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Abstract

:

Parkinson’s disease (PD) is a multifactorial, chronic, and progressive neurodegenerative disorder inducing movement alterations as a result of the loss of dopaminergic (DAergic) neurons of the pars compacta in the substantia nigra and protein aggregates of alpha synuclein (α-Syn). Although its etiopathology agent has not yet been clearly established, environmental and genetic factors have been suggested as the major contributors to the disease. Mutations in the glucosidase beta acid 1 (GBA1) gene, which encodes the lysosomal glucosylceramidase (GCase) enzyme, are one of the major genetic risks for PD. We found that the GBA1 K198E fibroblasts but not WT fibroblasts showed reduced catalytic activity of heterozygous mutant GCase by −70% but its expression levels increased by 3.68-fold; increased the acidification of autophagy vacuoles (e.g., autophagosomes, lysosomes, and autolysosomes) by +1600%; augmented the expression of autophagosome protein Beclin-1 (+133%) and LC3-II (+750%), and lysosomal–autophagosome fusion protein LAMP-2 (+107%); increased the accumulation of lysosomes (+400%); decreased the mitochondrial membrane potential (∆Ψm) by −19% but the expression of Parkin protein remained unperturbed; increased the oxidized DJ-1Cys106-SOH by +900%, as evidence of oxidative stress; increased phosphorylated LRRK2 at Ser935 (+1050%) along with phosphorylated α-synuclein (α-Syn) at pathological residue Ser129 (+1200%); increased the executer apoptotic protein caspase 3 (cleaved caspase 3) by +733%. Although exposure of WT fibroblasts to environmental neutoxin rotenone (ROT, 1 μM) exacerbated the autophagy–lysosomal system, oxidative stress, and apoptosis markers, ROT moderately increased those markers in GBA1 K198E fibroblasts. We concluded that the K198E mutation endogenously primes skin fibroblasts toward autophagy dysfunction, OS, and apoptosis. Our findings suggest that the GBA1 K198E fibroblasts are biochemically and molecularly equivalent to the response of WT GBA1 fibroblasts exposed to ROT.
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1. Introduction


Parkinson’s disease (PD) was initially described as a peculiar entity in six individuals by James Parkinson in 1817 [1]. Today, it has reached pandemic proportions [2,3] affecting over 8.5 million individuals worldwide (https://www.who.int, accessed on 8 July 2024 [4]). This disorder is a chronic and progressive neurodegenerative disorder mainly characterized by the following four cardinal motor alterations: rest tremor, bradykinesia, rigidity, and loss of postural reflexes [5] caused by the selective deterioration of dopaminergic (DAergic) neurons from the pars compacta of the substantia nigra [6] and the presence of Lewy’s intraneuronal inclusion bodies [7,8] mainly constituted by protein aggregates of alpha synuclein (α-Syn) [9]. Although the exact etiology is not yet known, environmental agents (e.g., pesticides (rotenone, ROT)) [10,11,12], gene mutations [13], or an interplay between both have been associated with PD [14]. However, the definitive etiopathogenic origin of PD is still unknown. Interestingly, genetic alterations in several genes such as glucosidase beta acid (GBA1), leucine-rich repeated kinase 2 (LRRK2), and synuclein alpha (SNCA), among others [15], have been implicated in functional neuronal alterations, such as mitochondrial oxidative phosphorylation, autophagy–lysosomal metabolism, ubiquitin–proteasome protein degradation, endoplasmic reticulum stress/unfolded protein response, and oxidative stress (OS), as major players in the molecular development of PD [16]. Therefore, delving into the molecular mechanism of DAergic neuron deterioration might provide a better understanding of PD [17]. Moreover, an understanding of the genetic factors influencing PD pathogenesis can have major impacts on therapeutic design and clinical care [18]. To this end, several in vivo and in vitro models have been used [19,20,21]. However, it has become possible to recapitulate the molecular complexities underlying the PD pathology by using skin fibroblasts, one of the most reliable and cost-effective models of this neurological disorder [22,23].



The glucosidase beta acid 1 (GBA1) gene contains 11 exons and 10 introns, spanning a 7.6 kb sequence on chromosome 1q21 encoding for the β-glucocerebrosidase (GCase) enzyme [24]. The GCase is a 497-amino-acid (a.a.) functional lysosomal hydrolase that metabolizes glucosylceramide (GlcCer) into glucose and ceramide or glucosyl sphingosine (GlcSph) into glucose and sphingosine (KEGG Enzyme EC 3.2.1.45). The three-dimensional structure of GCase comprises the following three non-contiguous folding domains: domain I (residues 1–27 and 383–414), a three-strand antiparallel β-sheet bordered by a loop and a perpendicular strand; domain II (residues 30–75 and 431–497) that contains two closely associated β-sheets that form an independent domain, which resembles an immunoglobulin (Ig) fold; domain III (residues 76–381 and 416–430), a (β/α)8 triosephosphate isomerase (TIM) barrel that works as the catalytic site of the enzyme [25]; the enzyme is synthesized in the rough endoplasmic reticulum (ER) and traverses the Golgi apparatus via a phosphatidylinositol-4-kinase (PI4K)-dependent pathway to the lysosome. Transit is mediated by a specific transporter, LIMP-2 (lysosomal integral membrane protein 2) [26,27]. Importantly, the GCase activity is dependent on the substrate-presenting co-factor saposin C, an essential 84-residue activator peptide [28]. Although no protein function has been attributed to the first two domains, docking studies have suggested that they are critically involved in GCaseSapoC interactions [29]. To date, 716 disease-causing GBA1 mutations have been described, including 535 missense/non-sense, 42 splicing, and 5 regulatory mutations, 55 and 20 small deletions and small insertions, respectively, 9 indels, as well as 15 and 3 gross deletions and gross insertions, respectively, and 32 complex mutations (The Human Gene Mutation Database, http://www.hgmd.org, accessed on 8 July 2024). Bi-allelic mutations result in negligible GCase enzyme activity and the autosomal recessive lysosomal storage disorder Gaucher’s disease (GD), in which GlcCer accumulates in various organs and cells (particularly macrophages) [30]. Although GBA1 mutations do not cause a Mendelian form of PD, several studies have shown that heterozygous or homozygous GBA1 mutations increase the risk of PD 20–30 fold and are found in all three structural domains of GCase [31]. However, the pathogenic mechanisms of GBA1 mutation-associated PD are not yet fully understood. Interestingly, though GBA1 PD is clinically, pathologically, and pharmacologically virtually indistinguishable from idiopathic PD [32], the genotype–phenotype correlation remains incomplete, e.g., [33]. Indeed, divergent phenotypes in family members harboring identical GBA1 mutations have implicated the role of disease modifiers [34]. Moreover, different GBA1 mutations (e.g., N370S, D409H, and L444P) might contribute to clinical variations in PD [35]. However, the molecular mechanisms by which GBA1 mutations increase PD risk and their pleotropic effects remain largely unknown. Therefore, GBA1 has become a paradigm to establish pathways in neurodegeneration [31].



Among the several missense mutations reported so far, we have observed a significantly higher proportion of GBA1 mutation carriers in PD patients compared to healthy controls, primarily due to the presence of a population-specific mutation, such as the p.K198E variant, a single base substitution of a lysine to a glutamic acid at codon 198 (c.709A>G, g.4385A>G, exon 6, p.Lys198Glu) in a Colombian cohort [36]. Indeed, homozygous p.K198E (hereafter K198E) appears to be associated with GD type 2 (infantile, neuronopathic) [37], whereas heterozygous K198E represents a highly risk factor for PD [36]. Unfortunately, there are no data available to establish the molecular mechanism by which the GBA1 K198E variant might contribute to PD etiopathogenesis. Although mounting evidence suggests that GBA1/GCase-induced impairments connect to global lysosomal and autophagic dysfunction and oxidative stress through interaction with LRRK2, DJ-1, and α-Syn [38,39,40], further mechanistic studies are still needed to better understand this association.



