was based on restriction fragment polymorphisms 

(RFLPs). Initially, we amplified the target sequence for each mutation using two 

distinct PCR reactions, followed by digestions with the appropriate restriction 

endonucleases and submission of the digestion fragments to electrophoresis using 

agarose gel. 

For the sequencing, we amplified the target sequence, using PCR reaction; 

we submitted the entire PCR product to electrophoresis in a 1% agarose gel. 

Subsequently, we extracted and purified the DNA.  PCR amplification and purification 
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of 100 samples has been completed and the samples have been sent for sequencing. 

We still await the results. 

 

3.2.1 Molecular analysis based on RFLPs  

 

3.2.1.1 PCR 

For the amplification of the desired sequence of GBA gene we used 

Polymerase Chain Reaction (PCR). 

PCR is a technique of high sensitivity and specificity for the in vitro 

amplification of a particular DNA segment. The technique requires a DNA 

polymerase which is an enzyme that synthesizes the complementary strand of a DNA 

sequence, two single-stranded oligonucleotide primers that serve as initiation sites 

for DNA polymerase and are complementary to opposite strands of the template 

flanking the desired sequence, deoxynucleotide triphosphates (dNTPs) that are used 

by the polymerase for the extension of the attached primer and the DNA template 

that contains the target sequence. Nowadays, the enzyme that is widely used is 

thermostable Taq DNA Polymerase, isolated from the thermophilic bacterium 

Thermus aquaticus. Other necessary components for the accomplishment of the 

reaction are divalent magnesium ions and a PCR reaction buffer. The most 

commonly used buffer is composed by 10 mmol l-1 Tris-HCl and 50 mmol l-1 KCl. As 

tris-HCl buffer exhibits a sensitivity in changes in temperature, reducing its pH by 0,1 

unit for every 5 0C increase, it is formed to display a 8,3 pH at room temperature in 

order to achieve a 7,2 pH at the extension temperature (72 0C) which is near the 

optimum temperature for Taq Polymerase. Monovalent cations (K+) and Mg2+ ions 

interact with the negatively charged DNA strands, primers and dNTPs, weakening the 

forces of repulsion and making able the annealing of the primers and the extension 

of the product. Mg2+ ions except of the above are essential in the reaction as they 

act as a co-factor for Taq polymerase (Pelt-Verkuil, 2010). 

In order to improve the yield and the specificity of the PCR reaction there are 

some additives and enhancing agents that can be used. Two of the most common 

are dimethyl sulfoxide (DMSO) and N,N,N-trimethylglycine (betaine). Both of these 

agents act facilitating strand separation of the DNA template. Betaine equalizes the 

different melting temperature of A-T and G-C base pairs, whereas DMSO disrupts 

inter and inter-strand re-annealing. Both of them also reduce secondary structure 

formation of GC rich sequences as it could inhibit DNA polymerase (Jensen et al, 

2010).   

PCR reaction is achieved in an automated thermal cycler for rapid and 

controlled changes of temperature. The reaction consists of three steps that are 
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repeated 30-40 times depending on the amount of the product that is required: 1) 

denaturation step, in which the template is separated into two single-strands using 

high temperature (around 95 0C), 2) the annealing step, lowering of the temperature 

so the primers attach to their complementary sequence on the single-stranded 

template, and 3) the primer extension step, at the optimum temperature for the 

polymerase.  

Two distinct PCR reactions were made for the detection of the two 

mutations. For N370S we amplified a sequence of 105bp length, while for L444P a 

sequence of 780bp length. The primers that are used for the two mutations are 

shown in table 2 and the target sequences are following. 

 

Table 2: Primers used for the detection of N370S and L444P mutations and the exon that 

each mutation is located.  

Mutation (cDNA sequence)                Exon                                                             Primers                                                      

N370S (c.1226A>G)                           9                             F: 5΄-GCCTTTGTCCTTACCCTCG-3΄                                                                                                                                               

                                                                                            R: 5΄-ACGAAAGTTACGCACCCAATT-3΄ 

 

L444P (c.1448T>C)                                 10                           F: 5΄-CTGAACCCCGAAGGAGGAC-3΄ 

                                                                                            R: 5΄-TGAATGGAGTAGCCAGGTGA-3΄     

 

With red are indicated the sequences that the N370S primes attach and in 

blue the sequences for L444P primers, while with yellow are high lightened the two 

mutations that were studied.   

GCCTTTGTCCTTACCCTAGAACCTCCTGTACCATGTGGTCGGCTGGACCGACTGGAACCTTGCCCTGAACCCCG

AAGGAGGACCCAATTGGGTGCGTAACTTTGTCGACAGTCCCATCATTGTAGACATCACCAAGGACACGTTTTA

CAAACAGCCCATGTTCTACCACCTTGGCCACTTCAGGTGAGTGGAGGGCGGGCACCCCCATTCCATACCAGGCC

TATCATCTCCTACATCGGATGGCTTACATCACTCTACACCACGAGGGAGCAGGAAGGTGTTCAGGGTGGAACCT

CGGAAGAGGCACACCCATCCCCTTTTGCACCATGGAGGCAGGAAGTGACTAGGTAGCAACAGAAAACCCCAAT

GCCTGAGGCTGGACTGCGATGCAGAAAAGCAGGGTCAGTGCCCAGCAGCATGGCTCCAGGCCTAGAGAGCCA

GGGCAGAGCCTCTGCAGGAGTTATGGGGTGGGTCCGTGGGTGGGTGACTTCTTAGATGAGGGTTTCATGGGA

GGTACCCCGAGGGACTCTGACCATCTGTTCCCACATTCAGCAAGTTCATTCCTGAGGGCTCCCAGAGAGTGGGG

CTGGTTGCCAGTCAGAAGAACGACCTGGACGCAGTGGCACTGATGCATCCCGATGGCTCTGCTGTTGTGGTCG

TGCTAAACCGGTGAGGGCAATGGTGAGGTCTGGGAAGTGGGCTGAAGACAGCGTTGGGGGCCTTGGCAGGA

TCACACTCTCAGCTTCTCCTCCCTGCTCCCTAGCTCCTCTAAGGATGTGCCTCTTACCATCAAGGATCCTGCTGTG

GGCTTCCTGGAGACAATCTCACCTGGCTACTCCATTCA 
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Components of the two PCR reactions:   

Component 
20μl reaction for 
N370S mutation 

20μl reaction for 
L444P mutation 

Final concentration 

5x Taq reaction 
buffer 

4 μL 4 μL 1x 

2 mM dNTPs 2 μL 2 μL 0.2 mM 

25 mM MgCl2 2 μL 1 μL 2.5 mM & 1.25 mM 

5 M betaine 4.8 μL - 1.2 M 

DMSO - 1 μL  

5 mM Forward 
Primer 

1 μL 1 μL 0.25 mM 

5 mM Reverse 
Primer 

1 μL 1 μL 0.25 mM 

50 ng/μL Template 
DNA  

1.5 μL 2 μL 
3.75 ng/μL & 

5ng/μL 

5 U/μL Taq DNA 
polymerase 

0.2 μL 0.2 μL 0.05 U/μL 

Water 3.5 μL 7.8 μL  

 

 

Thermocycling conditions for the two PCR reactions: 

 

 
STEP 

TEMPERATURE 
N370S/L444P 

TIME  
N370S/L444P 

 
Initial denaturation 94 0C 5min 

35 Cycles 

Denaturation 94 0C 1min 

Annealing 56.8 / 57.5 0C 35sec 

Extension 72 0C 1min 

 
Final extension 72 0C 10min 
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3.2.1.2 RFLP method 

RFLP is a PCR-based method which has massively been used for diagnosis of 

different genetic disorders. Restriction enzymes are extremely useful genetic tools. 

