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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 α-galactosidase A (aGAL). This 
enzyme deficiency leads to lysosomal dysfunction (2) via progres-
sive accumulation of globotriaosylceramide (Gb3) and other gly-
cosphingolipids (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 are key 
factors affecting long-term survival (5).

The first therapies became available in 2001 with enzyme 
replacement therapy (ERT) (6, 7) and were complemented by chap-
erone 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 dial-
ysis 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 tar-
gets. 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 part because of limited 
access to human biopsy material. Furthermore, existing animal 
models do not completely reflect the human phenotype, especially 
those observed in Fabry nephropathy (23–25).

Current therapies for Fabry disease are based on reversing intracellular accumulation of globotriaosylceramide (Gb3) by 
enzyme replacement therapy (ERT) or chaperone-mediated stabilization of the defective enzyme, thereby alleviating 
lysosomal dysfunction. However, their effect in the reversal of end-organ damage, like kidney injury and chronic kidney 
disease, remains unclear. In this study, 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 
α-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 
α-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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to generate GLA-deficient immortalized male human podocytes 
(26) with CRISPR/Cas9 (Figure 1C) (27, 28). Subclones with 
mutations resulting in premature stop codons (Supplemental 
Figure 1A) and efficient knockout on the protein level (Figure 
1C) were selected for further analyses. aGAL protein levels and 
activity were almost completely abolished (Figure 1, D and E), 
resulting in a significant increase of Gb3 in both thin-layer chro-
matography (Supplemental Figure 1B) and lipid mass spectrome-
try (Figure 1F and Supplemental Figure 1, C–E) that decreased to 
baseline after treatment with recombinant aGAL. Multilaminar 
inclusions (zebra bodies) were detected within GLA-deficient 
podocytes with almost complete clearance of these structures 
after aGAL treatment (Figure 1G).

In vitro ERT does not fully revert podocyte injury. Both lysosome 
number and size were dramatically increased in GLA-KO clones, 
and the increase was partially reversed by aGAL treatment (Figure 
1, H and I). These structural abnormalities were associated with 
impairment of lysosomal function. Recombinant aGAL treatment 
did not modify lysosomal pH or oxidative stress via reactive oxy-
gen species (ROS). As the latter could be a result of mitochondrial 
dysfunction, we investigated oxygen consumption rate (Figure 1J) 
and mitochondrial morphology (Figure 1K) and detected no dif-
ferences between WT and KO clones.

Podocytes are known for their prominent autophagy features 
(29), and we detected an increase in autophagy via the decrease of 
surrogate marker p62, while LC3-II was unchanged both at base-
line and in chloroquine-challenged KO cells (Supplemental Figure 
2). Together, our data suggest that podocyte injury extends beyond 
substrate accumulation, as multiple features of FD are only ame-
liorated by aGAL replacement.

SNCA accumulates in GLA-deficient podocytes and is resistant 
to short-term ERT. We used SILAC-based quantitative proteom-
ics and transcriptome profiling via RNA sequencing to determine 
potential alterations in gene expression and protein abundance 
underlying the observed lysosomal dysfunction (Supplemental 
Figure 3A). Filtering for lysosome-associated proteins resulted in 
the detection of 321 differentially expressed proteins (Figure 2A). 
Surprisingly, the top 20 regulated lysosomal proteins (except for 
ANPEP) were not altered at a transcriptomic level (Figure 2B).

Next, we used a network medicine approach to further evalu-
ate how these proteins are functionally related to each other. We 
identified the 2 podocyte-specific GLA-KO modules for the respec-
tive up- and downregulated lysosomal proteins (Figure 2B and 
Supplemental Figure 3, B and C). The upregulated hits resulted in 
a smaller, more specific module (64 proteins; z score: 28). Gene 
Ontology (GO) enrichment for cellular compartment and reac-
tome pathways revealed an involvement of processes associated 
with membrane trafficking, autophagy, mitophagy, and the lyso-
some in both modules (Supplemental Figure 4, A and B). Molecular 
function GO terms overrepresented in the disease modules were 
associated with proteins binding to phosphorylated residues and 
β-adrenergic signaling kinases (Supplemental Figure 4C).