The autophagy–lysosomal system (ALS) is a complex mechanism for degrading intracellular cytosolic and organelles, involving more than 30 proteins [41,42]. Upon induction of autophagy (also referred to as “macroautophagy”), an isolating membrane envelops a section of the cytoplasm, generating the distinctive double-membraned organelle known as the autophagosome. The autophagosome formation process involves an initiation step, in which the mammalian target of rapamycin (mTOR), a ubiquitous serine-threonine protein kinase [43], is inhibited, resulting in unc-51-like autophagy activating kinase 1 (UKL1)-autophagy-related gene 13 (Atg13) pathway activation; nucleation of autophagic vesicles by the Beclin-1/vacuolar protein sorting 34 (VPS34)/VPS15/Agt14 complex; and expansion of autophagosomal membranes regulated by 2 ubiquitin-like conjugation pathways, ending with both Atg15/Atg12/Atg16 and insertion of the microtubule-associated protein 1 (MAP1) light chain 3-II (hereafter referred to as LC3-II) into autophagosomal membranes [44,45]. After the autophagosome–lysosome fusion, which produces an autolysosome, lysosomal enzymes such as GCase break down the contents (e.g., GlcCer, GlcSph) in this last vacuolar structure. However, whether loss of enzyme activity, gain of function due to enzyme misfolding, or loss of enzyme activity due to enzyme misfolding underlies the pathogenicity of the GBA1 K198E mutation is still not fully established.



The present investigation aims to molecularly characterize the GBA1 K198E variant concerning its pathological role by enzymatic deficiency, oxidative stress, autophagy, and/or apoptosis-a regulated cell death [46] on skin fibroblasts in a heterozygote GBA1 variant PD patient [36]. To this end, biochemical assays and molecular biology techniques, including flow cytometry and fluorescent microscopy analysis were used to inquire about the GBA1 K198E variant effects on PD skin fibroblast. We found that the GBA1 K198E fibroblasts but not WT skin fibroblasts showed (i) reduced catalytic activity of mutant GCase (but its expression levels of GCase were not affected); (ii) an increase in the acidification of autophagy vacuoles (e.g., autophagosomes, lysosomes, and autolysosomes); (iii) an increase in the expression of autophagosome proteins such as Beclin-1 and LC3-II and lysosomal–autophagosome fusion protein LAMP-2; (iv) an increase in the accumulation of lysosomes; (v) a decrease in mitochondrial membrane potential (∆Ψm), but (vi) the expression of Parkin protein was unperturbed; (vii) an increase in oxidized DJ-1Cys106-SOH, as evidence of oxidative stress; (viii) an increase in phosphorylated LRRK2 at Ser935 along with phosphorylated α-synuclein (α-Syn) at pathological residue Ser129; (ix) an increase in the executer apoptotic protein caspase 3 (cleaved caspase 3, CC3). Although exposure of WT fibroblasts to environmental neutoxin rotenone (ROT, 1 μM) exacerbated the autophagy–lysosomal system, oxidative stress, and apoptosis markers, ROT moderately increased those markers in GBA1 K198E fibroblasts. We conclude that the K198E mutation endogenously primes skin fibroblasts toward autophagy dysfunction, OS, and apoptosis. Our findings suggest that the GBA1 K198E fibroblasts behave biochemical and molecularly equivalently to the response of WT GBA1 fibroblasts exposed to rotenone.




2. Results


2.1. GBA1 K198E Variant Dramatically Inactivates the Catalytic Enzymatic Activity of GCase, but Did Not Affect the Protein Expression Levels


Previous data have shown that GBA1 mutations diminish GCase activity [47], either by reducing enzyme activity via alteration of catalytic properties, stability, change in substrate affinity, and modifier interactions [48] or by reducing the lysosomal enzyme concentration that results in proteasomal degradation of the protein due to increased protein folding [49]. Therefore, we initially wanted to determine the enzyme activity and protein expression levels of GCase in wild-type (WT) and GBA1 K198E fibroblasts. Figure 1A shows that the GCase enzyme activity in GBA1 K198E fibroblasts diminished by −70% when compared to GCase activity in WT fibroblasts. In contrast, mutant fibroblasts increased the GCase protein expression levels by +269% (3.68-fold increase) with respect to control fibroblasts (Figure 1B,C). We further calculated the theoretical binding affinity of the natural substrate glucosyl sphingosine (GlcSph, a deacylated analogue of GlcCer) to the catalytic pocket of GCase. In silico molecular docking analysis shows that GlcSph binds to GCase with high affinity (Vina Score (VS) −6.1 kcal/mol, Figure 1D,E), involving the critical residues Glu235 and Glu340 located at the active site of the enzyme (Figure 1F, Table 1) [50]. For validation purposes, we also calculated the covalent binding affinity of the well-known GCase inhibitor conduritol-B-epoxide (CBE), [51]. Effectively, CBE binds to GCase with high affinity energy (VS −5.7 kcal/mol, Figure 1G,H), thereby interacting with 54% identical amino acid (a.a., 12/22) as observed with GlcSph ( Table 1). Surprisingly, molecular docking analysis revealed that neither GlcSph nor CBE (used as a control) bind to the catalytic pocket of K198E GCase (Table 1).




2.2. GBA1 K198E Shows an Acute GCase Deficiency in the Autophagy–Lysosome System


Several studies have shown that GBA1 variants provoke GCase deficiency in the autophagy–lysosome system [52]. Therefore, we evaluated the effect of GBA1 K198E on the autophagy–lysosome process in WT and mutant fibroblasts. For comparative purposes, we included the autophagy inducer rapamycin (RAP) [53] and the inhibitor bafilomycin A1 (BAF) [54]. Figure 2 shows that WT GBA1 fibroblasts presented a low basal acidification in autophagosome, lysosome, and autolysosome organelles (Figure 2A,D,E,K), whereas RAP and BAF provoked an increase in organelle acidification in WT cells by +400% (Figure 2B–D,F,G,K). On the other hand, GBA1 K198E increases the acidification and accumulation of those organelles in mutant fibroblasts by +1600% (Figure 2A,D,H,K) compared to WT fibroblasts. However, RAP and BAF reagents slightly increased the acidification of the autophagy organelles in GBA1 K198E fibroblasts by +21% (Figure 2B,D,I,K) and +15% (Figure 2C,D,J,K), respectively, compared to untreated mutant fibroblasts. Of note, while the GBA1 K198E induced an increase in the acidification and accumulation of autophagy organelles (e.g., autophagosome, lysosome, and autolysosome, Figure 2H,K), treatment of mutant fibroblasts with RAP provoked the acidification and accumulation of autophagosomes and lysosomes (Figure 2I,K), and mutant fibroblasts treated with BAF induced acidification of autophagosomes only (Figure 2J,K).




2.3. GBA1 K198E Increases the Expression of Beclin-1, LC3-II, and LAMP-2 in Fibroblasts


The above observations prompted us to further evaluate the effect of the GBA1 K198E variant in the autophagy–lysosome system [44]. Due to the complexity of the system [41], we selected the following three key proteins involved in the molecular cascade of autophagy: Beclin-1, a scaffold in the Phosphoinositide 3-Kinase (PI3K) Class III C1 and C2 nucleation complexes, is involved in the formation of phagophore vesicles [55]; the autophagosomal marker microtubule-associated protein light chain 3 (LC3-II), localized to pre-autophagosomes and autophagosomes, is degraded by lysosomal hydrolytic enzymes following the fusion of autophagosomes with lysosomes [56]; and lysosomal-associated membrane protein-2 (LAMP-2), a lysosomal membrane protein that regulates macroautophagy and chaperone-mediated autophagy (CMA), promotes the fusion of autophagic vacuoles with lysosomes [57]. As shown in Figure 3, while WT GBA1 fibroblasts express basal levels of Beclin-1 (Figure 3A,B), GBA1 K198E increased Beclin-1 expression by +133% (Figure 3A,B) compared to control fibroblasts. A similar trend in Beclin-1 expression in WT and mutant fibroblasts was observed by fluorescent microscopy (Figure 3C–E). Like Beclin-1, WT fibroblasts express basal levels of LC3-II (Figure 3F,G) and LAMP-2 (Figure 3K,L), whereas GBA1 K198E augmented the expression of LC3-II (Figure 3F,G) and LAMP-2 (Figure 3K,L) by +750% and +107%, respectively, compared to WT fibroblasts (Figure 3G,L). Comparable data were obtained by fluorescent microscopy analysis (Figure 3H–J,M–O).