Their sources are bacteria cells and their primary role is the protection against 

foreign DNA infection. In terms of molecular diagnosis, we make use of their ability 

to recognize specific sequences and to catalyze endonucleolytic cleavages, 

generating fragments of different sizes. Restriction fragments can be displayed by 

electrophoresis in agarose gels, separating the fragments according to their 

molecular size. Differences among individuals in the lengths of a particular restriction 

fragment could arise from various genotypic differences, such as point mutations, 

resulting in loss of a cleavage site or formation of a new one; alternatively, insertion 

or deletion of blocks of DNA within a fragment could alter its size. These genotypic 

changes can all be recognized by the altered mobility of restriction fragments on 

agarose gel electrophoresis (Todd et al, 2001).  

All the components of the digests, enzymes, buffers and Bovine Serum 

Albumin (BSA), are from New England BioLabs. 

In order to detect the N370S mutation we artificially introduced a restriction 

site in the DNA sequence, using directed mutagenesis. The forward primer carried a 

mismatch, as the 18 nucleotide is C, while it should be A. This primer is still able to 

bind to the target sequence. The PCR product bared a new base alteration which, in 

combination with the mutation that we intend to detect, created a restriction site 

that is recognized by the enzyme XhoI: 

 

       Normal                                                                           Mutant 

 

5΄… CTCGAA …3΄    Not digested                                  5΄… C TCGA G …3΄   Digested by 

3΄… GAGCTT …5΄       by XhoI                                        3΄… G AGCT C …5΄      XhoI 

 

 

Digest of the PCR product for N370S mutation with XhoI produces, only when 

the mutation is present, two fragments of 89 and 16 bp size. The incubation of the 

reaction was at 37 0C, overnight, and the components of the reaction were: 

1. 2 μL 10x NEBuffer4 (1x NEB4: 50 mM potassium acetate, 20 mM Tris-acetate, 

10 mM magnesium acetate, 1 mM DTT, pH 7.9 at 25°C ) 

2. 2 μL 10x BSA 

3. 0.3 μL XhoI 

4. PCR product (variable) 

5. Up to 20 μL dH2O 
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For the detection of L444P mutation we used the NciI enzyme, that when the 

mutation is present generates two fragments of 547 and 233 bp size. 

       Normal                                                                           Mutant 

 

5΄… CCTGG …3΄    Not digested                                    5΄… CC C GG …3΄   Digested by 

3΄… GGACC …5΄       by NciI                                           3΄… GGG CC …5΄      NciI 

 

The incubation of the reaction was at 37 0C for 15min and the components of 

the reaction were: 

1. 2 μL 10x CutSmart buffer (1x CutSmart: 50 mM potassium acetate, 20 mM 

Tris-acetate, 10 mM magnesium acetate, 100μg/ml BSA, pH 7.9 at 25°C ) 

2. 0.3 μL NciI 

3. PCR product (variable) 

4. Up to 20 μL dH2O 

 

 

3.2.1.3 Agarose gel electrophoresis 

 

Agarose gel electrophoresis is a widely used technique, as it is a simple and 

highly effective method for separating, identifying, and purifying 100 bp to 25 kb 

DNA fragments. Electrophoresis uses an electrical field to move the negatively 

charged, because of the phosphate backbone, DNA molecule toward a positive 

electrode through an agarose gel matrix. Agarose is purified from the seaweed 

genera Gelidium and Gracilaria, and during gelation, agarose polymers associate 

non-covalently, forming a network of bundles with pores, through which DNA 

molecules can pass. Smaller DNA molecules move through the agarose matrix faster 

than larger molecules. Except of the size of DNA molecules, the rate of migration 

through a gel is affected by the following: agarose concentration, with low 

concentration (<1%) being adequate for the separation of large molecules and 

higher for smaller ones, DNA conformation, voltage applied and electrophoresis 

buffer (Lee et al, 2012). 

   

The protocol can be divided into three stages:  

1) Preparation of the gel 

The electrophoresis tank is filled with 1x TBE, the same buffer that we use to 

construct the gel. For the preparation of the gel, we add the desired amount of 

agarose to an appropriate volume of 1x TBE and then melt the agarose in a 

microwave oven. When it has melted we add the appropriate amount of GelRed 

(10000x solution in water, Biotium). GelRed is an intercalating nucleic acid stain that 
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fluoresces when it is exposed to ultraviolent light. It has the same optical properties 

with ethidium bromide, which is more commonly used, but it is safer and more 

sensitive. Subsequently, we poor the melted agarose in the gel-casting tray with gel-

comb in place, allow it to cool and then move it to the electrophoresis tank.  

5x TBE composition   

54 gr Tris Base 
27.5 gr Boric acid 
3.75 gr EDTA 
up to 1000ml H20 
 

2) Loading of the DNA samples into the sample wells.  

We add loading buffer to each of our samples, in order to be able to assess the 

speed that the gel runs, as it contains a dye that runs ahead of the samples. We use 

Orange G dye that migrates approximately at 50 bp on a 1% agarose gel. Also, 

loading buffer contains a reagent, such as ficoll, to render the samples denser than 

the electrophoresis buffer, so that they settle to the bottom of the well. We usually 

load a molecular weight ladder into the first or last well. 

3) Running of the gel at a voltage and for a time period that will achieve optimal 

separation. 

4) Visualize the gel directly upon illumination with UV light and photograph it if 

it is necessary. 

 

3.2.1.4 Evaluation of the results    
 

After endonuclease digestion fragments were submitted to electrophoresis 
using a 2.5% (for N370S mutation) and a 2% agarose gel (for L444P mutation). After 
electrophoresis of the digestion fragments, specific bands will appear on the gel that 
represent different sizes fragments of DNA.  
 
L444P mutation 

 Only one band of 780bp will be visible in the absence of the mutation. 
 Two bands of 547 and 233 bp length will have been produced if the mutation 

is present in both alleles. This person will be homozygote for this mutation.  
 Three bands of 780, 547 and 233 bp length will have been produced if the 

mutation is present in only one allele. Thus, the person will be heterozygote 
for the mutation.        

 
N370S mutation 

 Only one band of 105bp will be visible in the absence of the mutation. 
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 Two bands of 89 and 16 bp length will have been produced if the mutation is 
present in both alleles. The 16bp fragment will not be visible on the gel 
because of its small size. This person will be homozygote for this mutation.  

 Three bands of 105, 89 and 16 bp length will have been produced if the 
mutation is present in only one allele. Again the 16bp fragment will not be 
visible on the gel. Thus, the person will be heterozygote for the mutation.        

 
We identified only heterozygotes for either of the mutations. Below there are 

shown indicative photographs of gel electrophoresis of digest samples after 
exposure to UV light. The first photograph is after digestion with XhoI and the 
second on after digestion with NciI. 

