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Abstract 
Current therapies for Fabry disease are based on reversing intra-cellular 
accumulation of globotriaosylceramide (Gb3) by enzyme replacement therapy 
(ERT) or chaperone-mediated stabilization of the defective enzyme, thereby 
alleviating lysosome dysfunction. However, their effect in the reversal of end-
organ damage, like kidney injury and chronic kidney disease remains unclear. 
First, ultrastructural analysis of serial human kidney biopsies showed that long-
term use of ERT reduced Gb3 accumulation in podocytes but did not reverse 
podocyte injury. Then, a CRISPR/CAS9-mediated a-Galactosidase knockout 
podocyte cell line confirmed ERT-mediated reversal of Gb3 accumulation without 
resolution of lysosomal dysfunction. Transcriptome-based connectivity mapping 
and SILAC-based quantitative proteomics identified alpha-synuclein (SNCA) 
accumulation as a key event mediating podocyte injury. Genetic and 
pharmacological inhibition of SNCA improved lysosomal structure and function in 
Fabry podocytes, exceeding the benefits of ERT. Together, this work 
reconceptualizes Fabry-associated cell injury beyond Gb3 accumulation, and 
introduces SNCA modulation as a potential intervention, especially for patients 
with Fabry nephropathy.  
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Introduction 
 

Anderson-Fabry disease (FD), is an X-linked lysosomal storage disorder caused by 
mutations in the GLA gene (1), which results in an impairment of the hydrolase 
alpha-Galactosidase A (aGAL). This enzyme deficiency leads to lysosomal 
dysfunction (2) via progressive accumulation of globotriaosylceramide (Gb3) and 
other glycosphingolipids (3) in most cells of the body (4). Patients with FD suffer 
from extensive and progressive end-organ damage, for example cardiomyopathy 
and nephropathy, both of which key factors for long-term survival (5).  
 

The first therapies became available in 2001 with enzyme replacement therapy 
(ERT) (6, 7) and were complemented by chaperone therapy in 2016 (8). All have 
proven efficient in decreasing Gb3 deposits (9–14), but their impact on the 
reversal of end-organ damage remains unclear.  
 

Glomerular epithelial cells (podocytes) are primary targets in chronic kidney 
diseases that progress to the requirement of dialysis or transplantation (15–18). 
Since podocytes exhibit limited regenerative capacities (19, 20), injury and loss 
are considered critical steps in renal pathophysiology and central therapeutic 
targets. Previous studies have shown podocytes to accumulate the highest amount 
of Gb3 in Fabry nephropathy, resulting in early (micro-)albuminuria (21, 22). 
However, the molecular mechanisms of Fabry podocytopathy remain elusive. 
 

In this study, we report prevailing signs of podocyte damage in human kidney 
biopsies before and after ERT despite significant Gb3 reduction. We established a 
CRISPR/Cas9-based GLA knockout in human podocytes, which recapitulates 
classical cell injury features like lysosomal dysfunction. Quantitative proteomics 
combined with a network medicine approach identified the accumulation of alpha-
Synuclein (SNCA) as a mediator of lysosomal dysfunction resistant to ERT both in 
vitro and in patient biopsies. This is the first report showing that accumulation of 
SNCA directly contributes to lysosomal impairment and disease severity in FD in a 
substrate independent fashion, which suggests that pharmacological targeting of 
SNCA could serve as an additional therapeutic strategy, especially for patients with 
Fabry nephropathy.  
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Results and discussion 
 

Podocyte injury persists despite of ERT and significant reductions in Gb3 deposits 
 

Ultrastructural analysis of serial human kidney biopsies (full demographics 
available in Table S1) revealed typical accumulation of Gb3 within podocytes 
combined with classical signs of podocyte injury, including alterations in foot 
process morphology (Fig. 1A). In agreement with previous reports (13, 14, 23, 
24), ERT significantly reduced the volume of podocyte specific Gb3 inclusion bodies 
in follow-up biopsies. Importantly, increased foot process width remained 
unaffected (Fig. 1B), suggesting that despite significant reductions in Gb3 
accumulation and reported correlation of foot process width to Gb3 inclusions (24) 
remaining Gb3 or independent mechanisms lead to prevailing podocyte injury 
(25). These observations have direct therapeutic implications, as ERT, if not 
initiated in the early years of a patient’s live, may not be sufficient to prevent and 
reverse end-organ damage. 
 