Strikingly, α-synuclein (SNCA) was the only protein found as 
an upregulated protein by the SILAC-based proteome analysis but 
also found 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 binds to 

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 
(KO) in human podocytes, which recapitulates classical cell injury 
features like lysosomal dysfunction. Quantitative proteomics com-
bined with a network medicine approach identified the accumula-
tion of α-synuclein (SNCA) as a mediator of lysosomal dysfunction 
resistant to ERT both in vitro and in patient biopsies. To our knowl-
edge, 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 phar-
macological targeting of SNCA could serve as an additional thera-
peutic strategy, especially for patients with Fabry nephropathy.

Results
Podocyte injury persists despite ERT and significant reductions in Gb3 
deposits. Ultrastructural analysis of serial human kidney biopsies 
(see Supplemental Table 1 for full demographics; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI157782DS1) revealed typical accumulation of Gb3 within podo-
cytes combined with classical signs of podocyte injury, including 
alterations in foot process morphology (Figure 1A). ERT partially 
reversed this phenotype by reducing podocyte-specific Gb3 inclu-
sions. Importantly, increased foot process width remained unaf-
fected (Figure 1B), highlighting the possibility of alternative path-
omechanisms in Fabry podocytopathy.

Generation of a GLA-deficient podocyte line using CRISPR/
Cas9 genome editing. Next, we developed an in vitro system to 
model FD-related podocyte damage. Using 2 independent guide 
RNAs (gRNAs), the first exon within the GLA locus was targeted 

Figure 1. Podocytes in Fabry disease show persistent lysosomal 
dysfunction and damage despite enzyme replacement therapy. (A) 
Transmission electron microscopy (TEM) comparison of foot processes 
between control and Fabry kidney biopsy before and after ERT with many 
foot processes widened in Fabry biopsies both untreated and after ERT. 
Asterisks show Gb3 inclusions in podocytes. Original magnification, 
×52,800. (B) Significant decrease of podocyte Gb3 inclusions after ERT 
but persistence of increased foot process width. (C) Schematic overview 
of GLA-knockout (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 2 KO clones 
compared with WT cells. (F) Mass spectrometry analysis confirms the 
accumulation of Gb3-C24-0 isoform in KO cells, normalized upon 96 
hours of α-galactosidase therapy (n = 3). (G) TEM shows zebra bodies 
exclusively in GLA-KO clones (red arrowheads). While WT cells depict 
a normal ultrastructure, aGAL-treated KO cells have remnant vacuoles 
(green arrowheads) without zebra bodies. Scale bars: 1 μm. (H) Lysosomal 
visualization using LAMP1 staining in differentiated WT and KO cells 
reveals an increased number and size (arrowheads) of lysosomes in the 
GLA-KO cells. Scale bar: 10 μm. (I) Quantification of lysosomal area (n 
= 14), pH (n = 12), and ROS production (n = 8). (J) Seahorse XFp experi-
ments confirm normal mitochondrial function in KO cells (n = 8). OCR, 
oxygen consumption rate. (K) Mitochondrial import receptor subunit 
(TOM20) staining in WT and KO cells is equally abundant and normally 
distributed. TEM images confirm a normal mitochondrial ultrastructure 
in KO cells. Scale bars: 10 μm in immunofluorescence, 500 nm in electron 
microscopy. Violin plots indicate median (red) and upper and lower quar-
tile (blue). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way 
ANOVA with Tukey’s multiple-comparison test.
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One major degradation pathway for SNCA depends on the 
enzyme cathepsin D (30, 31), yet Fabry podocytes did not show 
altered cathepsin D activity (Figure 3A). Treatment with recom-
binant aGAL for 96 hours mitigated and normalized the expres-

4 of the 8 proteins that connect both modules with each other, and 
the known interaction partners of SNCA are involved in autopha-
gosome and lysosome function, such as GABARAPL1, MAPK1, 
LAMP2, and SQSTM1 (p62) (Figure 2C).