2.4. GBA1 K198E Variant Increases the Accumulation of Lysosomes and Decreases the Mitochondrial Membrane Potential (∆Ψm) in Mutant Fibroblasts, while Rotenone Increases the Damage


Given that GCase not only localizes to lysosomes to maintain lysosomal membrane integrity [58] but also promotes the maintenance of mitochondrial complex I (CI) integrity and function [59], we wanted to investigate whether GBA1 K198E affected lysosomes and mitochondria in mutant fibroblasts. In addition, we wonder whether exposure to the environmental neurotoxin rotenone (ROT), a specific inhibitor of mitochondrial complex I [60,61], a GCase inhibitor and inducer of lysosome accumulation [39], could aggravate the GBA1 K198E-induced phenotype. To this end, WT and mutant fibroblasts were left untreated or treated with ROT (1 μM) and then analyzed with Lysotracker® and Mitotracker® reagents. Lysotracker Green® is a cell-permeable, non-fixable, green fluorescent dye that stains acidic compartments within a cell, such as the lysosome, whereas Mitotracker® Red is a cell-permeant probe that stains active mitochondrion in live cells. Lysotracker analysis shows that GBA1 K198E fibroblasts displayed an important endogenous increase in the percentage of accumulation of lysosomes (+400%, Figure 4A,C) compared to WT fibroblasts (Figure 4C). Upon ROT exposure, the percentage of lysosome detection increased by +200% in WT fibroblasts (3-fold increase, Figure 4B,C) and in mutant fibroblasts by +106% (Figure 4B,C) compared to untreated WT and mutant fibroblasts, respectively (Figure 4C). On the other hand, mitotracker analysis reveals that the GBA1 K198E fibroblast showed an important endogenous decrease in ∆Ψm (−19%, Figure 4D,F) compared to WT fibroblasts (Figure 4F). ROT induced a loss of ∆Ψm in WT fibroblasts by −15% (Figure 4E,4F) compared to untreated control fibroblasts (Figure 4F), whereas it provoked a loss of ∆Ψm in GBA1 K198E fibroblasts by −43% (Figure 4E,F) compared to untreated mutant fibroblasts (Figure 4F). Similar observations were obtained by fluorescence microscopy (Figure 4G–L).




2.5. GBA1 K198E Fibroblasts Show Parkin Protein Colocalization with Mitochodrial TOM20 Proteins


Previous studies have shown that Parkin protein, an E3 ubiquitin ligase, controls the lysosomal degradation of depolarized mitochondria through the mitophagy process [62]. We therefore investigated whether GBA1 K198E regulated the expression and/or localization of Parkin in fibroblasts. Figure 5 shows that WT and GBA1 K198E fibroblasts expressed Parkin at similar basal levels (Figure 5A,B). Under ROT exposure (at 1 μM concentration), WT and GBA1 K198E fibroblasts differentially expressed Parkin. While WT fibroblasts treated with ROT increased the expression of Parkin by +90% (Figure 5B,C), the GBA1 K198E fibroblasts exposed to ROT expressed Parkin to similar levels as untreated mutant fibroblasts (Figure 5A–C). Of note, GBA1 K198E fibroblasts treated with ROT reduced the expression of Parkin by −38% compared to WT exposed to ROT (Figure 5B,C). To track Parkin’s cellular position, we used the translocase of the outer membrane 20 (TOM20), a complex of proteins found in the outer mitochondrial membrane of the mitochondria [63]. Fluorescence microscopy analysis reveals that Parkin and TOM20 colocalized and distributed throughout the cytoplasm in WT (Figure 5D) but Parkin and TOM20 colocalized in “patchy” areas in GBA1 K198E fibroblasts (Figure 5E) that were not statistically different from WT fibroblasts (Figure 5H). When treated with ROT, Parkin and TOM20 highly colocalized in WT fibroblasts (Figure 5F,H), whereas the amount of colocalized proteins was almost inexistent in GBA1 K198E fibroblasts (Figure 5G,H).




2.6. GBA1 K198E Fibroblasts Show High Oxidized DJ-1-Cys106-SOH into DJ-1 Cys106SO3


Next, we evaluated whether GBA1 K198E could induce oxidative stress through the generation of hydrogen peroxide (H2O2), a signaling molecule meanly generated by mitochondria [64]. Given that H2O2 is capable of specifically oxidizing the residue Cys106-SH (sulfhydryl group) of the DJ-1 protein into DJ-1 Cys106SO3 (sulfonate group) [65], we selected the protein DJ-1 as an oxidative stress sensor protein [66]. As shown in Figure 6A, WT fibroblasts showed no important oxidized DJ-1 protein, whereas GBA1 K198E fibroblasts endogenously displayed a significant oxidized DJ-1, i.e., an 11-fold increase (+900%) compared to WT fibroblasts. When WT and mutant fibroblasts were treated with ROT, WT and GBA1 K198E fibroblasts increased oxidized DJ-1 by +1700% and +59% (Figure 6B,C). Of note, there were no statistically significant differences in oxidized DJ-1 between WT and GBA1 K198E fibroblasts treated with ROT (Figure 6C). Similar observations were obtained by fluorescent microscopy analysis (Figure 6D–H).




2.7. GBA1 K198E Fibroblasts Show Endogenously High Phosphorylated LRRK2 at Ser935 along with Phosphorylated α-Synuclein (α-Syn) at Pathological Residue Ser129


Since H2O2 not only oxidized the stress sensor protein DJ-1 (as shown above) but also simultaneously induced the phosphorylation and activation of kinases such as LRRK2, a multifunctional protein involved in the phosphorylation of α-Syn at Ser129 [67], we evaluated whether GBA1 K198E fibroblasts could affect the phosphorylation status of LRRK2 kinase and α-Syn in mutant fibroblasts. Flow cytometry analysis shows that GBA1 K198E fibroblasts endogenously presented an increased phosphorylated LRRK2 by +1050% (Figure 7A,C) compared to WT fibroblasts (Figure 7C). While WT fibroblast treatment with ROT showed a dramatic increase in p-Ser935 LRRK2 by +800% (9-fold increase) compared to untreated WT fibroblasts, the GBA1 K198E exposed to ROT displayed a moderate increase in p-Ser935 LRRK2 by +22% compared to untreated mutant fibroblasts. We found a statistically significant tendency to increase p-Ser935 LRRK2 in mutant fibroblasts treated with ROT compared to untreated GBA1 K198E fibroblasts (Figure 7C). Similar data were obtained with fluorescence microscopy evaluation (Figure 7D–H).



In parallel, we evaluated whether phosphorylated α-Syn at pathological Ser129 was also present in GBA1 K198E fibroblasts. As shown in Figure 8, GBA1 K198E fibroblasts but not WT fibroblasts showed a significant endogenous high percentage of p-Ser129 α-Syn protein (+1200%, Figure 8A,C). Upon ROT exposure, WT fibroblasts increased p-Ser129 a-Syn by +800% (Figure 8B,C) compared to untreated WT fibroblasts (Figure 8A,C), whereas GBA1 K198E fibroblasts modestly augmented p-Ser129 α-Syn by +22% (Figure 8A–C). We also found a statistically significant increase in p-Ser129 α-Syn in mutant fibroblasts treated with ROT compared to untreated GBA1 K198E fibroblasts (Figure 8C). Similar data were obtained with fluorescence microscopy analysis (Figure 8D–H).