 

                                                              
 
 
 
 
3.2.2 Sequencing 
 

For the sequencing we amplified a fragment of the GBA gene that contained 
exons 8, 9, 10 and 11, using the primers that are shown below: 
   
 

 Forward primer Reverse primer 

 

Fragment with 

exons 8-11 

5’-TGTGCAAGGTCCAGGATCAG-3’ 5’- TAAGCTCACACTGGCCCTGC-3’ 

 

105 bp 

 89 bp 

16 bp 

780 bp 

547 bp 

233 bp 
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The reagents that were used for PCR reaction: 
 

Component 40μl reaction Final 
concentration 

5x Taq reaction 
buffer 

8 μL 1x 

2 mM dNTPs 4 μL 0.2 mM 

25 mM MgCl2 4 μL 2.5 mM 

5 M betaine 9.6 μL 1.2 mM 

5 mM Forward 
Primer 

2 μL 0.25 mM 

5 mM Reverse 
Primer 

2 μL 0.25 mM 

50 ng/μL 
Template DNA 

2 μL 2.5 ng/μL 

5 U/μL Taq DNA 
polymerase 

0.4 μL 0.05 U/μL 

Water 8 μL  

 
 
 
Thermocycling conditions of the PCR reaction: 
 

 
STEP TEMPERATURE TIME  

 
Initial denaturation 94 0C min 

37 Cycles 

Denaturation 94 0C 1min 

Annealing 68.3 0C 35sec 

Extension 78 0C 1min 

 
Final extension 72 0C 10min 
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After the amplification of the desired sequence we submitted PCR product (40μL) to 

electrophoresis in 1% agarose gel and performed extraction and purification of DNA, 

using the NucleoSpin Gel and PCR Clean-up kit, Macherey-Nagel: 

1) Excision of the desired band from agarose gel 

2) Determination of the weight of the gel slice and addition of 2 volumes of the 

buffer for solubilization of the gel to 1 volume of the gel (for 100mg -> 200μL)   

3) Incubation of samples at 55 0C. We vortex them every 2-3 min until the gel 

slice is completely dissolved 

4) Binding of the DNA. We place a column into a collection tube, load up to 

700μL sample, centrifuge for 1min at 11000 x g and discard flow-through. We 

repeat with the remaining sample, if exists. 

5) We wash the silica membrane, as we add 700μL washing buffer (it contains 

ethanol), centrifuge for 1min at 11000 x g and discard flow-through 

6) We repeat step 7   

7) Dry silica membrane by centrifuging for 1min at 11000 x g 

8) Elution of the DNA. We place the column into a new microcentrifuge tube 

and add 25 μL of elution buffer. We incubate the columns at 70 0C for 5min 

and then we centrifuge them for 1min at 11000 x g 
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4 Results  
 

4.1 Frequency of GBA mutations 

 
In the whole study of subjects we identified 8 genetic variants, all present in 

the heterozygous state. N370S and L444P mutations were not more common in 

patients than in controls, as differences between the two groups were not 

statistically significant. For the statistical analysis we used Chi-square test. 

 We found 6 mutations in 243 PD patients, whereas 2 in the control group 

(2/134), with a frequency of 2.5% versus 1.5%. For the L444P mutation we identified 

5 PD carriers (2.8%) and 2 carriers in the control group (1.6%). One of the 5 PD 

carriers is a female, whereas both of the carriers in the control group are females. 

For the N370S mutation we identified only one PD carrier (0.6%), who is a female, 

and none carrier in the control group (Table). 

    
Table 3: L444P and N370S mutations in PD patients and controls in this study. 

 

  PD patients Controls 

L444P 
mutation 

Wild-type subjects 172 126 

Heterozygotes  5 2 

Carrier frequency (%) 2.8 1.6 

p value  0.734  

N370S 
mutation 

Wild-type subjects 177 51 

Heterozygote 1 0 

Carrier frequency (%) 0.6 - 

p value 0.504  

Both 
mutations 

Wild-type subjects 237 132 

Heterozygotes 6 2 

Carrier frequency (%) 2.5 1.5 

p value 0.797  
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The carrier frequency for the L444P mutation for patients with familiar PD 

compared to patients with sporadic PD was approximately the same (2/77 FPD, 2.6% 

and 3/100 SPD, 3%), whereas for N370S mutation it was 1.2% in FPD patients (1/82). 

None of the SPD patients (0/96) was identified as a carrier. The frequency for GBA 

mutation in general was approximately the same between FPD and SPD patients 

(3/107 FPD, 2.8% and 3/144 SPD, 2.1%).  

We defined early onset PD (EOPD) as age at onset <55 years (52 subjects), 

while the group of late onset (LOPD) contained 193 subjects >55 years old. 

Considering the age at onset, the frequency of both mutations was 3.8% (2/50) in 

EOPD and 2.1% (4/193) in LOPD (Table 4).  

 
 

Table 4: GBA mutations in EOPD and LOPD. 

 

                                      EOPD                      LOPD 
                                    (n = 52)                   (n = 193) 

 
GBA mutation 

carriers 
 

Carrier 
frequency  

(%) 
 

 
2 

 
 
 

3.8 

 
4 

 
 
 

2.1 

p value 0.758 

 
 
 

For the 4 out of the 6 PD carriers that were identified, a positive family 

history of a tremor disorder was reported. Their family trees are shown below. We 

observed a both vertical and horizontal distribution of PD cases, suggesting a 

reduced penetrance of the GBA gene mutations.   

In the family trees affected individuals with PD are represented by black 

symbols and unaffected by open symbols. The arrow points to the proband. 
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4.2 Genotype-phenotype correlations 

 L444P GBA mutation carriers 

1. This is a male PD patient from Heraklion Prefecture (Archanes) that 

developed left sided rest tremor at the age of 64. He was diagnosed as typical 

mixed PD and had an excellent response to levodopa. He is currently 73 years 

old (9 years disease duration) and he is still at H&YS III with no psychotic 

features, dementia, motor and non-motor fluctuations. He is fully functional 

and reports no other comorbidities. He has a positive family history of PD in 

his father. He developed a typical mixed type PD at the age of 50 and died at 

the age of 67. He reports high use of pesticides for more than 40 years. 

 

2. The second patient is a 69 years old male patient that developed right sided 

rest tremor at the age of 62. He is currently at H&YS stage III and responds 

very well to levodopa. He has no motor fluctuation, hyperkinesias, psychotic 

features or memory disturbances. He reports no family history. 

Comorbidities: Diabetes and Hyperlipidemia. 

 

3. She is a 70 years old woman with no past medical history that developed 

difficulty in movement in her right upper extremity at the age of 66.  She was 

diagnosed with typical akinetic PD and had an excellent response to 

levodopa. She is currently at stage II H&Y and has no motor fluctuations, 

psychotic features or atypical clinical signs. She reports no family history of a 

similar disorder in first or second degree relatives. 

 

4. This is a male patient from Rethymno (Pigi Rethymou) that developed 

micrographia on the right at the age of 48. He received levodopa for the first 

time in 1984 (age 48) and he remained under levodopa throughout the 
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course of his disease. He had an excellent response to levodopa initially. He 

started experiencing wearing off, 7 years into the disease course. The motor 

fluctuations rapidly progressed to severe unpredictable and abrupt “offs”, 9 

years after disease onset. He experienced psychotic features (visual and 

auditory hallucinations; animals, flies, warms, people) as well as paranoid 

ideation (jealousy) 9 years into the disease course and frank dementia 3 years 

later. He experienced a rather typical PD course and reached on phase stage 

IV (H&Y S) 12 years after disease onset. He died in advanced PD stage from 

inspiration pneumonia at the age of 70, severely demented and bedridden. 

He reported no comorbidities. He is considered to be sporadic; nevertheless 

his mother had stooped posture and bradykinesia at the age of 93. He has a 

family history of ET from his father side.  