Figure 2. SILAC-based proteomics and network analyses identify SNCA accumulation as a potential pathogenic pathway. (A) Schematic overview of 
mass spectrometry analysis using SILAC-labeled WT and KO clones. Mass spectrometry yielded 2,248 proteins, among which 321 are lysosome-enriched. 
(B) The top 10 up- and downregulated lysosome-enriched proteins. (C) Network-based analysis of up- and downregulated lysosomal proteins associated 
with GLA knockout. 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 a green node. Pink nodes indicate shared proteins between the 2 modules. The separate network and 
Venn diagram on the right show the number and interaction partners of SNCA.
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mulation (Figure 4B) without complete reversal to WT levels. 
Next, a reverse overexpression of SNCA in WT cells (Figure 4C) 
induced pronounced alterations of lysosomal structure (Figure 
4D), and marked increases in lysosomal area, pH, and ROS pro-
duction (Figure 4E), mirroring the Fabry phenotype and con-
firming a central role of SNCA signaling as a Gb3-independent 
mechanism of podocyte injury.

β2-Adrenergic receptor agonists as therapy for Fabry podocytop-
athy. As SNCA pharmacological modulators are not currently 
available, we performed connectivity mapping analysis of the 
transcriptomic profile of Fabry podocytes, which identified the 
β2-adrenergic receptor agonist orciprenaline as the top “anti- 
Fabry” compound with a relation score of –0.7 (Figure 5A and 
Supplemental Table 2). Indeed, orciprenaline and another β2-ad-
renergic receptor agonist, clenbuterol, were able to significantly 
reduce SNCA accumulation in Fabry podocytes (Figure 5B). Fur-
thermore, clenbuterol exhibited a clear dose-dependent effect on 
SNCA (Supplemental Figure 8, A and B). In accordance with the 
effects of genetic SNCA reduction, β2-adrenergic receptor agonist 
treatment resulted in decreased lysosomal area (Supplemental 
Figure 9A) and increased lysosomal acidification in KO podocytes 
(Supplemental Figure 9B). Strikingly, the combination of ERT and 
clenbuterol showed an additive effect on the restoration of LAMP1 
accumulation (Figure 5C), lysosomal pH (Figure 5D), and ROS 
production (Figure 5E) in Fabry podocytes, mirroring ultrastruc-
tural findings (Supplemental Figure 9C).

sion levels of all top 10 upregulated lysosomal proteins except 
for SNCA (Figure 3B and Supplemental Figure 5). Similarly, sub-
strate reduction therapy using an inhibitor of glucosylceramide 
synthase did not result in a significant decrease of SNCA protein 
levels in our cell culture model, as well as in several organs of 
Fabry mice (Figure 3C and Supplemental Figure 6, A and B). In 
addition, chaperone treatment also did not change organ-specif-
ic SNCA levels in vivo.

In human renal biopsies, SNCA was detected almost exclu-
sively in the glomerular compartment, showing an increased 
expression in samples of untreated Fabry patients (Figure 3D). 
SNCA staining intensity in biopsies of patients who underwent 5 
years of ERT was partially reduced compared with baseline lev-
els (Figure 3D). Remarkably, we did not observe different SNCA 
levels in patient-derived primary urinary cells, and no induction 
was seen through challenging of these cells with globotriao-
syl-sphingosine (lyso-Gb3), the main degradation product of 
Gb3, implicated in the disease’s molecular pathology (Supple-
mental Figure 7, A and B).

Modulating SNCA accumulation ameliorates Fabry podocyto-
pathy. To elucidate the functional effect of alterations in SNCA 
levels in WT and aGAL-deficient cells, we performed knock-
down and overexpression analyses. We achieved a strong inhibi-
tion in both KO and WT cells 48 hours after siRNA transfection 
(Figure 4A). This inhibition was associated with a significant 
reduction in lysosomal area, lysosomal pH, and ROS accu-