2.8. GBA1 K198E Fibroblasts Show an Endogenously High Percentage of Cleaved Caspase 3 (CC3) Compared to WT Fibroblasts


We further assessed whether the executor protein caspase 3 was active in GBA1 K198E fibroblasts. Like p-Ser935 LRRK2 and pSer129 α-Syn proteins, GBA1 K198E fibroblasts expressed an endogenously high percentage of CC3 by +733% (Figure 9A,C) compared to untreated WT fibroblasts (Figure 9C). When exposed to ROT, WT fibroblasts raised CC3 by +967% (Figure 9B,C), while GBA1 K198E fibroblasts modestly, but statistically significantly, elevated CC3 by +56% (Figure 9A–C) compared to treated mutant fibroblasts (Figure 9C).





3. Discussion


In the present work, we demonstrate for the first time that the GBA1 K198E variant had a profound effect on the physiology of fibroblasts from a PD patient, and this effect resembles the effect of WT skin fibroblasts exposed to ROT. Indeed, we found that this variant dramatically inactivated the catalytic enzymatic activity of GCase (−70%) caused by a change in a positively charged (basic) a.a. lysine (K) for a negatively charged (acid) a.a. glutamic acid (E), thereby shifting the 3D structure of the enzyme [68], but increasing the protein expression levels (3.68-fold increase), most probably due to an enzymatic compensatory functional mechanism. These data imply that K198E alters enzyme functionality but it does interfere with its expression process. Theoretical analysis by in silico molecular docking shows that the K198E variant almost completely disables the binding catalytic pocket of the ligand–substrate (e.g., GlcSph). This observation suggests that K198E might partially or totally stop the enzymatic activity in mutant GCase (Table 1). Basically, the enzymatic anomaly has had far reaching physiological consequences for the normal metabolism of mutant fibroblasts, including deficiency in the autophagy–lysosome system, damage of the ∆Ψm, high OS, altered kinase activity (e.g., LRRK2), abnormal phosphorylation of presynaptic neuronal protein (e.g., p-Ser129 α-Syn), and diminished cell survival. It is concluded that the K198E mutation endogenously primes skin fibroblasts toward autophagy dysfunction, OS, and apoptosis. Several findings support this assumption. We show that the K198E mutation induced a deficiency in the autophagy–lysosomal pathway. This last observation is reinforced by an increase in the expression of Beclin-1, LC3-II, and LAMP-2 proteins, which are involved in the biogenesis of autophagosomes, i.e., initiation (e.g., Beclin-1), and elongation or autophagosome formation (e.g., LC3-II), and with the fusion of autophagic vacuoles with lysosomes (e.g., LAMP-2). Furthermore, the GBA1 K198E variant increases the accumulation of lysosomes in mutant but not WT fibroblasts. Taken together, these observations suggest that the K198E mutation complies with the notion that mutations in the GBA1 gene lead to abnormal GCase enzymatic activity, which in turn provokes a deficient autophagosome–lysosomal–autolysosome system. Our data therefore support the notion that loss of GCase activity in the lysosome might be directly associated with deregulation of the autophagy process and PD pathology [35]. Interestingly, genetic alterations in other contributor genes in the autophagosome ensemble process (e.g., VPS35 [69]; LRRK2 [70]) or lysosome function (e.g., LRRK2) [71,72] have also been linked to PD pathophysiology [73,74]. These observations suggest that, for proper degradation and/or cleanness of unnecessary or dysfunctional neuronal cytosolic components, the autophagosome lysosome system has to be fine-tuned or highly regulated by a delicate balance between autophagosome ensemble, lysosome formation, and fusion of autophagosomes and lysosomes, resulting in a functional and efficient autolysosome vacuole [42,75]. In agreement with others [76], we reported the loss of ∆Ψm and OS in GBA1 K198E fibroblasts. Given that the GCase is imported into mitochondria and preserves complex I integrity and energy metabolism [59], it is reasonable to think that impaired GCase enzyme activity not only affects the lysosomal function to digest obsolete components of the cell itself but also impacts mitochondria to generate chemical energy. Therefore, GBA1/GCase has become critical in the pathophysiology of PD [77]. Not surprisingly, the GBA1 K198E phenotype was exacerbated by exposure to ROT, i.e., ROT-induced a high accumulation of lysosome and further decrease in ∆Ψm in mutant fibroblasts. Therefore, we conclude that the mechanistic link between GBA1 and PD lies in the interplay between GCase functions in the lysosome and mitochondria [38,78]. It is well known that Parkin protein plays an essential role in mitochondrial quality control of mitochondrial biogenesis, mitochondrial dynamics, and mitophagy [62]. Specifically, Parkin controls the lysosomal degradation of depolarized mitochondria through the mitophagy process [79]. Interestingly, it was observed that the expression of Parkin was comparable in naïve GBA1 K198E fibroblasts treated with ROT to WT fibroblasts treated with the same neurotoxin. These observations suggest that Parkin in mutant fibroblasts is irresponsive to further OS stimuli most probably because it is already exhausted by the permanent OS at which the cells are subjected, thereby being unable to increase its expression.



Previous data have shown that pharmacological inhibition of GCase induces OS in SHSY-5Y cells [76]. Likewise, we found that GBA1 K198E fibroblasts show oxidation of stress sensor DJ-1 at residue Cys106 (−SO3) as evidence of OS via specific interaction with H2O2 [65], produced most probably from the malfunctional mitochondria. This assumption is reinforced by the observation that ROT, a mitochondrial complex I inhibitor, notably increases the detection of DJ-1 Cys106-SO3 in both WT and GBA1 K198E fibroblasts. Taken together, these observations suggest that the source of the oxidizing agent H2O2 might be the mitochondrial complex I. However, investigation is needed to gain furhter insight on this issue. Interestingly, there were no statistically significant differences in oxidized DJ-1 between WT and GBA1 K198E fibroblasts treated with ROT. These findings imply that GBA1 K198E fibroblasts are permanently in the OS state similar to WT fibroblasts exposed to ROT. Given that H2O2 can also operate as an intracellular messenger [80], it is then capable of inducing the activation of other signaling molecules involving kinases [64]. Effectively, we found that LRRK2 kinase is abnormally phosphorylated at residue Ser935 in GBA1 K198E fibroblasts as well as in WT fibroblasts treated with ROT. In accordance with this finding, H2O2 might activate LRRK2 kinase activity by directly enhancing its autophosphorylation, e.g., at Tyr1967 [81], Ser2032, and Tyr2035 [82,83], or indirectly, via phosphorylation of Ser910 and Ser935 via the inhibitor of nuclear factor-κB (IκB) kinase (IKK) complex [84]. Whatever the mechanism of phosphorylation of LRRK2 might be, it is endogenously highly phosphorylated in GBA1 K198E fibroblasts. In turn, we also simultaneously found abnormally phosphorylated α-Syn at pathological Ser129 in both GBA1 K198E fibroblasts and WT fibroblasts treated with ROT. These observations suggest that, once active, the LRRK2 kinase phosphorylates α-Syn at Ser129 [67], which is the major component of pathological deposits in PD [85,86]. It is worth mentioning that the inhibitor LRRK2 kinase PF-06447475 almost completely abolished the p-Ser129-α-Syn in ROT-induced OS models [87,88], but also LRRK2 knockout confers resistance against ROT-induced OS, mitochondrial damage, and apoptosis [89]. Taken together these findings support the notion that H2O2 indirectly phosphorylates LRRK2, which in turn phosphorylates α-Syn (p-Ser129 α-Syn) in GBA1 K198E fibroblasts.



Cleaved caspase 3 (CC3) has amply been used as a final effector in the apoptotic cell death of DAergic neurons in PD [90]. In line with this, we detected a significantly higher percentage of CC3-positive in GBA1 K198E fibroblasts and in WT fibroblasts exposed to ROT than in controls. Taken together, these observations reinforced the notion that several molecular events are intrinsically active in GBA1 K198E fibroblasts, which might contribute to their deterioration and final demise.