Generation of a GLA-deficient podocyte line using CRISPR/Cas9 genome editing 
 

The study of end-organ damage in FD has been directly hampered by limited 
access to human biopsy material. Furthermore, existing animal models do not 
completely reflect the human phenotype, especially those observed in Fabry 
nephropathy (26–28). 
 

Thus, we decided to develop a novel in vitro system to model FD-related podocyte 
damage. Using two independent guide-RNAs (gRNAs), we targeted the first exon 
within the GLA locus to generate GLA-deficient immortalized male human 
podocytes (29) using CRISPR/Cas9 (30, 31) (Fig. 1C), eliminating residual intact 
and functional enzyme (32, 33). Subclones with deletions resulting in premature 
STOP codons (Fig. S1A) and efficient knockout on the protein level (Fig. 1C) were 
selected for further analyses. aGAL activity was almost completely abolished (Fig. 
1D), resulting in a significant increase of Gb3 in both thin layer chromatography 
(Fig. S1B) and lipid mass spectrometry (Fig. 1E and Fig. S1C-E). Multilaminar 
inclusions (zebra bodies) were detected within GLA deficient podocytes with almost 
complete clearance of these structures after aGAL treatment (Fig. 1F). 
 
In vitro ERT does not fully revert podocyte injury  
 

Both lysosomal number as well as size were dramatically increased in GLA 
knockout clones and were partially reverted by aGAL treatment (Fig. 1G and Fig. 
1H). This amelioration could not be achieved for lysosomal pH and oxidative stress 
via reactive oxygen species (ROS) without changes in levels of oxygen 
consumption rate (OCR) (Fig. S2A) or mitochondrial morphology (Fig. S2B and 
Fig. S2C). Similar findings have been previously reported in primary fibroblasts 
derived from Gaucher patients (34) and endothelial cells exposed to Gb3 (35). 
Furthermore, we detected an increase in autophagy via the decrease of surrogate 
marker p62, while LC3-II was unchanged both at baseline and in chloroquine 
challenged KO cells (Fig. S3), confirming previous reports (33, 36). Together, our 
data suggests that podocyte injury extends beyond substrate accumulation, as 
multiple features of FD are only ameliorated by aGAL replacement. 
 
SNCA accumulates in GLA-deficient podocytes and is resistant to short-term ERT 
 

We employed SILAC-based quantitative proteomics and transcriptome profiling via 
RNA sequencing to determine potential alterations in gene expression and protein 
abundance underlying the observed lysosomal dysfunction (Fig. S4A). Filtering 
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for lysosome-associated proteins resulted in the detection of 321 differentially 
expressed proteins (Fig. 2A). Surprisingly, the top-20 regulated lysosomal 
proteins (except for ANPEP) were not altered at a transcriptomic level (Fig. 2B). 
Interestingly, we observed increased levels of GBA protein, as well as other well 
described lysosome associated proteins such as LIMP2 (encoded by the gene 
SCARB2). The latter has been shown to serve as a specific receptor for 
glucocerebrosidases and to be involved in proper lysosomal biogenesis (37, 38), 
suggesting that lysosome impairment extends beyond the initial enzyme defect.  
 

Next, we used a network medicine approach to further evaluate how these proteins 
are functionally related to each other. We identified the two podocyte-specific GLA 
KO modules for the respective up- and downregulated lysosomal proteins (Fig. 
2B, S4B-C). The upregulated hits resulted in a smaller more specific module (64 
proteins; z-score: 28). Gene ontology enrichment for cellular compartment and 
reactome pathways revealed an involvement of processes associated with 
membrane trafficking, autophagy, mitophagy and the lysosome in both modules 
(Fig. S5A-B). Molecular Function GO terms overrepresented in the disease 
modules were associated to proteins binding to phosphorylated residues and beta-
adrenergic signalling kinases (Fig. S5C). 
 

Strikingly, alpha-Synuclein (SNCA) was the only protein found as an upregulated 
protein by the SILAC-based proteome analysis but also by the network-based 
approach as a protein residing in the downregulated module, connecting both the 
upregulated and downregulated disease modules as a seed protein. SNCA is highly 
produced in many cells and constantly degraded through chaperone-mediated 
autophagy (39). This protein has been implicated in other lysosomal storage 
diseases (40) and is well-known in synucleinopathy related neurodegenerative 
diseases such as Parkinson disease (41, 42). Importantly, the aggregation of 
pathological SNCA isoforms has been reported as toxic to cells (43–45), and the 
modulation of SNCA-signalling reverses lysosomal clustering (46), suggesting that 
SNCA may be an intriguing therapeutic target for FD (47). 
 