Figure 3. SNCA accumulation is resistant to enzyme replacement and substrate reduction therapy. (A) Mean cathepsin D activity in WT cells and 2 KO 
clones showing no differences in enzyme activity (n = 3). (B) Western blots of SNCA and TUBA in vehicle- and aGAL-treated WT and KO cells with quantifi-
cation confirming the overexpression of SNCA protein and its resistance to aGAL treatment (n = 4). (C) Human SNCA ELISA depicting SNCA accumulation 
in KO clones and resistance to substrate reduction therapy using Venglustat (n = 5). (D) SNCA staining in representative images and quantification of 
human renal biopsies showing increase in untreated Fabry samples with resistant accumulation in patients who underwent 5 years of ERT (n = 5). Scale 
bars: 50 μm. **P < 0.01, ****P < 0.0001. One-way ANOVA with Tukey’s multiple-comparison test.
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Discussion
The pathomechanisms of FD, specifically Fabry nephropathy, 
remain incompletely understood owing to several factors. First, 
the mutational landscape is heterogeneous, as classical hot-
spot mutation regions are not commonly observed and no clear 
genotype-to-phenotype correlations have been described (32). 
Furthermore, established animal models fail to recapitulate the 
hallmarks of Fabry nephropathy besides tubular substrate inclu-
sions (24, 25, 33).

In this context, our study contributes to a better understanding 
of Fabry pathophysiology through the deep phenotyping of a com-
plete GLA knockout in podocytes (27) eliminating residual intact 
and functional enzyme (34, 35). On a functional level, the drastic 
lysosomal phenotype with decreased acidification, accumulation 
of ROS, and increased autophagy matches observations made in 
previous studies and other lysosomal storage diseases (35–37), such 
as previous reports in primary fibroblasts derived from Gaucher  
disease patients (38) and endothelial cells exposed to Gb3 (39). 
However, in contrast to fibroblasts (40), mitochondrial dysfunction 
did not exert a decisive role in podocytes, indicating that disease- 
and cell type–specific pathologic pathways may be involved in dif-
ferent lysosomal storage disorders (41). This is also in agreement 
with the recent finding that podocytes are maintained by anaerobic 
glycolysis as the predominant metabolic pathway (42).

The primary enzymatic defect and subsequent substrate 
depositions altered the overall transcriptomic and proteomic 

landscape of GLA-KO podocytes, confirming recent reports (43–
46). 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 (45, 47), suggest-
ing that lysosome impairment extends beyond the initial enzyme 
defect. In this context, the identification of SNCA as a central 
player in lysosomal dysfunction resistant to currently available 
therapies in our cell line, a Fabry mouse model, and patient biop-
sies reaffirms the existence of an additional mechanism of injury 
in FD. In a reverse approach, moreover, primary urinary cells of 
Fabry patients did not demonstrate increased SNCA levels upon 
Gb3 stimulation, indicating a substrate-independent mechanism 
as a cause of SNCA accumulation.

SNCA is produced in many cells and constantly degraded 
through chaperone-mediated autophagy (48) and cathepsin deg-
radation (49). This protein has been implicated in other lysosomal 
storage diseases (50) and is well known in synucleinopathy-relat-
ed neurodegenerative diseases such as Parkinson disease (51, 52), 
in which SNCA is proposed to form a negative-feedback loop that 
leads to decreased enzymatic degradation (53–55). Importantly, 
the aggregation of pathological SNCA isoforms has been report-
ed as toxic to cells (56–58), and the modulation of SNCA signaling 
reverses lysosomal clustering (59), suggesting that SNCA accumu-
lation may represent an intriguing therapeutic target for FD (60).