4. Materials and Methods


4.1. Human Dermal Fibroblast Culture


Fibroblasts were obtained from skin biopsies of one PD patient carrying a heterozygous GBA1 mutation (K198E, Tissue Bank Code (TBC) # COP0826, male, age at onset 33 years, age at sampling 58 years old) and one healthy control (TBC # 10624, male, age at sampling 58 years old) matched for age and gender. This study was approved by the Ethics Committee of Research from “Sede de Investigación Universitaria-SIU” (approval code 19-10-845). To isolate dermal fibroblasts, 4 mm skin biopsies of the donors were obtained using a biopsy punch. Skin tissue was cut up into small pieces (<1 mm), placed into gelatin-coated 6-well dishes (Costar Corning Incorporated), and left to dry at 37 °C until attachment. Once the explants were attached to the plate, culture medium (Dulbecco’s Modified Eagle’s Medium; DMEM, cat #D0819, Sigma, Saint Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, cat #CVFSVF00-01, Eurobio Scientific, Paris, France) and 1% penicillin/streptomycin (P/S; Gibco) (10% DMEM) was carefully added, and the plates were incubated at 37 °C in a humidified atmosphere with 5% CO2. When cells sprouted from the explants, after one week in culture, the plates were washed with PBS to eliminate non-adherent cells and surplus explants, and new 10% DMEM culture medium was added. The culture medium was then replaced every 3–4 days. When sprouted cells reached 80% confluency, subculturing was performed for cell expansion.




4.2. Analysis of Cells


4.2.1. Assay Protocol


WT and GBA1 K198E fibroblasts were cultured in DMEM with low glucose (1000 mg/L) plus 10% fetal bovine serum (FBS). For in vitro stimulation and inhibition of autophagy, cells were left untreated or treated with rapamycin (RAP; 10 nM, Cat# 53123-88-9, Sigma-Aldrich, St. Louis, MO, USA) and bafilomycin A1 (BAF; 10 nM, Cat No. B1793, Sigma-Aldrich, St. Louis, USA) for 24 h at 37 °C. For in vitro inhibition of mitochondrial activity, cells were left untreated or treated with rotenone (ROT, 1 μM) for 24 h at 37 °C.




4.2.2. Glucocerebrosidase (GCase) Activity Assay


Cellular GCase activity was determined using the Beta-Glucosidase Assay Kit (Abcam, Boston, MA, USA, Cat. ab272521) according to the manufacturer’s recommendations with minor modifications. Briefly, WT and K198E untreated fibroblast cell lysates were incubated for 24 h at 37 °C with p-nitrophenyl-α-d-glucopyranoside, which was hydrolyzed specifically by β-glucosidase into a yellow-colored product (maximal absorbance at 405 nm). The rate of the reaction was directly proportional to the enzyme activity.




4.2.3. Autophagy Assay


The autophagy assay was performed according to the manufacturer’s recommendation (cat #MAK138, Sigma-Aldrich, Saint Louis, MO, USA). Briefly, cells under different treatments were incubated with 1X stain reagent for 20 min. Then, the fluorescence intensity (ex 360/em 520 nm) was measured using a BD LSRFortessa II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Twenty-thousand events were acquired, and the acquisition analysis was performed using FlowJo 7.6.2 Data Analysis Software (BD Biosciences, Franklin Lakes, NJ, USA). For fluorescence microscopy analysis, cells were incubated with 1X stain reagent for 20 min and nuclei were stained with (0.5 μM) Hoechst 33342 (Life Technologies, Carlsbad, CA, USA), and fluorescence microscopy photographs were taken using a Zeiss Axio Vert.A1 inverted Fluorescence Microscope equipped with a Zeiss AxioCam Cm1.





4.3. Flow Cytometry and Fluorescent Microscopy Immunofluorescence


After each treatment, cells (1 × 105) were carefully detached and fixed in 80% ethanol and stored at 20 °C overnight. Then, cells were washed with PBS and permeabilized with 0.2% triton X-100 (Cat# 93443, Sigma-Aldrich, St. Louis, MO, USA) plus 1.5% bovine serum albumin (BSA, Cat# A9418, Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered solution (PBS) for 30 min. Then, cells were washed and incubated with primary antibodies (1:200; diluted in PBS containing 0.1% BSA) against GCase (1:500, Cat. #G4171, Sigma), LC3-II (cat #NB100-2220, Novus Biologicals, Englewood, CO, USA), Beclin1 (proteintech, cat #66665-1-Ig, USA), LAMP-2 (Sigma-Aldrich, cat #MABC1766, St. Louis, MO, USA), Parkin (cat #30130, Santa Cruz Biotech, Santa Cruz, CA, USA), p-(S935)-LRRK2 (Abcam cat #AB133450; Boston, MA, USA), α-synuclein (pS129; Abcam cat #AB51253; Boston, MA, USA), oxidized DJ-1 (1:500; ox (Cys106) DJ-1; spanning residue C106 of human PARK7/DJ1; oxidized to produce cysteine sulfonic (SO3) acid; Abcam cat #AB169520; Boston, MA, USA) and cleaved caspase 3, (CC3; 1:250; cat# AB3623, Millipore, Merck, Darmstadt, Germany) overnight at 4 °C. After exhaustive rinsing, we incubated the cells with secondary fluorescent antibodies (DyLight 488 horse anti-rabbit and mouse antibodies, cats DI 1094 and DI 2488, Vector Laboratories, Newark, NJ, USA) at 1:500. Finally, cells were washed and re-suspended in PBS for analysis on a BD LSRFortessa II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Twenty-thousand events were acquired, and the acquisition analysis was performed using FlowJo 7.6.2 Data Analysis Software (BD Biosciences, Franklin Lakes, NJ, USA). For fluorescence microscopy analysis, attached cells were fixed in 80% ethanol and incubated with primary and secondary antibodies as described above. Nuclei were stained with (0.5 μM) Hoechst 33342 and fluorescence microscopy photographs were taken using a Zeiss Axio Vert.A1 Fluorescence Microscope equipped with a Zeiss AxioCam Cm1.




4.4. Characterization of Lysosomal Complexity


To analyze lysosomal complexity, cells were incubated with the cell-permeable, nonfixable, green, fluorescent dye LysoTracker Green DND-26 (50 nM, cat #L7526, Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at 37 °C. Then, the cells were washed, and LysoTracker fluorescence was determined by flow cytometry using a BD LSRFortessa II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) or fluorescent microscopy using a Zeiss Axio Vert.A1 Fluorescence Microscope equipped with a Zeiss AxioCam Cm1. The experiment was conducted three times, and 20,000 events were acquired for analysis. Flow cytometry analysis for LysoTracker was performed by selecting, in the FL-1 channel, all cells with LysoTracker reactivity (>99%). Quantitative data and figures were obtained using FlowJo 7.6.2 Data Analysis Software (BD Biosciences, Franklin Lakes, NJ, USA).




4.5. Analysis of Mitochondrial Membrane Potential (ΔΨm)


Assessment of the ΔΨm was performed according to Ref. [91]. We incubated cells for 20 min at RT in the dark with a deep red MitoTracker (20 nM final concentration) compound (Thermo Scientific, cat# M22426, Netherlands, Europe). Cells were analyzed with flow cytometry using a BD LSRFortessa II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) or fluorescent microscopy using a Zeiss Axio Vert.A1 Fluorescence Microscope equipped with a Zeiss AxioCam Cm1. The experiment was conducted three times, and 20,000 events were acquired for analysis. Quantitative data and figures were obtained using FlowJo 7.6.2 Data Analysis Software.