SNCA binds to four out of the eight proteins that are connecting both modules with 
each other and the known interaction partners of SNCA are involved in 
autophagosome and lysosome function such as GABARAPL1, MAPK1, LAMP2 and 
SQSTM1 (Fig. 2C). Treatment with recombinant aGAL over 96 hours mitigated 
and normalized the expression levels of all top ten upregulated lysosomal proteins 
except for SNCA (Fig. 2D, Fig. S6). In human renal biopsies, SNCA was detected 
almost exclusively in the glomerular compartment, showing an increased 
expression in samples of untreated Fabry patients (Fig. 2E). SNCA staining 
intensity in biopsies of patients who underwent 5 years of ERT was partially 
reduced (without reaching statistical significance) compared to baseline levels 
(Fig. 2E). Remarkably, we did not observe different SNCA levels in patient derived 
primary urinary cells and no induction through challenging these cells with 
globotriaosyl-sphingosine (lyso-Gb3) the main degredation product of Gb3 
implicated in the disease’s molecular pathology (Fig. S7A-B). Together, these 
data identify SNCA accumulation as a Gb3-independent event during FD-related 
podocyte injury. Thus, modulation of SNCA-signalling may provide a novel 
therapeutic target.   
 
Modulating SNCA accumulation ameliorates Fabry podocytopathy 
 

To elucidate the effect of alterations in SNCA levels in WT and GLA deficient cells, 
we performed knockdown and overexpression analyses. We achieved a strong 
inhibition in both knockout and wild-type cells 48 hours after siRNA transfection 
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(Fig. 3A). This inhibition was associated with a significant reduction in lysosomal 
area, lysosomal pH and ROS accumulation (Fig. 3B) without complete reversal to 
wild-type levels. Next, a reverse overexpression of SNCA (Fig. 3C) induced 
pronounced alterations of lysosomal structure (Fig. 3D), and marked increases in 
lysosomal area, pH and ROS production (Fig. 3E), confirming a central role of 
SNCA-signalling in Gb3-idependent podocyte injury.  
 
β2 adrenergic receptor agonists as a novel therapy for Fabry podocytopathy 
 

Unfortunately, SNCA pharmacological modulators are not currently available.  
Thus, we performed connectivity mapping analysis of the transcriptomic profile of 
Fabry podocytes, which identified the β2 adrenergic receptor agonist Orciprenaline 
to be the top “anti-Fabry” compound with a relation score of -0,7 (Fig. 3F and 
Table S2). Indeed, Orciprenaline as well as another β2 adrenergic receptor 
agonist, Clenbuterol, were able to significantly reduce SNCA accumulation in Fabry 
podocytes (Fig. 3G). Furthermore, Clenbuterol depicted a clear dose dependent 
effect on SNCA (Fig. S8A-B). In accordance with the effects of genetic SNCA 
reduction, β2 adrenergic receptor agonist treatment resulted in decreased 
lysosomal area (Fig. S9A) and increased lysosomal acidification in knockout 
podocytes (Fig. S9B). In line with our findings, it has been shown that beta-2-
agonists decrease the risk of Parkinson disease via epigenetic downregulation of 
SNCA gene transcription and protein reduction (48). Strikingly, the combination of 
ERT and Clenbuterol showed an additive effect on the restoration of Lamp1 
accumulation (Fig. 3H) and lysosomal pH and ROS production in Fabry podocytes 
(Fig. 3I), mirroring ultrastructural findings (Fig. S9C). 
 

In conclusion, we systematically map the signalling network of Fabry associated 
kidney disease pathways, identify the role of the accumulation of SNCA 
contributing to lysosomal impairment and disease severity in Fabry disease and 
conceptually proof a novel additive pharmacological targeting strategy aiming to 
halt and reverse Fabry nephropathy. 
 
Methods 
 

Detailed experimental methods and statistical analyses are included in the 
Supplemental Methods. 

The RNA-Seq and proteome data reported here are deposited in the NCBI’s Gene 
Expression Omnibus (GEO) database and ProteomeXchange Consortium (GEO 
GSE179975 & PXD029618).  