Figure 4. SNCA mediates observed lysosomal dysfunction. (A) Representative Western blot confirming the efficacy of siRNA targeting SNCA in WT and 
KO clones (n = 4). (B) Quantification of lysosomal area, pH, and ROS production upon SNCA siRNA treatment (n = 18). (C) Representative Western blot con-
firming the overexpression of SNCA in WT cells (n = 4). (D) LAMP1 immunofluorescence staining shows an increase in lysosomal aggregation upon SNCA 
overexpression (arrowhead). Scale bars: 10 μm. (E) Quantification of lysosomal area (n = 20), pH (n = 8), and ROS production (n = 12) upon SNCA over-
expression. Violin plots indicate median (red) and upper and lower quartile (blue). *P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001. One-way ANOVA 
with Tukey’s multiple-comparison test (B); unpaired, 2-tailed Student’s t test (E).
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In agreement with previous reports (13, 14, 61, 62), ERT sig-
nificantly reduced the volume of podocyte-specific Gb3 inclusion 
bodies in follow-up biopsies, but without amelioration of podo-
cyte injury and with little effect on glomerular SNCA accumula-
tion. Hence, despite significant reductions in Gb3 accumulation 
upon ERT and reported correlation of foot process width to Gb3 
inclusions (62), remaining Gb3 or substrate-independent mech-
anisms lead to persistent end-organ damage (63). In this context, 
our data regarding SNCA accumulation provide a potential expla-
nation to the clinical observations, as they confirm a substrate- 
independent pathomechanism, and challenge the adequacy of 
the current standard care for patients with FD.

We believe that our findings have direct clinical implica-
tions, as conventional therapy may not be sufficient to pre-
vent and reverse end-organ damage if not initiated very early 
or accompanied by additional strategies (64, 65). In our study, 
connectivity mapping identified β-adrenoreceptor agonists 
as potential FD modulators (66, 67). Interestingly, it has been 
reported that β2-agonists decrease the risk of Parkinson disease 
via epigenetic downregulation of SNCA gene transcription and 
protein reduction (68), and β2-adrenoreceptor signaling was pre-
viously described in podocytes (69). We confirmed the positive 
effects of β2-agonist treatment on lysosomal size, function, and 
cellular SNCA levels, mirroring the effects of siRNA- mediated 

Figure 5. β2-Adrenergic receptor agonists decrease SNCA protein levels and ameliorate lysosomal dysfunction. (A) Connectivity mapping showing anti-Fabry 
compounds, with the β2-adrenergic receptor agonist orciprenaline exhibiting the highest score. (B) Western blots show the expression of SNCA in WT and 
untreated GLA-KO cells and KO cells treated with 20 μM clenbuterol and 10 μM orciprenaline (n = 6). (C) Western blots depict the expression of LAMP1 and 
ACTN4 in WT and untreated GLA-KO cells and KO cells treated with aGAL, 20 μM clenbuterol, and combined therapy (n = 6). (D) Lysosomal pH analysis in all 
conditions demonstrates independent and additive effects of β2-adrenergic receptor agonist in GLA-KO cells (n = 6). (E) Lysosomal ROS analysis demonstrates 
independent and additive effects of β2-adrenergic receptor agonist in GLA-KO cells (n = 6). (F) Schematic summary depicting the overall findings of the study: 
Fabry podocyte lysosomes are characterized by increased size, pH, and ROS production with subsequently decreased function due to Gb3 and SNCA accumu-
lation. This phenotype can be ameliorated through ERT combined with compounds decreasing SNCA accumulation, like β-receptor agonists. Bar graphs depict 
standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA with Tukey’s multiple-comparison test.
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Renal biopsies were performed as part of a clinical trial protocol 
(ClinicalTrials.gov NCT00196716) or standard of care before the 
initiation of ERT and 11 (n = 6) or 12 (n = 2) months after treatment 
with agalsidase beta (1 mg/kg every other week). Kidney biopsies 
from diseased transplant donors obtained before organ removal were 
studied as controls. Semi-thin sections of 2.5% glutaraldehyde–fixed, 
plastic-embedded tissues were stained with toluidine blue for identi-
fication of glomeruli. Random glomerular sections were prepared for 
stereological studies as described elsewhere (62). Overlapping digital 
low-magnification (about ×8,000) images of entire glomerular pro-
files and high-magnification (about ×30,000) images of glomeruli 
according to a systematic uniform random sampling protocol were 
obtained using a JEOL 1010 electron microscope (61). Volume of GL-3 
inclusions per podocyte was estimated using a combination of point 
counting and point-sampled intercept method (21, 62). Podocyte aver-
age foot process width was estimated as the reciprocal of slit-length 
density as previously described (79).