4.6. Molecular Docking


To enable the 3D structure of GBA1, the AlphaFold2.ipynb program (https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb, accessed on 8 June 2024) was loaded with the WT (K198K) and GBA1 mutant K198E amino acid sequences (Uniprot ID: P04062; GBA1_HUMAN; mature protein 497 a.a.; https://www.uniprot.org/uniprotkb/P04062/entry#function, accessed on 8 June 2024) to model the structure of WT and K198E mutated protein glucocerobrosidase (GCase), respectively. The blind molecular docking was performed with CB-Dock version 2 (a cavity detection-guided protein–ligand blind docking web server that uses Autodock Vina (version 1.1.2, Scripps Research Institute, La Jolla, USA; https://cadd.labshare.cn/cb-dock2/php/blinddock.php, accessed on 8 June 2024). The SDF structure files of glucosylsphingosine (GlcSph, compound CID 5280570) and conduritol-B-epoxide (CBE, compound CID 136345) were downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 8 June 2024). The molecular blind docking was performed by uploading the 3D structure PDB file of GCase into the server with the SDF file of each compound. For analysis, we selected the docking poses with the strongest Vina score in the catalytical pocket. The generated PDB files of the molecular docking of each compound were visualized with the CB-Dock2 interphase.




4.7. Data Analysis


In this experimental design, two vials of fibroblast were thawed (WT GBA1 and GBA1 K198E), cultured, and the cell suspension was pipetted at a standardized cellular density of 2 × 104 cells/cm2 into different wells of a 24- or 6-well plate. Cells (i.e., the biological and observational units) [92] were randomized to wells by simple randomization (sampling without replacement method), and then wells (i.e., the experimental units) were randomized to treatments by a similar method. Experiments were performed on three independent occasions (n = 3) blind to the experimenter and/or flow cytometer analyst [92]. The data from the three repetitions, i.e., independent experiments, were averaged, and representative flow cytometry density or histogram plots from the three independent experiments were selected for illustrative purposes, whereas the bars in the quantification figures represent the mean ± SD and the three black dots show the data point of each experimental repetition. Based on the assumptions that the experimental unit (i.e., the well) data comply with the independence of observations, the dependent variable is normally distributed in each treatment group (Shapiro–Wilk test), and there is homogeneity of variances (Levene’s test), where the statistical significance is determined by a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc comparison calculated with GraphPad Prism 5.0 software. Differences between groups were only deemed significant with a p-value of 0.05 (*), 0.01 (**), and 0.001 (***). All data are presented as the mean ± S.D.