 

5. This is a male patient from Rethymno prefecture (Akoumia Ag. Vassileiou) 

with a longstanding right sided rest tremor from early age (thirties). At the 

age of 59 his tremor progressed to involve his right lower extremity. He 

received levodopa treatment at the age of 62 but he immediately developed 

psychotic features, paranoic ideation and delusional thoughts. He continued 

low dose levodopa (375 mgr) for 10 years with suboptimal improvement. At 

the age of 72 he reached on phase stage IV and was administered 

dopaminergic agonists and entacapone with further motor improvement.  He 

developed dementia 8 years into the disease course and reached H&Y stage 

V 11 years after disease onset. His initially clear tremorogenic parkinsonian 

phenotype evolved 10 years later to a complex movement disorder with a 

combination of extrapyramidal, pyramidal sign, vertical oculomotor paresis, 

and dementia with prominent aphasic features suggestive of Progressive 

Supranuclear Palsy (PSP). 

Comorbidities: Angylotic Spondilitis 
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Family History: His sister was diagnosed with PD at the age of 40. She was 

operated with DBS and died 15 years later at the age of 55. 

 

6. She is a 68 years old woman who developed PD at the age of 49. The disease 

was a typical akinetic Parkinson disease with an excellent response to 

levodopa. At the age of 56 (7 years into the disease course) developed 

wearing off, and three years later hyperkinesias, motor fluctuations and 

psychotic features. At the age of 61 her disease was complicated by a serious 

panic/depressive disorder that required a combination of antidepressant 

drugs at high doses without satisfactory improvement.  At the age of 62 she 

developed a right sided axial deviation that rapidly evolved to a severe 

levodopa resistant Pisa Syndrome. A duodopa pump was placed 15 years 

after disease onset with a significant improvement of her motor fluctuations. 

At the age 67, 18 years into the disease course, she developed dementia and 

became wheelchair bound mainly due to the deterioration of the 

pharmacoresistant Pizza Syndrome. Family history is positive for the presence 

of Parkinson disease in her maternal grandmother. 

Comorbidities: Severe fibromyalgia and Rheumatoid Arthritis.  
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Blood has been collected from all available first degrees relatives of our GBA 

positive patients for DNA isolation and GBA mutation analysis. Identification of pre-

symptomatic GBA carriers will create a group of individuals with high risk for 

developing PD that will be followed longitudinally. They constitute a “high risk for 

PD” cohort that will allow us to monitor the disease process. 

We compared clinical phenotype between GBA-carriers and PD patients 

cohort (Tables 5, 6, 7 & 8; fig. 10). GBA-carriers had an earlier onset than PD cohort, 

with a mean age of 59.33 ± 7.8 and 64 years respectively. Additionally, carriers were 

more likely to have a positive family history of PD (50% vs 25%). In carriers the 

akinetic type of PD was the most frequent, while in PD cohort the mixed type (both 

50%). The frequency of dyskinesias, dementia and psychosis is higher in carriers than 

in PD patients cohort, however, the group of carriers is really small to be considered 

representative. 

 
Table 5: Mean age of GBA mutation carriers and PD patients without GBA mutations 

(Student’s t test) 
 

 GBA mutation 
Carriers (n = 6) 

PD patients 
(n = 237) 

Mean age 57.83 69.6 

p value 0.004 
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Table 6: Clinical and demographic data of the PD patients with GBA mutations 

 

 

 

 

 

 

Patients Gender 
Age at 
onset 

(years) 

Family 
history of 

PD 

Family 
history of 

AD 

Family 
history of 

ET 

Affected 
family 

members 

First 
symptom 

Type of PD 
L-Dopa 

Response 

Disease 
duration 
(years) 
(H&Y S) 

H & Y 
Stage 5 
(years) 

Course of 
the 

disease 

1 male 63 Yes   No No Father Tremor Mixed Excellent 9 (III) - Benign 

2 male 62 No  No No No Tremor Tremorogenic Excellent 7 (III) - Benign 

3 female 66 No No No No 
Difficulty in 
movement 

Akinetic Excellent 4 (II) - Benign 

4 male 49 No No Yes No Unknown Akinetic Excellent 15 (+) 12 Severe 

5 male 59 Yes No No Sibling Tremor Mixed Excellent 10 (+) 8 Severe 

6 female 48 Yes No No Mother Bradykinesia  Akinetic Excellent 19 (V) 18 Severe 
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Table 6: Clinical data of the PD patients with GBA mutations 

Patients Depression Psychosis Dementia 
Time to 

dementia (years) 
Dyskinesias 

Time to dyskinesia 
(years) 

Anxiety 
disorders 

Comorbidities 
Unusual 

characteristics 

1 No  No No - No - No None None 

2 Yes No No - No - No Diabetes None 

3 No No No - No - No Hypertention None 

4 Yes Yes Yes 12 Yes 7 No 
Rheumatoid 

Arthritis 
None  

5 No Yes Yes 9 No - No 
Angylotic 

Spondylitis 

Pyramidal Signs 
Vertical 

oculomotor 
paresis 

6 Yes Yes Yes 17 Yes 9 Yes  
Reumatoid 

Arthritis 
Fibormyalgia 

Pisa Syndrome 
Panic Attacks 

TOTAL 50% 50% 50% 11 33% 8 15% 
Autoimmune 

Diseases 
50% 

- 

Whole 
PD 

cohort 
37% 20% 22% 9 17% 10 35% 15% - 
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Table 7: Demographic and clinical data of PD patients cohort 

                                                                                 PD patients 
                                                                                    n = 225 

 

                  Age at onset                                                       64 years 

                  Disease duration                                                9.4 years 

                  Akinetic PD                                                           20.2% 

                  Tremorogenic PD                                                 28.5% 

                  Mixed PD                                                              50.7% 

                  Dyskinesias                                                           16.9% 

                  Time to dyskinesia                                              10 years 

                  Dementia                                                              22.2% 

                  Time to dementia                                               9.2 years 

                  Psychosis                                                                20%  

 

 

 

Figure 10: Comparison of clinical characteristics between PD patients with GBA 

mutations (blue bars) and PD patients cohort (reddish bars). 
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5 Discussion  

Over the last decade several studies have provided evidence linking GD, a 

monogenic metabolic disorder, to PD. Sequence changes in the GBA gene, encoding 

the lysosomal enzyme β-glucocerebrosidase that is deficient in Gaucher’s disease, 

have been identified in different ethnic groups and the results have revealed that 

mutations in the GBA gene are a major risk factor for PD. Most studies focused on 

the identification of the more common mutations and few involved complete 

sequencing of the gene. Overall carrier frequencies for GBA changes in PD patients 

ranged from 2.3% to 31%, while frequencies 0%–7.1% were found in the 

corresponding control populations (Toft et al, 2006; Aharon-Peretz et al, 2004). The 

smallest difference was observed in the study involving the Norwegian population 

(Toft et al, 2006). In other countries the frequency of GBA mutations in PD patients 

was reported to be 6.1% of Portuguese patients (Bras et al, 2009), 9.8% of Spanish 

(Seto-Salvia et al, 2011), 4.2% of British (Neumann et al, 2009) and 3.5% in UK 

(Winder-Rhodes et al, 2013), 5.8% of Serbian (Kumar et al, 2012) 10% of French-

Canadian (Noreau et al, 2011), 3% of Brazilian (Spitz et al, 2008) and 5.4% of early 

onset Brazilian PD patients (Dos Santos et al, 2010), 3.4% in central Chinese and 3.2% 

in Mainland China (Wang et al, 2012; Mao et al, 2010), 3.72% in Taiwan (Huang et al, 

2011), 3.2% of Korean (Choi et al, 2012), 4.6% of African (Lesage et al, 2011), 6.7% of 

French (Lesage et al, 2011), and 2.8% of Italian (De Marco et al, 2008) 

In a recent study from Northern Greece involving complete sequencing of the 

GBA gene, GBA mutations were significantly overrepresented only in the subgroup of 

patients with EOPD, but not in the PD cohort as a whole (Kalinderi et al, 2009). In 

that study a few novel sequence changes of unknown pathogenicity were identified 

in both PD and control individuals. A second study from Thessaly and Athens 

involved the investigation of 8 sequence changes that cover ~87% of the mutations 

identified in GD patients diagnosed in Greece, in a total of 205 PD patients 

originating from different geographical areas of the country. A statistically significant 

overrepresentation of the GBA sequence variations was found in the  PD patients 

from Thessaly as compared to controls  but not among those  originating from  

Athens. According to the results obtained, carriers of GBA mutations originating 

from Thessaly showed the highest risk for developing PD (Moraitou et al, 2011). 