Cell culture. Conditionally immortalized human podocytes were 
provided by M. Saleem (University of Bristol, Bristol, UK). Cells 
were allowed to proliferate at 33°C in RPMI 1640 medium supple-
mented with 10% FCS, penicillin/streptomycin, insulin, transferrin, 
selen, and nonessential amino acids. To induce differentiation, 70% 
confluent podocytes were switched to 37°C for 10–14 days (unless 
indicated otherwise). Cells were allowed to differentiate over col-
lagen IV–coated plates (50 ng/μL; Sigma-Aldrich) in all experi-
ments. Rescue experiments were performed by addition of 20 μg/
mL α-galactosidase A (aGAL; Sanofi) to the complete medium. 
aGAL treatment was applied for 96 hours, with 24-hour intervals 
of enzyme renewal, to cells differentiated for 10 days. Venglustat 
was administered at 300 nM concentration for 120 hours, with 
24-hour intervals of compound renewal, to cells differentiated for 8 
days. The β2-adrenergic receptor agonists clenbuterol hydrochloride 
(European Pharmacopoeia) and orciprenaline (Sigma-Aldrich) were 
used in our experiments. Different concentrations were applied for 
96 hours (as indicated in the figure legends). β2-Adrenergic recep-
tor agonist treatment was applied to 10-day-differentiated cells and 
renewed every 24 hours for 96 hours. Primary urinary cells were 
collected from Fabry patients in the International Center for Lyso-
somal Storage Disorders (ICLD; Hamburg, Germany) according to 
Ethics Statement PV3501 approved by the Ethics Board of the Board 
of Physicians, Hamburg. Cells were taken into culture and expand-
ed as described previously (45, 80). After reaching sufficient con-
fluence, cells were treated with normal proliferation medium (80) 
supplemented with DMSO (vehicle) or 100 nM lyso-Gb3 (Sigma-Al-
drich) in DMSO for 48 hours.

Generation of isogenic GLA-KO human podocytes. CRISPR/Cas9 
genome editing was applied to generate GLA-KO podocytes in vitro 
as previously described (81). Briefly, CRISPR/Cas9 genome edit-
ing with 2 different gRNAs [gRNA1: 5′-TTGTCCAGTGCTCTAGC-
CCC(AGG)-3′; gRNA2: 5′-CAGTGCAGCCAGCCCATGGT(AGG)-3′] 
targeting the first exon of the human GLA gene was used. A Web-based 
platform was operated in order to design these gRNAs (E-CRISP, 
http://www.e-crisp.org/E-CRISP/). The gRNAs being subcloned in 
targeting CRISPR nuclease vectors with orange fluorescent protein 
(GeneArt Life Technologies) according to the manufacturer’s protocol 
were inserted in the immortalized human podocytes via electropora-
tion. Mixed cell populations were validated with restriction enzyme 

SNCA reduction. To our knowledge, this is the first report to 
delineate a positive effect by targeting of pathways outside the 
sphingolipid metabolism in Fabry podocytopathy. However, it 
should be noted that β2-agonists will have limited therapeutic 
potential in FD, as Fabry cardiomyopathy renders patients prone 
to arrhythmias, which could be potentiated through β2-agonist 
treatment. Nevertheless, the pharmacological amelioration of 
lysosomal dysfunction through SNCA reduction serves as an 
ideal proof of concept, indicating that novel strategies could 
serve as additional therapies, and future studies might also elu-
cidate non- arrhythmogenic downstream signals of β2-adreno-
receptor signaling controlling SNCA levels (70).

The observed cell type–specific accumulation of SNCA in the 
kidneys of Fabry patients should be a further indicator to inves-
tigate shared pathomechanisms in lysosomal storage diseases. 
Notably, a subset of Gaucher disease patients develops Parkinson 
disease–like conditions mainly due to cellular SNCA accumula-
tion (71), which has been attributed to decreased autophagosomal 
flux, defective mitophagy, and impaired lysosomal function due 
to GBA mutations (50, 72–74). First evidence has been provided 
through both a survey and an observational study drawing a link 
between Fabry and Parkinson disease (60, 75). Similarly, Gla-KO 
mice present with SNCA accumulation in the pons region of the 
brain in later stages of life (76). Future work may identify to what 
extent lysosomal dysfunction results in organ-specific phenotypes 
in different lysosomal storage diseases.