5. Conclusions


In the present work, we characterize for the first time the cellular and molecular phenotype of skin fibroblasts from a PD patient bearing the mutation GBA1 K198E, which is a specific variant to the Colombian population [36]. We conclude that the GBA1 K198E mutation endogenously primes PD skin fibroblasts toward autophagy dysfunction, OS, and apoptosis. Furthermore, our findings suggest that the GBA1 K198E fibroblasts are biochemically and molecularly equivalent to the response of WT GBA1 fibroblasts exposed to ROT. Given that GCase is localized in lysosomes and mitochondria, a proposed mechanism by which heterozygous GBA1 K198E mutation causes deterioration in fibroblasts (or in neuronal cells) is illustrated in Figure 10. As validation of this model, a similar mechanism of action affecting autophagy and apoptosis has been shown for ROT, which selectively blocks mitochondrial complex I and lysosomal GCase [39]. Taken together, these observations suggest that GBA1 K198E mutations are amenable to pharmacological treatment [93]. Therefore, further investigation is warranted on this issue. Our investigation further validates primary skin fibroblasts as a useful PD model and their ability to serve as substitute cells of neuronal tissue [94,95].
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Figure 1. Enzyme activity and expression levels of glucocerebrosidase (GCase) in fibroblasts bearing the mutation GBA1 K198E with in silico molecular docking of glucosylsphingosine (GlcSph) and GCase. (A) Enzyme activity of GCase activity in WT GBA1 (blue bar) and GBA1 K198E fibroblasts (red bar). (B) Protein expression levels of glucocerebrosidase (GCase) in WT GBA1 (blue curve) and GBA1 K198E fibroblasts (red curve) assessed by flow cytometry. (C) Quantification of GCase expression levels. Numbers in histograms represent positive cellular population for the tested marker. (D) Representative CB-Dock2 3D images showing the molecular docking of WT GCase (created by Alphafold2) with GlcSph (PubChem CID: 5280570). (E) Representative enlarged image of (D) showing the molecular docking of WT GCase with GlcSph. (F) Two-dimensional diagram showing conventional hydrogen bond between GCaseGlcSph interaction. (G) Representative CB-Dock2 3D images showing the molecular docking of WT GCase with conduritol-B-epoxide (CBE, CID: 136345). (H) Representative enlarged image of (G) showing the molecular docking of WT GCase with CBE. The data are presented as mean ± SD of two independent experiments in triplicated (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences *** p < 0.001. 
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Figure 2. GBA1 K198E variant induces acute GCase deficiency in the autophagy–lysosome system reflected as acidification of autophagosomes, lysosomes, and autolysosomes in untreated or treated fibroblast with rapamycin (RAP) or bafilomycin A1 (BAF). (A) Representative flow cytometry histograms showing the autophagy–lysosome acidification in untreated WT (blue curve) and GBA1 K198E fibroblasts (red curve), (B) WT and GBA1 K198E fibroblasts treated with rapamycin (RAP, 10 nM) or (C) bafilomycin A1 (BAF, 10 nM). (D) Quantitative analysis of autophagy–lysosome (acidification)-positive cells. (E–G) Representative immunofluorescence images showing autophagy–lysosome acidification in (E) untreated WT fibroblasts, (F) treated with rapamycin (RAP, 10 nM) or (G) treated bafilomycin A1 (BAF, 10 nM). (H–J) Representative immunofluorescence images showing autophagy–lysosome acidification in (H) untreated GBA1 K198E fibroblasts, (I) treated with rapamycin (RAP, 10 nM) or (J) treated bafilomycin A1 (BAF, 10 nM). (K) Quantitative analysis of autophagy lysosome as mean fluorescence intensity (MFI). Numbers in histograms represent positive cellular population for the tested marker. The histograms and photomicrographs represent 1 out of 3 independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: ** p < 0.01, *** p < 0.001; ns = not significant. Image magnification: 200×. 
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Figure 3. GBA1 K198E variant upregulates expression of autophagic Beclin-1, LC3-II, and LAMP-2 proteins in fibroblasts. (A) Representative flow cytometry histogram analysis showing Beclin-1 expression in WT-GBA1 (blue curve) and GBA1 K198E fibroblasts (red curve). (B) Quantitative (%) analysis of Beclin-1 expression in WT (blue bar) and GBA1 K198E fibroblast (red bar); (C) representative immunofluorescence image showing Beclin-1 reactivity in WT GBA1 and (D) K198E GBA1 fibroblasts (red fluorescence). (E) Quantitative (MFI) analysis of Beclin-1. (F) Representative flow cytometry histogram analysis showing LC3-II expression in WT GBA1 (blue curve) and GBA1 K198E fibroblasts (red curve). (G) Quantitative analysis of LC3-II in WT (blue bar) and GBA1 K198E fibroblasts (red bar). (H) Representative immunofluorescence images showing LCIII-2 reactivity in fibroblasts WT-GBA1 and (I) GBA1 K198E fibroblasts (red fluorescence). (J) Quantitative analysis of LC3-II. (K) Representative flow cytometry histogram analysis showing LAMP-2 expression in WT-GBA1 (blue curve) and GBA1 K198E fibroblasts (red curve). (L) Quantitative analysis of LAMP-2 in WT (blue bar) and GBA1 K198E fibroblasts (red bar). Nuclei were stained with Hoechst 33342 (blue fluorescence). (M) Representative immunofluorescence images showing LAMP-2 reactivity in fibroblasts WT GBA1 and (N) GBA1 K198E fibroblasts (red fluorescence). Nuclei were stained with Hoechst 33342 (blue fluorescence). (O) Quantitative analysis of LAMP-2. Numbers in histograms represent positive cellular population for the tested marker. Histograms and photomicrographs represent one out of three independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: * p < 0.05; ** p < 0.01; *** p < 0.001. Image magnification; 200×. 
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Figure 4. GBA1 K198E variant increases the accumulation of lysosomes and decreases the mitochondrial membrane potential (∆Ψm) in mutant fibroblasts, while rotenone aggravates the damage. (A) Representative flow cytometry histogram showing WT (blue curve) or GBA1 K198E fibroblasts (red curve) stained with Lysotracker®. (B) Representative flow cytometry histogram showing WT (blue curve) or GBA1 K198E fibroblasts (red curve) exposed to rotenone (ROT, 1 μM) and stained with Lysotracker®. (C) Percentage of Lysotracker® stain-positive cells in untreated or treated WT (blue bar) and GBA1 K198E fibroblasts (red bar) with ROT. (D) Representative flow cytometry histogram showing WT (blue curve) or GBA1 K198E fibroblasts (red curve) stained with Mitotracker®. (E) Representative flow cytometry histogram showing WT (blue curve) or GBA1 K198E fibroblasts (red curve) exposed to rotenone (ROT, 1 μM) stained with Mitotracker®. (F) Percentage of Mitotracker® stain-positive cells in untreated or treated WT (blue bar) and GBA1 K198E fibroblasts (red bar) with ROT. (G) Representative fluorescence microscopy image showing untreated WT fibroblasts stained with Lysotracker® and Mitotracker® (red fluorescence), (G’) close-up of image G (white line square); (H) representative fluorescence microscopy image showing untreated GBA1 K198E fibroblasts stained with Lysotracker® (green fluorescence) and Mitotracker® (red fluorescence). (H’) Close-up of image H (white line square); (I) representative fluorescence microscopy photograph showing WT fibroblasts treated with ROT (1 μM) and stained with Lysotracker® (green fluorescence) and Mitotracker® (red fluorescence), (I’) close-up of image I (white line square); (J) representative fluorescence microscopy photograph showing GBA1 K198E fibroblasts treated with ROT (1 μM) and stained with Lysotracker® (green fluorescence) and Mitotracker®. (J’) Close-up of image J (white line square). (K) Quantification of the Lysotracker® mean fluorescence intensity (MFI) in untreated or treated WT (blue bar) and GBA1 K198E fibroblasts (red bar) with ROT. (L) Quantification of the MitoTracker® high mean fluorescence intensity (MFI) in untreated or treated WT (blue bar) and GBA1 K198E fibroblasts (red bar) with ROT. Nuclei were stained with Hoechst 33342 (blue fluorescence). Histograms and photomicrographs represent one out of three independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: * p < 0.05; ** p < 0.01; *** p < 0.001. Image magnification, 200×. ns = not significant. 
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Figure 5. GBA1 K198E fibroblasts show unchanged expression levels of Parkin and mitochondrial colocalization of Parkin and TOM20 proteins, but Parkin shows a tendency to increase and mitochondrial colocalization upon rotenone exposure. (A) Representative flow cytometry histogram analysis showing the expression of Parkin protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve). (B) Representative flow cytometry histogram analysis showing the expression of Parkin protein in WT (blue) and GBA1 K198E fibroblasts (red) upon rotenone (ROT, 1 μM) exposure. (C) Quantitative analysis of parkin expression. (D–G) Representative fluorescence merge density images of colocalization of Parkin and the translocase of the outer membrane of mitochondria 20 (TOM20) proteins in (D) WT fibroblasts (white fluorescence), (E) GBA1 K198E fibroblasts, (F) WT fibroblasts treated with rotenone (ROT, 1 μM), and (G) GBA1 K198E fibroblasts exposed to ROT (1 μM). (D’–G’) Representative fluorescence merge images in layer colocalization of Parkin (D’’–G’’, green fluorescence) with TOM20 proteins (D’’’–G”’, red fluorescence). Nuclei were stained with Hoechst 33342 (blue, F’’’’–G’”’). (H) Quantification of the Parkin/mitochondria mean fluorescence intensity (MFI). Flow cytometry histograms represent one out of three conducted experiments. The results are reported as the mean ± standard deviation of 3 independent experiments (dots in bar). Fluorescence microphotographs represent one out of three experiments (n=3). A one-way ANOVA, followed by Tukey’s test, was conducted for statistical analysis. Statistically significant variations are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001; ns = no significance. 
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Figure 6. GBA1 K198E fibroblasts show an endogenously high percentage of oxidized DJ-1-Cys106-SOH into DJ-1 Cys106SO3. (A) Representative flow cytometry histogram analysis showing oxidized DJ-1 (Cys106-SO3) protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve). (B) Representative flow cytometry histogram analysis showing oxidized DJ-1 (Cys106-SO3) protein in WT (blue color) and GBA1 K198E fibroblasts (red color) upon rotenone (ROT, 1 μM) exposure. Flow cytometry histograms represent one out of three conducted experiments. The results are reported as the mean ± standard deviation of 3 independent experiments. (C) Quantitative analysis of oxidized DJ-1 (Cys106-SO3) protein. (D) Representative immunofluorescence image showing oxidized DJ-1 protein (Cys106-SO3, green fluorescence) in WT GBA1 fibroblasts. (E) Representative immunofluorescence image showing oxidized DJ-1 protein (Cys106-SO3, green fluorescence) in GBA1 K198E fibroblasts. (F) Representative fluorescence microscopy image showing oxidized DJ-1 protein (Cys106-SO3, green fluorescence) in WT GBA1 fibroblast treated with ROT (1 μM). (G) Representative fluorescence microscopy image showing oxidized DJ-1 (Cys106-SO3, green fluorescence) protein in GBA1 K198E fibroblast treated with ROT (1 μM). Nuclei were stained with Hoechst 33342 (blue fluorescence). (H) Quantitative analysis of oxidized DJ-1 protein (Cys106-SO3). Numbers in histograms represent positive cellular population for the tested marker. The histograms and photomicrographs represent one out of three independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: ** p < 0.01, *** p < 0.001; ns = not significance. Image magnification: 200×. 
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Figure 7. GBA1 K198E fibroblasts show an endogenously high percentage of phosphorylated LRRK2 at Ser935. (A) Representative flow cytometry histogram analysis showing phosphorylated LRRK2 at Ser935 protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve). (B) Representative flow cytometry histogram analysis showing pSer935 LRRK2 protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve) upon rotenone (ROT, 1 μM) exposure. (C) Quantitative analysis of pSer935 LRRK2 protein. (D) Representative immunofluorescence image showing pSer935 LRRK2 protein (green fluorescence) in WT GBA1 fibroblasts. (E) Representative immunofluorescence image showing pSer935 LRRK2 protein (green fluorescence) in GBA1 K198E fibroblasts. (F) Representative fluorescence microscopy image showing pSer935 LRRK2 protein (green fluorescence) in WT GBA1 fibroblast treated with ROT (1 μM). (G) Representative fluorescence microscopy image showing pSer935 LRRK2 protein (green fluorescence) protein in GBA1 K198E fibroblast treated with ROT (1 μM). Nuclei were stained with Hoechst 33342 (blue fluorescence). (H) Quantitative analysis of pSer935 LRRK2 protein. Numbers in histograms represent positive cellular population for the tested marker. The histograms and photomicrographs represent one out of three independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: * p <0.05, ** p < 0.01; *** p < 0.001. Image magnification: 200×. 
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Figure 8. GBA1 K198E fibroblasts show an endogenously high percentage of phosphorylated α-Syn at Ser129. (A) Representative flow cytometry histogram analysis showing phosphorylated α-Syn at Ser129 protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve). (B) Representative flow cytometry histogram analysis showing pSer129 α-Syn protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve) upon rotenone (ROT, 1 μM) exposure. (C) Quantitative analysis of pSer129 α-Syn protein. (D) Representative immunofluorescence image showing pSer129 α-Syn protein (green fluorescence) in WT GBA1 fibroblasts. (E) Representative immunofluorescence image showing pSer129 α-Syn protein (green fluorescence) in GBA1 K198E fibroblasts. (F) Representative fluorescence microscopy image showing pSer129 α-Syn protein (green fluorescence) in WT GBA1 fibroblast treated with ROT (1 μM). (G) Representative fluorescence microscopy image showing pSer129 α-Syn protein (green fluorescence) in GBA1 K198E fibroblast treated with ROT (1 μM). Nuclei were stained with Hoechst 33342 (blue fluorescence). (H) Quantitative analysis of pSer129 α-Syn protein. Numbers in histograms represent positive cellular population for the tested marker. The histograms and photomicrographs represent one out of three independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: ** p < 0.01; *** p < 0.001. Image magnification: 200×. 
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Figure 9. GBA1 K198E fibroblasts show endogenously high cleaved caspase 3 (CC3) compared to WT fibroblasts. (A) Representative flow cytometry histogram analysis showing cleaved caspase 3 (CC3) protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve). (B) Representative flow cytometry histogram analysis showing CC3 protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve) upon rotenone (ROT, 1 μM) exposure. (C) Quantitative analysis of CC3 protein. (D) Representative immunofluorescence image showing CC3 protein (green fluorescence) in WT GBA1 fibroblasts. (E) Representative immunofluorescence image showing CC3 protein (green fluorescence) in GBA1 K198E fibroblasts. (F) Representative fluorescence microscopy image showing CC3 protein (green fluorescence) in WT GBA1 fibroblast treated with ROT (1 μM). (G) Representative fluorescence microscopy image showing CC3 protein (green fluorescence) protein in GBA1 K198E fibroblast treated with ROT (1 μM). Nuclei were stained with Hoechst 33342 (blue fluorescence). (H) Quantitative analysis of CC3 protein. Numbers in histograms represent positive cellular population for the tested marker. The histograms and photomicrographs represent one out of three independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: * p < 0.05, ** p < 0.01; *** p < 0.001. Image magnification: 200×. 