Our study was designed to test the impact of GBA mutations in the Cretan PD 

population. We analyzed a hospital-based cohort of Parkinson disease patients 

together with an age and sex matched control group for the two most common GBA 

mutations. We found 9 GBA mutations carriers, 6 PD patients, 1 healthy first degree 

relative of a GBA negative PD patient and 2 female controls. 
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In contrast to the other studies that are mentioned above, the frequency of 

GBA mutations in PD among our Cretan patients is 2.5%, one of the lowest GBA 

mutation frequencies reported today that did not differ significantly from that of the 

control group (1.5%). Similarly, a low frequency of GBA mutations was found in both 

PD patients (11/395, 2.8%) and in controls (1/483, 0.2%) from South Italy. The most 

common mutation was L444P, as was in ours (Muller et al, 2002).  The geographic 

proximity of the two areas and the immigration history of Cretan people to south 

Italy could suggest a common genetic background for the two populations as an 

explanation for the similar GBA mutation frequencies. 

Currently, L444P GBA mutation (n=6) is the most frequent genetic factor 

associated with PD in the Cretan population followed by LRRK2 2019 (n=1), LRRK2 

1441 (n=1) and GBA N370S (n=1). 

A limitation of our study is that we screened only L444P and N370S mutations 

and therefore we do not know the total load of GBA mutations in our study groups. 

Moreover, the lack of a statistically significant association of GBA mutations with 

Cretan PD patients as compared to controls may be due to the modest sample size of 

the PD patients.   

Various studies have evaluated the clinical characteristics of the parkinsonian 

phenotype that is associated with GBA mutations. Winder-Rhodes et al, in a follow-

up study of 4 heterozygotes PD patients for GBA mutations, including N370S and 

L444P, and non-carriers PD patients they reported a significantly greater hazard ratio 

for progression both to dementia and H & Y stage 3 (Winder-Rhodes et al, 2013). In 

another study, there was evaluation of 2 L444P-carriers PD patients, with both of 

them being characterized by early age at onset (46 and 42) and positive family 

history of PD, while their first symptoms were tremor and rigidity respectively. Both 

of them exhibited identical clinical picture with classical PD and responded favorably 

to L-dopa (Spitz et al, 2008). A different study with 20 L444P-carriers PD patients, 

could not find difference in clinical characteristics, such as gender, age at onset, first  

symptoms and H&Y stage between L444P carriers and non-carriers (Mao et al, 2009). 

In a large cohort of European patients (1130) and controls (391), where N370S and 

L444P mutations accounted for 70% of all identified mutant alleles in the patient 

group, a clinical evaluation of the carriers (100) in compare with non-carriers showed 

similar sex distributions, ages at onset, disease duration, motor manifestations on 

examination and mini mental state examination (MMSE) score. Interestingly, 

mutation carriers were found to present more frequently bradykinesia at onset and 

levodopa-induced dyskinesias than non-carriers (Lesage et al, 2011). In another 

study that evaluated 31 PD patients with heterozygous GBA mutations, including 10 

L444P-carriers and 8 N370S-carriers, an early age at onset, presence of hallucinations 

in 45% (14/31) and symptoms of cognitive decline or dementia in 48% (15/31) of 
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patients were reported (Neumann et al, 2009). Kumar et al compared the 

demographic and clinical features between mutation carriers and non-carriers 

demonstrating a higher frequency of rigidity at disease-onset and postural instability 

on examination. In addition, patients carrying a severe heterozygous GBA mutation 

(including L444P) had a significantly earlier age at onset than those with a mild 

heterozygous (N370S) change (45.1 ± 8.32 vs. 56.17 ± 7.63) (Kumar et al, 2012). 

Finally, another study showed that GBA gene heterozygous mutations were 

associated with a significant risk of dementia during the clinical course of Parkinson’s 

disease. Nevertheless, mutation carriers did not show worse motor symptoms, had 

good response to L-dopa, and tended to present the intermediate parkinsonian 

phenotype (Seto-Salvia et al, 2012).  

In our study, genotypic-phenotypic correlations revealed an increased 

prevalence of depression, dementia, psychosis and hyperkinesias in the GBA carriers 

with PD. In agreement with previous reports, the presence of mutations in the GBA 

gene was associated with an earlier onset of PD (8 years earlier in GBA carriers than 

in non-carriers PD patients). Finally a striking comorbidity with autoimmune diseases 

was found.  

The L444P mutation that is known to cause a more severe GD phenotype 

appear to be associated with a variable disease course in our patients, ranging from 

a benign slowly progressive disease to a severe complicated phenotype with atypical 

features. Whereas it is possible that additional genetic factors may modify the 

disease expression, co-existence of GBA and LRRK2 mutations or a GDH2 

polymorphism that is known to affect age at PD onset was not detected.  

The most frequent GD mutation N370S, a relatively mild mutation associated 

only with type 1 GD, was observed in a single PD patient with a typical disease 

phenotype with interesting characteristics (Pisa Syndrome, a form of axial dystonia 

and panic attacks). In our patients with L444P heterozygous GBA mutations, the 

clinical phenotype of the disease was associated with the typical idiopathic PD, as it 

is frequently reported in other studies, but was also presented with atypical 

features, such as, pyramidal signs and vertical oculomotor paralysis. It is of interest 

that spactisity and vertical ophthalmoplegia are among the symptoms of type II GD 

where the GBA mutations are found in homozygous states.  

In future studies we intend (1) to complete the sequencing of 8-11 exons of 

the GBA gene where the vast majority of mutations are clustered and (2) to increase 

our sample size in order to evaluate the total GBA mutation load in the cretan PD 

population.  Moreover, we will identify additional asymptomatic GBA carriers either 

relatives of PD patients or healthy controls. These individuals will be followed 

longitudinally and examined in regular basis for the presence of non-motor 

symptoms that usually precede the motor symptoms in PD. A battery of clinical tests 
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that evaluated olfactory function (Upsit test), depression (Beck Depression Scale) 

and rapid eye movement (REM) sleep disorder (Polysomnography). The presence of 

such non-motor symptoms will identify the individual as probably presenting pre-

motor PD. Neuroimaging studies (DaTscan) will verify the diagnosis. Identification of 

pre-motor symptomatic PD patients will allow us to monitor the disease process in 

very early stages. Identification of additional GBA-positive PD patients will give us 

the opportunity to determine the GBA mutations-linked parkinsonian phenotype in a 

larger number of individuals.  