It is possible that additional mechanisms in Fabry podocyto-
pathy remain uncovered, as podocytes in culture tend to partially 
lose their in vivo expression profile (77). However, the clear accu-
mulation of SNCA deposits detected in glomeruli of Fabry patients 
depicts the translational aspects of our cell culture model, and the 
remaining glomerular SNCA deposits after years of therapy provide 
an explanation why already existing glomerular damage cannot be 
reversed but only its progression slowed (9–11). While β2-agonist 
drugs, with their pro-arrhythmogenic potential, will not be a thera-
py choice in multi-organ-affected Fabry patients, early convention-
al therapy initiation to prevent further accumulation of Gb3 and 
concomitant cell/organ dysfunction will remain of key importance 
(78). However, as proven by this study, the complementation with 
pathway-targeted therapeutic strategies will have the potential to 
significantly improve long-term outcomes of our patients.

In conclusion, our study systematically maps the signaling 
networks of Fabry-associated podocyte disease, identifies the role 
of SNCA in lysosomal impairment and disease severity in Fabry 
disease, and conceptually proposes an additive pharmacological 
targeting strategy aiming to halt and reverse Fabry nephropathy.

Methods
Quantification of Gb3 deposition and foot process width in renal biop-
sies. The subjects were 8 patients (7 male, 1 female) with classic Fabry 
disease. Fabry disease was confirmed by measurement of leukocyte 
aGAL activity and/or GLA sequencing. Studies were performed in 
accordance with principles of the Declaration of Helsinki and were 
approved by the Institutional Review Boards of the University of 
Washington and the University of Minnesota and by the Regional 
Ethics Committee of Western Norway. Written informed consent was 
obtained from each subject.
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ease module that connects the detected up- and downregulated pro-
teins associated with GLA knockout, we used a large data set of known 
protein interactions recently compiled by Cheng and colleagues (85). 
It consists of 16,677 proteins (nodes) connected by 243,603 protein 
interactions (edges). One way to build the module would be to search 
for known direct interaction partners of the up- and downregulated 
proteins (seed proteins), calculate the size of the resulting largest con-
nected module between them, and evaluate whether this size signifi-
cantly differs from random expectation. However, this method would 
favor highly connected proteins in the human interactome. In order 
to detect connections between the seed proteins in an unbiased way, 
we used a recently published disease module detection algorithm 
(DIAMOnD). DIAMOnD takes into account the “connectivity signif-
icance” of proteins to a set of seed proteins and helps to build a mod-
ule around them (86). The algorithm calculates the probability that a 
protein with k links has exactly ks links to the seed proteins using the 
hypergeometric distribution and determines the P value that it has 
more connections to the seed proteins than expected. The protein 
with the lowest P value is then added to the module, and a new itera-
tion starts. Since the algorithm could iterate over all 16,677 proteins of 
the interactome, a break-off criterion to determine the final optimal 
module size needs to be defined.

Determining the final module size. In order to determine the final 
module size, we used the method that was recently described by Halu 
and colleagues (87). DIAMOnD ranks the proteins that are not seed pro-
teins according to their P value (see above) and incorporates the protein 
with the lowest P value into the module. After each iteration, the result-
ing module size, i.e., the number of nodes that are directly connected 
to each other, is determined and compared against random expectation 
(1,000 random network samples), resulting in a respective z score: z = 
(module – randommodule)/σrandom, where module and randommodule 
are the sizes of the resulting largest connected module and the random 
expectation, respectively, and σrandom is the standard deviation of the 
calculated 1,000 random module sizes. After each iteration, we deter-
mined how many seed proteins were integrated into the module. As pro-
posed by Halu et al., the module size where all seed proteins were inte-
grated into the module and where the corresponding z score was above 
1.96 (significant z score) was taken as the final module size.