Figure 9. GBA1 K198E fibroblasts show endogenously high cleaved caspase 3 (CC3) compared to WT fibroblasts. (A) Representative flow cytometry histogram analysis showing cleaved caspase 3 (CC3) protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve). (B) Representative flow cytometry histogram analysis showing CC3 protein in WT (blue curve) and GBA1 K198E fibroblasts (red curve) upon rotenone (ROT, 1 μM) exposure. (C) Quantitative analysis of CC3 protein. (D) Representative immunofluorescence image showing CC3 protein (green fluorescence) in WT GBA1 fibroblasts. (E) Representative immunofluorescence image showing CC3 protein (green fluorescence) in GBA1 K198E fibroblasts. (F) Representative fluorescence microscopy image showing CC3 protein (green fluorescence) in WT GBA1 fibroblast treated with ROT (1 μM). (G) Representative fluorescence microscopy image showing CC3 protein (green fluorescence) protein in GBA1 K198E fibroblast treated with ROT (1 μM). Nuclei were stained with Hoechst 33342 (blue fluorescence). (H) Quantitative analysis of CC3 protein. Numbers in histograms represent positive cellular population for the tested marker. The histograms and photomicrographs represent one out of three independent experiments (n = 3). The data are presented as mean ± SD of three independent experiments (dots in bar). One-way ANOVA followed by Tukey’s test. Statistically significant differences: * p < 0.05, ** p < 0.01; *** p < 0.001. Image magnification: 200×.



[image: Ijms 25 09220 g009]







[image: Ijms 25 09220 g010] 





Figure 10. Schematic representation of the effect of K198E GCase on the autophagy–lysosomal pathway and apoptosis cell death in skin fibroblasts. (A) Autophagy–lysosomal pathway and K198E GCase. In WT GBA1 fibroblasts, the autophagy process begins with the ensemble of the ULK1 complex (unc-51-like kinase, ULK; autophagy-related protein 13, ATG13; RB1-inducible coiled-coil protein 1, FIP200; ATG101) (1), which then triggers nucleation of the phagophore (2) by phosphorylating components of the class III PI3K complex, involving Class IIIPI3K, vacuolar protein sorting 34 (VPS34) and Beclin 1 (Bc 1), among other proteins. These actions lead to the attachment of the microtubule-associated protein light chain 3 (LC3-II) to the phagophore (3), which further expand and form a sealed double-membrane, forming the autophagosome (4). This last vacuole, helped by lysosomal-associated membrane protein (LAMP-2, 5), fused with the lysosome (6) to form the autolysosome (7), where unwanted cytosolic material (damaged mitochondria, protein aggregates, GlcCer (black dots)) is eliminated and recycled. On the other hand, enzymatic alteration of GCase mainly by genetic mutations (e.g., K198E) in at least one of the alleles of GBA1 almost leads to the undigested substrate GlcCer. As a result, lysosomes accumulate, thereby affecting the production line of autophagosomes, and autolysosomes. Indeed, heterozygous K198E GCase induces abnormal upregulation of protein Beclin 1, LC3-II and LAMP-2, and provokes an abnormally high accumulation of autophagosomes, lysosomes, and autolysosomes. Overall, K198E GCase provokes a highly deficient autophagy–lysosomal pathway in skin fibroblasts. (B) Apoptosis pathway and K198E GCase. In parallel, WT GCase interacts the mitochondrial respiratory component complex I (8, upper panel), thereby preserving energy metabolism (e.g., high ∆Ψm) and mitochondrial and nuclei integrity (14, upper panel). On the contrary, malfunction of mitochondrial Complex I due to improper interactions with K198E GCase (8, lower panel) allows electrons to leak, which are taken by molecular dioxygen (O2). Reduction of oxygen ends up in the formation of anion superoxide radicals (O2.-), which then dismutate into H2O2 (9). As a messenger molecule, H2O2 oxidized DJ-1Cys106-SOH (DJ-1red, 10) into DJ-1Cys106-SO3 (-sulfonic group, DJ-1oxi, 11) and induces the activation of the IKK complex (10), which phosphorylates LRRK2 at residue Ser935 (11). Phosphorylated LRRK2 kinase phosphorylates in turn the following three main targets: DLP-1 (dynamin-like protein), αSyn at residue Ser129, and PRDX3 (12). These three proteins might induce or contribute to mitochondria depolarization (e.g., low ∆Ψm), thereby inducing activation of caspase 3 (CASP3) into cleaved caspase 3 (CC3, 13). Lastly, CC3 induces the fragmentation of nuclei (14). All these markers constitute typical signs of apoptosis (8–14). 
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Table 1. In silico molecular docking analysis of glucocerebrosidase (GCase), glucosyl sphingosine (GlcSph), and conduritol-B-epoxide (CBE).
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	Submitted Protein *
	Submitted Ligand **
	Vina Score ***
	Cavity Volume (Å3)
	Center

(x, y, z)
	Docking Size

(x, y, z)
	Contact Residues





	WT

GCase
	Glucosylsphingosine

CID: 5280570
	−6.1
	447
	9, −12, 0
	28, 28, 28
	Chain A: ASP127 TRP179 ASN234 GLU235 TYR244 PRO245 PHE246 TYR313 LEU314 GLU340 GLY344 SER345 LYS346 PHE347 GLU349 GLN350 SER351 TRP381 ARG395 ASN396 PHE397 VAL398



	K198E GCase
	Glucosylsphingosine

CID: 5280570
	-
	-
	-
	-
	-



	WT

GCase
	Conduritol B epoxide

CID: 136345
	−5.7
	447
	9, −12, 0
	16, 16, 16
	Chain A: ASP127 PHE128 TRP179 ASN234 GLU235 TYR244 PHE246 GLN284 TYR313 GLU340 CYS342 SER345 TRP381 ASN396 VAL398



	K198E

GCase
	Conduritol-B-epoxide

CID: 136345
	-
	-
	-
	-
	-







* According to RCSB Protein Data Base (https://www.rcsb.org/ accessed on 30 May 2024). ** According to PubChem database (https://pubchem.ncbi.nlm.nih.gov/ accessed on 30 May 2024). *** According to CB-dock2: An accurate protein–ligand bind docking tool (https://cadd.labshare.cn/cb-dock2/php/index.php/ accessed on 30 May 2024). Bold represents the amino acid of GCase involved in the conventional hydrogen bonding with Glucosylsphingosine, and conduritol-B-epoxide. Bold blue letters represent the amino acid of the enzymatic active pocket of GCase.
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