GBA mutations currently represent the most common genetic risk factor for 

the development of PD disease. Nevertheless, the basis of this association remains 

obscure. Involvement of the mutant glucocerebrosidase contributing to and/or 

enhancing the aggregation of α-syn, together with lysosomal dysfunction and lipid 

disturbances have been proposed as causes underlying the association (Siebert et al, 

2014). It is interesting to note that, although extensive studies are still lacking, α-syn-

positive inclusions have been observed not only in GD but also in other lysosomal 

storage diseases (Deng et al, 2014). Although each one of the proposed causes may 

play a role, it appears that none can satisfactorily explain the PD–GD association. It is 

possible then that other modifying factors, both environmental and genetic, could 

underlie the heterogeneity of the clinical course of the disease and the variability in 

the frequency of GBA mutations in different geographic areas.  

In conclusion, the present study shows that mutations in the GBA gene are a 

risk factor for the development of PD in the Cretan population and particularly of 

EOPD. Furthermore a variable disease phenotype is found to be associated with the 

two most common GBA mutations. 

 

 

 

 

 

 

 

 

 

 



50 
 

References 

Agarraberes, F. a & Dice, J.F., 2001. A molecular chaperone complex at the lysosomal 
membrane is required for protein translocation. Journal of cell science, 114(Pt 
13), pp.2491–9. 

Aharon-Peretz, J., Rosenbaum, H. & Gershoni-Baruch, R., 2004. Mutations in the 
glucocerebrosidase gene and Parkinson’s disease in Ashkenazi Jews. The New 
England journal of medicine, 351(19), pp.1972–7. 

Anheim, M. et al., 2012. Penetrance of Parkinson disease in glucocerebrosidase gene 
mutation carriers. Neurology, 78(6), pp.417–20. 

Axe, E.L. et al., 2008. Autophagosome formation from membrane compartments 
enriched in phosphatidylinositol 3-phosphate and dynamically connected to the 
endoplasmic reticulum. The Journal of Cell Biology, 182(4), pp.685-701. 

Bandyopadhyay, U. et al., 2008. The chaperone-mediated autophagy receptor 
organizes in dynamic protein complexes at the lysosomal membrane. Molecular 
and Cellular Biology, 28(18), pp.5747-5763.  

Bekris, L.M., Mata, I.F. & Zabetian, C.P., 2010. The genetics of Parkinson disease. 
Journal of geriatric psychiatry and neurology, 23(4), pp.228–42. 

Braak, H. et al., 2003. Staging of brain pathology related to sporadic Parkinson’s 
disease. Neurobiology of Aging, 24(2), pp.197–211. 

Bras, J. et al., 2009. Complete screening for glucocerebrosidase mutations in 
Parkinson disease patients from Portugal. Neurobiology of aging, 30(9), 
pp.1515–7. 

Bras, J. et al., 2010. NIH Public Access. , 30(9), pp.1515–1517. 

Brockmann, K. et al., 2011. GBA-associated PD presents with nonmotor 
characteristics. Neurology, 77(3), pp.276–80. 

Brockmann, K. & Berg, D., 2014. The significance of GBA for Parkinson’s disease. 
Journal of inherited metabolic disease, 37(4), pp.643–8. 

Canet-Avilés, R.M. et al., 2004. The Parkinson’s disease protein DJ-1 is 
neuroprotective due to cysteine-sulfinic acid-driven mitochondrial localization. 
Proceedings of the National Academy of Sciences of the United States of 
America, 101(24), pp.9103–8. 

Chartier-Harlin, M.-C. et al., 2004. α-synuclein locus duplication as a cause of familial 
Parkinson’s disease. Lancet, 364, pp.1167-69. 



51 
 

Chiang, H.L. et al., 1989. A role for a 70-kilodalton heat shock protein in lysosomal 
degradation of intracellular proteins. Science, 246(4928), pp.382-5. 

Choi, J.M. et al., 2012. Association of mutations in the glucocerebrosidase gene with 
Parkinson disease in a Korean population. Neuroscience letters, 514(1), pp.12–5. 

Choubey, V. et al., 2011. Mutant A53T alpha-synuclein induces neuronal death by 
increasing mitochondrial autophagy. The Journal of biological chemistry, 
286(12), pp.10814–24. 

Chung, C.Y. et al., 2013. Identification and rescue of α-synuclein toxicity in Parkinson 
patient-derived neurons. Science (New York, N.Y.), 342(6161), pp.983–7. 

Cookson, M.R., 2010. The role of leucine-rich repeat kinase 2 (LRRK2) in Parkinson’s 
disease. Nature reviews. Neuroscience, 11(12), pp.791–7. 

Cuervo, A.M. & Dice, J.F., 1996. A receptor for the selective uptake and degradation 
of proteins by lysosomes. Science, 273, pp.501-503. 

Cuervo, A.M. & Wong, E., 2014. Chaperone-mediated autophagy: roles in disease 
and aging. Cell research, 24(1), pp.92–104. 

Cuervo, A.M. et al., 2004. Impaired degradation of mutant alpha-synuclein by 
chaperone-mediated autophagy. Science, 305(5688), pp.1292-5. 

Cullen, V. et al., 2011. Acid β-glucosidase mutants linked to Gaucher disease, 
Parkinson disease, and Lewy body dementia alter α-synuclein processing. 
Annals of neurology, 69(6), pp.940–53. 

Dice, J.F., 1990. Peptide sequences that target cytosolic proteins for lysosomal 
proteolysis. Trends in biochemical sciences, 15(8), pp.305-9. 

Gaucher, P., 1882. On primary epithelioma of the spleen: idiopathic hypertrophy of    
        the spleen without leukemia. Thesis, Doctor of Medicine. Octave Doin, Paris,   
        France. 

Dekker, N. et al., 2011. Elevated plasma glucosylsphingosine in Gaucher disease: 
relation to phenotype, storage cell markers, and therapeutic response. Blood, 
118(16), pp.e118–27. 

Deng, H., Xiu, X. & Jankovic, J., 2014. Genetic Convergence of Parkinson’s Disease 
and Lysosomal Storage Disorders. Molecular neurobiology. 

Gegg, M.E. et al., 2012. Glucocerebrosidase deficiency in substantia nigra of 
parkinson disease brains. Annals of neurology, 72(3), pp.455–63. 

Glick, D., Barth, S. & Macleod, K.F., 2010. Autophagy : cellular and molecular 
mechanisms. The Journal of Pathology, 221(1), pp.3–12. 



52 
 

Goker-Alpan, O. et al., 2010. Glucocerebrosidase is present in α-synuclein inclusions 
in Lewy body disorders. Acta neuropathologica, 120(5), pp.641–9. 

Goker-Alpan, O. et al., 2006. Glucocerebrosidase mutations are an important risk 
factor for Lewy body disorders. Neurology, 67(5), pp.908–10. 

Goker-Alpan, O. et al., 2004. Parkinsonism among Gaucher disease carriers. Journal 
of medical genetics, 41(12), pp.937–40. 

Goldin, E., 2010. Gaucher disease and parkinsonism, a molecular link theory. 
Molecular genetics and metabolism, 101(4), pp.307–10. 

Grenier, K., McLelland, G.-L. & Fon, E. a, 2013. Parkin- and PINK1-Dependent 
Mitophagy in Neurons: Will the Real Pathway Please Stand Up? Frontiers in 
neurology, 4(July), p.100. 

Guggenbuhl, P., Grosbois, B. & Chalès, G., 2008. Gaucher disease. Joint, bone, spine : 
revue du rhumatisme, 75(2), pp.116–24. 