Study approval. Patients in this study provided written informed consent Renal 
biopsies were performed as part of a clinical trial protocol (ClinicalTrials.gov#: 
NCT00196716) or standard of care before the initiation of enzyme replacement 
therapy 
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Figure Legends 
 

Figure 1: (A) Transmission electron microscopy (TEM) comparison of foot 
processes between control vs Fabry kidney biopsy before and after ERT with many 
foot processes widened in both untreated and after ERT Fabry biopsies. Asterisks 
show Gb3 inclusions in podocytes. (B) Significant decrease of podocyte Gb3 
inclusions after ERT but persistence of increased foot process width. (C) Schematic 
overview of GLA knock-out (KO) podocyte generation by CRISPR/Cas9 genome 
editing. (D) Western blots show a complete absence of GLA expression in several 
GLA-KO clones. (E) Abolished GLA activity in two KO clones compared to WT cells. 
(D) Mass spectrometry analysis confirms the accumulation of GB3-C24-0 isoform 
in KO cells, normalized upon 96 hours of alpha-GAL therapy (n=3). (F) TEM shows 
zebra bodies exclusively in GLA-KO clones (red arrows). While WT cells depict a 
normal ultrastructure, aGAL-treated KO cells have remnant vacuoles (green 
arrows) without zebra bodies. Scalebar represents 1µm. (G) Lysosomal 
visualization using LAMP1 staining in differentiated WT and KO cells reveals an 
increased number and size (arrows) of lysosomes in the GLA-KO cells. Scalebars 
represent 10µm. (H) Quantification of lysosomal area (n=14), pH (n=12) and ROS 
production (n=8). Violin plots indicating median (red) and upper and lower quartile 
(blue), **P<0.01, ***P<0.001, ****P<0.0001. 
 
Figure 2: (A) Schematic overview of mass spectrometry analysis using SILAC 
labelled WT and KO clones. Mass spectrometry yielded 2248 proteins among which 
321 proteins are lysosomal enriched. (B) The top ten up and down regulated 
lysosomal enriched proteins. (C) Network based analysis of up- and downregulated 
lysosomal proteins associated to GLA knock-out (KO). Nodes represent genes and 
are connected if there is a known protein interaction between them. The node size 
is proportional to the number of its connections. Red and blue nodes represent up- 
and downregulated seed proteins, respectively. Light-red and light-blue nodes 
represent the respective DIAMOnD proteins. GLA is depicted as green node. Pink 
nodes indicate shared proteins between the two modules. The separate network 
and Venn diagram on the right shows the number and interaction partners of 
SNCA. (D) Western blots of SNCA and TUBA in vehicle and aGAL treated WT and 
KO cells with quantification confirming the over-expression and resistance of this 
protein to aGAL treatment (n=4). (E) SNCA staining in representative images and 
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quantification of human renal biopsies showing increase in untreated Fabry 
samples with resistant accumulation in patients who underwent 5 years of ERT 
(n=5). Scalebars indicating 50µm. ****P<0,0001 
 
 
 

Figure 3: (A) Representative western blot confirming the efficacy of siRNA 
targeting SNCA in WT and knock-out (KO) clones (n=4). (B) Quantification of 
lysosomal area, pH and ROS production upon SNCA siRNA treatment (n=18). (C) 
A representative western blot confirming the overexpression of SNCA in WT cells 
(n=4). (D) Lamp-1 immunofluorescence staining shows an increase in lysosomal 
aggregation upon SNCA overexpression (arrow). Scalebars represent 10µm. (E) 
Quantification of lysosomal area (n=20), pH (n=8) and ROS production (n=12) 
upon SNCA overexpression. (F) Connectivity mapping showing anti-Fabry 
compounds with the β2-adrenergic receptor agonist Orciprenaline exhibiting the 
highest score. (G) Western blots show the expression of SNCA in WT, untreated 
GLA-KO and KO cells treated with 20µM Clenbuterol and 10µM Orciprenaline 
(n=6). (H) Western blots depict the expression of Lamp-1 and ACTN4 in WT, 
untreated GLA-KO and KO cells treated with aGAL, 20µM Clenbuterol, and 
combined therapy (n=6). (I) Lysosomal pH and ROS analysis in all conditions 
demonstrate independent and additive effects of β2-adrenergic receptor agonist 
on lysosomal pH and ROS production in GLA-KO cells (n=6). Violin plots indicate 
median (red) and upper and lower quartile (blue). Bar graphs depict standard 
deviation. *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001 
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