Hailey, D.W. et al., 2010. Mitochondria supply membranes for autophagosome 
biogenesis during starvation. Cell, 141(4), pp.656–67. 

Halperin, A., Elstein, D. & Zimran, A., Increased incidence of Parkinson disease 
among relatives of patients with Gaucher disease. Blood cells, molecules & 
diseases, 36(3), pp.426–8. 

Hamasaki, M. et al., 2013. Autophagosomes form at ER-mitochondria contact-sites. 
Nature, 495(7441), pp.389-93. 

Harris, H. & Rubinsztein, D.C., 2012. Control of autophagy as a therapy for 
neurodegenerative disease. Nature reviews. Neurology, 8(2), pp.108–17. 

Hirota, Y., Kang, D. & Kanki, T., 2012. The physiological role of mitophagy: new 
insights into phosphorylation events. International journal of cell biology, 2012, 
p.354914. 

Hruska, K.S. et al., 2008. Gaucher disease: mutation and polymorphism spectrum in 
the glucocerebrosidase gene (GBA). Human mutation, 29(5), pp.567–83. 

Huang, C.-L. et al., 2011. Contribution of glucocerebrosidase mutation in a large 
cohort of sporadic Parkinson’s disease in Taiwan. European journal of 
neurology : the official journal of the European Federation of Neurological 
Societies, 18(10), pp.1227–32. 

Jensen, M. a, Fukushima, M. & Davis, R.W., 2010. DMSO and betaine greatly improve 
amplification of GC-rich constructs in de novo synthesis. PloS one, 5(6), 
p.e11024. 



53 
 

Joselin, A.P. et al., 2012. ROS-dependent regulation of Parkin and DJ-1 localization 
during oxidative stress in neurons. Human molecular genetics, 21(22), pp.4888–
903. 

Kalinderi, K. et al., 2009. Complete screening for glucocerebrosidase mutations in 
Parkinson disease patients from Greece. Neuroscience letters, 452(2), pp.87–9. 

Korkotian, E. et al., 1999. Elevation of intracellular glucosylceramide levels results in 
an increase in endoplasmic reticulum density and in functional calcium stores in 
cultured neurons. The Journal of biological chemistry, 274(31), pp.21673–8. 

Kumar, K.R. et al., 2013. Glucocerebrosidase mutations in a Serbian Parkinson’s 
disease population. European journal of neurology : the official journal of the 
European Federation of Neurological Societies, 20(2), pp.402–5. 

Lee, P.Y. et al., 2012. Agarose gel electrophoresis for the separation of DNA 
fragments. Journal of visualized experiments : JoVE, (62). 

Lesage, S. et al., 2011. Large-scale screening of the Gaucher’s disease-related 
glucocerebrosidase gene in Europeans with Parkinson's disease. Human 
molecular genetics, 20(1), pp.202–10. 

Lesage, S. et al., 2011. Mutations in the glucocerebrosidase gene confer a risk for 
Parkinson disease in North Africa. Neurology, 76(3), pp.301–3. 

Lesage, S. & Brice, A., 2009. Parkinson’s disease: from monogenic forms to genetic 
susceptibility factors. Human molecular genetics, 18(R1), pp.R48–59. 

Lloyd-Evans, E. et al., 2003. Glucosylceramide and glucosylsphingosine modulate 
calcium mobilization from brain microsomes via different mechanisms. The 
Journal of biological chemistry, 278(26), pp.23594–9. 

Lynch-Day, M.A. et al., 2012. The role of autophagy in Parkinson’s disease. Cold 
Spring Harbor perspectives in medicine, 2(4), p.a009357. 

Manning-Boğ, A.B., Schüle, B. & Langston, J.W., 2009. Alpha-synuclein-
glucocerebrosidase interactions in pharmacological Gaucher models: a 
biological link between Gaucher disease and parkinsonism. Neurotoxicology, 
30(6), pp.1127–32. 

Mao, X.-Y. et al., 2010. Association between GBA L444P mutation and sporadic 
Parkinson’s disease from Mainland China. Neuroscience letters, 469(2), pp.256–
9. 

Martinat, C. et al., 2004. Sensitivity to oxidative stress in DJ-1-deficient dopamine 
neurons: an ES- derived cell model of primary Parkinsonism. PLoS biology, 2(11), 
p.e327. 



54 
 

Martinez-Vicente, M. et al., 2008. Dopamine-modified α -synuclein blocks 
chaperone-mediated autophagy. The Journal of Clinical Investigation, 118(2), 
pp.777–788. 

Mata, I.F. et al., 2008. Glucocerebrosidase gene mutations: a risk factor for Lewy 
body disorders. Archives of neurology, 65(3), pp.379–82. 

Mazzulli, J.R. et al., 2011. Gaucher disease glucocerebrosidase and α-synuclein form 
a bidirectional pathogenic loop in synucleinopathies. Cell, 146(1), pp.37–52. 

McNeill, A. et al., 2012. A clinical and family history study of Parkinson’s disease in 
heterozygous glucocerebrosidase mutation carriers. Journal of neurology, 
neurosurgery, and psychiatry, 83(8), pp.853–4. Available at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3927562&tool=pm
centrez&rendertype=abstract [Accessed November 24, 2014]. 

Moraitou, M. et al., 2011. β-Glucocerebrosidase gene mutations in two cohorts of 
Greek patients with sporadic Parkinson’s disease. Molecular genetics and 
metabolism, 104(1-2), pp.149–52. 

Müller, A. et al., 2002. Olfactory function in idiopathic Parkinson’s disease (IPD): 
results from cross-sectional studies in IPD patients and long-term follow-up of 
de-novo IPD patients. Journal of neural transmission (Vienna, Austria : 1996), 
109(5-6), pp.805–11. 

Nalls, M.A. et al., 2013. A multicenter study of glucocerebrosidase mutations in 
dementia with Lewy bodies. JAMA neurology, 70(6), pp.727–35. 

Nalls, M. et al., 2011. Imputation of sequence variants for identification of genetic 
risks for Parkinson’s disease: a meta-analysis of genome-wide association 
studies. Lancet, 377(9766), pp.641–9. 

Neumann, J. et al., 2009. Glucocerebrosidase mutations in clinical and pathologically 
proven Parkinson’s disease. Brain : a journal of neurology, 132(Pt 7), pp.1783–
94. 

Nilsson, O. & Svennerholm, L., 1982. Accumulation of glucosylceramide and 
glucosylsphingosine (psychosine) in cerebrum and cerebellum in infantile and 
juvenile Gaucher disease. Journal of neurochemistry, 39(3), pp.709–18. 

Nixon, R. a, 2013. The role of autophagy in neurodegenerative disease. Nature 
medicine, 19(8), pp.983–97. 

Noreau, A., Rivière, J. & Diab, S., 2011. Glucocerebrosidase mutations in a French-
Canadian Parkinson’s disease cohort. The Canadian Journal of …, pp.2–3. 

Orenstein, S.J. et al., 2013. Interplay of LRRK2 with chaperone-mediated autophagy. 
Nature neuroscience, 16(4), pp.394–406. 



55 
 

Orvisky, E. et al., 2002. Glucosylsphingosine accumulation in tissues from patients 
with Gaucher disease: correlation with phenotype and genotype. Molecular 
Genetics and Metabolism, 76(4), pp.262–270. 

Palikaras, K. & Tavernarakis, N., 2012. Mitophagy in neurodegeneration and aging. 
Frontiers in genetics, 3(December), p.297. 

Parkinson, J., 1817. An Essay on the Shaking Palsy. London Medical and Physical       

         Journal. 1817:38 

Pelled, D. et al., 2005. Enhanced calcium release in the acute neuronopathic form of 
Gaucher disease. Neurobiology of disease, 18(1), pp.83–8. 

Pelled, D., Shogomori, H. & Futerman, A.H., 2000. The increased sensitivity of 
neurons with elevated glucocerebroside to neurotoxic agents can be reversed 
by imiglucerase. Journal of inherited metabolic disease, 23(2), pp.175–84. 

Pelt-Verkuil, E. van, Belkum, A. van & Hays, J.P., 2008. Principles and Technical 
Aspects of PCR Amplification, Springer Science & Business Media. 

Rabinowitz, J.D. & White, E., 2010. Autophagy and metabolism. Science, 330(6009), 
pp.1344-1348. 

Ravikumar, B. et al., 2010. Plasma membrane contributes to the formation of pre-
autophagosomal structures. Nature Cell Biology, 12(8), pp.747–757. 

Richter-Landsberg, C. & Leyk, J., 2013. Inclusion body formation, macroautophagy, 
and the role of HDAC6 in neurodegeneration. Acta neuropathologica, 126(6), 
pp.793–807. 

Salvador, N. et al., 2000. Import of a cytosolic protein into lysosomes by chaperone-
mediated autophagy depends on its folding state. The Journal of biological 
chemistry, 275(35), pp.27447–56 

Dos Santos, A.V. et al., 2010. Mutational analysis of GIGYF2, ATP13A2 and GBA genes 
in Brazilian patients with early-onset Parkinson’s disease. Neuroscience letters, 
485(2), pp.121–4. 

Sardi, S.P. et al., 2013. Augmenting CNS glucocerebrosidase activity as a therapeutic 
strategy for parkinsonism and other Gaucher-related synucleinopathies. 
Proceedings of the National Academy of Sciences of the United States of 
America, 110(9), pp.3537–42. 

Sardi, S.P. et al., 2011. CNS expression of glucocerebrosidase corrects alpha-
synuclein pathology and memory in a mouse model of Gaucher-related 
synucleinopathy. Proceedings of the National Academy of Sciences of the United 
States of America, 108(29), pp.12101–6. 



56 
 

Setó-Salvia, N. et al., 2012. Glucocerebrosidase mutations confer a greater risk of 
dementia during Parkinson’s disease course. Movement disorders : official 
journal of the Movement Disorder Society, 27(3), pp.393–9. 

She, H. et al., 2011. Direct regulation of complex I by mitochondrial MEF2D is 
disrupted in a mouse model of Parkinson disease and in human patients. The 
Journal of Clinical Investigation, 121(3), pp.930-940. 

Sidransky, E., 2004. Gaucher disease: complexity in a “simple” disorder. Molecular 
genetics and metabolism, 83(1-2), pp.6–15. 

Sidransky, E. et al., 2009. Multicenter analysis of glucocerebrosidase mutations in 
Parkinson’s disease. The New England journal of medicine, 361(17), pp.1651–
61. 

Sidransky, E. & Lopez, G., 2012. The link between the GBA gene and parkinsonism. 
The Lancet. Neurology, 11(11), pp.986–98. 

Siebert, M., Sidransky, E. & Westbroek, W., 2014. Glucocerebrosidase is shaking up 
the synucleinopathies. Brain : a journal of neurology, 137(Pt 5), pp.1304–22. 

Singleton, A.B. et al., 2003. α-Synuclein Locus Triplication Causes Parkinson ’ s 
Disease. Science, 302(5646), pp.841. 

Spencer, B. et al., 2009. Beclin 1 gene transfer activates autophagy and ameliorates 
the neurodegenerative pathology in alpha-synuclein models of Parkinson’s and 
Lewy body diseases. The Journal of neuroscience: the official journal of the 
Society for Neuroscience, 29(43), pp.13578–88. 

Spitz, M. et al., 2008. Association between Parkinson’s disease and 
glucocerebrosidase mutations in Brazil. Parkinsonism & related disorders, 14(1), 
pp.58–62. 

Spitz, M. et al., 2006. Parkinsonism in type 1 Gaucher’s disease. Journal of neurology, 
neurosurgery, and psychiatry, 77(5), pp.709–10. 

Tayebi, N. et al., 2003. Gaucher disease with parkinsonian manifestations: does 
glucocerebrosidase deficiency contribute to a vulnerability to parkinsonism? 
Molecular genetics and metabolism, 79(2), pp.104–9. 

Thomas, K.J. et al., 2011. DJ-1 acts in parallel to the PINK1/parkin pathway to control 
mitochondrial function and autophagy. Human molecular genetics, 20(1), 
pp.40–50. 

Todd, R. et al., 2001. From the chromosome to DNA: Restriction fragment length 
polymorphism analysis and its clinical application. Journal of oral and 
maxillofacial surgery : official journal of the American Association of Oral and 
Maxillofacial Surgeons, 59(6), pp.660–7. 



57 
 

Toft, M. et al., 2006. Glucocerebrosidase gene mutations and Parkinson disease in 
the Norwegian population. Neurology, 66(3), pp.415–7. 

Trempe, J.-F. & Fon, E.A., 2013. Structure and Function of Parkin, PINK1, and DJ-1, 
the Three Musketeers of Neuroprotection. Frontiers in neurology, 4, p.38. 

Velayati, A., Yu, W.H. & Sidransky, E., 2010. The role of glucocerebrosidase 
mutations in Parkinson disease and Lewy body disorders. Current neurology and 
neuroscience reports, 10(3), pp.190–8. 

Venda, L.L. et al., 2010. α-Synuclein and dopamine at the crossroads of Parkinson’s 
disease. Trends in neurosciences, 33(12), pp.559–68. 

Wales, P. et al., 2013. Limelight on alpha-synuclein: pathological and mechanistic 
implications in neurodegeneration. Journal of Parkinson’s disease, 3(4), pp.415–
59. 

Wang, Y. et al., 2012. Glucocerebrosidase L444P mutation confers genetic risk for 
Parkinson’s disease in central China. Behavioral and brain functions : BBF, 8(1), 
p.57. 

Westbroek, W., Gustafson, A.M. & Sidransky, E., 2011. Exploring the link between 
glucocerebrosidase mutations and parkinsonism. Trends in molecular medicine, 
17(9), pp.485–93. 

Winder-Rhodes, S.E. et al., 2013. Glucocerebrosidase mutations influence the natural 
history of Parkinson’s disease in a community-based incident cohort. Brain : a 
journal of neurology, 136(Pt 2), pp.392–9. 

Xilouri, M. & Stefanis, L., 2011. Autophagic pathways in Parkinson disease and 
related disorders. Expert reviews in molecular medicine, 13(March), p.e8. 

Yap, T.L. et al., 2011. Alpha-synuclein interacts with Glucocerebrosidase providing a 
molecular link between Parkinson and Gaucher diseases. The Journal of 
biological chemistry, 286(32), pp.28080–8. 

Yap, T.L. et al., 2013. Membrane-bound α-synuclein interacts with 
glucocerebrosidase and inhibits enzyme activity. Molecular genetics and 
metabolism, 108(1), pp.56–64. 

Yiang, Q. et al., 2009. Regulation of neuronal survival factor MEF2D by chaperone-
mediated autophagy. Science, 323, pp.124-7. 

 

 