aGAL enzyme activity measurement. The fluorometric method of 
measuring the enzyme activity of aGAL with 4-methylumbellifer-
yl-α-d-galactopyranoside has previously been fully described (88–90). 
In addition, N-acetylgalactosamine has been shown to significantly 
inhibit α-galactosidase B activity (90). Briefly, cells from several GLA-
KO isogenetic clones and WT cells were counted and pelleted. The 
pellets were lysed in 500 μL lysis buffer (27 mmol/L sodium citrate, 
46 mmol/L sodium phosphate dibasic, 0.1% Triton X-100, 1 M HCl, 
in ddH2O, pH 4.6) by pipetting on ice. Proteins were then separated by 
centrifuging at 13.2g, and the protein concentration was determined 
via the Pierce BCA protein assay. Ten microliters of each sample with 
3 technical replicates was incubated with 25 μL test buffer (27 mmol/L 
sodium citrate, 46 mmol/L sodium phosphate dibasic, 6 mmol/L 
4-methylumbelliferyl-α-d-galactopyranoside, 90 mmol/L N-ace-
tyl-d-galactosamine, 1 M HCl, in ddH2O, pH 4.6) at 37°C for 1, 6, or 11 
hours. Subsequently, 35 μL stop buffer (0.4 mol/L glycine, 5 N NaOH, 
in ddH2O, pH 10.8) was added and the fluorescence measured. After 
initial shaking with amplitude of 1 mm for 10 seconds and a 25-time 
excitation with 355 nm, the emissions of 455 nm were measured over 

digestion with NcoI (5′-C||CATGG-3′; New England BioLabs Inc.) for 
gRNA2 or with an indel mutation detecting and cleaving the enzyme 
(Genomic Cleavage Detection Kit, GeneArt Life Technologies) for 
gRNA1. After an incubation period of 48 hours, single cells were 
selected via FACS, sorted into 96-well plates, and further expanded 
into isogenetic clone colonies. The DNA sequences were analyzed 
using the Sanger technique after initial DNA isolation and amplifica-
tion (forward primer: 5′-TGGAAATAGGGCGGGTCAAT-3′; reverse 
primer: 5′-TTCCCCAAACACACCCAAAC-3′). The sequencing 
results proved the sex of the clone cell line used to be male. Hemizy-
gous GLA-mutated clones translated in silico were reviewed for frame-
shift mutations and premature stop codons.

Electron microscopy of cell culture podocytes. Cell samples were 
fixed in 4% paraformaldehyde plus 1% glutaraldehyde in 0.1 M phos-
phate buffer overnight. After contrasting using 1% osmium tetroxide 
in 0.1 M phosphate buffer (45 minutes at room temperature) and 1% 
uranyl acetate (in 70% ethanol, room temperature), samples were 
dehydrated in an ascending ethanol series and embedded in epoxy 
resin (Durcupan, Sigma-Aldrich). Ultrathin sections of approximately 
70 nm thickness were prepared using a Leica Ultracut UC6. For imag-
ing, a Philips CM100 transmission electron microscope was used.

RNA sequencing. Conditionally immortalized human podocyte 
WT and CRISPR/Cas9 GLA-KO cell lines were differentiated at 37°C 
at 70% confluence for 10–14 days. Total RNA of cells was isolated 
using the phenol/chloroform method as previously described (82).

Library preparation and sequencing were performed by GATC 
Biotech. All raw data were deposited in the NCBI’s Gene Expression 
Omnibus database (GEO GSE186258).

Connectivity mapping. The top 100 up- and downregulated genes 
from RNA sequencing data were uploaded to the next-generation con-
nectivity mapping tool CLUE (67). Output analysis and ranking were 
automatically performed by the CLUE website.

Proteomics analysis. In order to identify new regulators that may 
play a role in the lysosomal dysfunction, we studied the whole pro-
teome in GLA-KO cells by using quantitative proteomics based on 
stable isotope labeling by amino acids in cell culture (SILAC) and 
our podocyte Fabry model and by analyzing 3 Fabry clones versus 3 
WT clones. For mass spectrometry (MS) analysis, SILAC labeling of 
human immortalized podocytes was performed for 14 days as previ-
ously described (83). Based on SILAC labeling and protein concentra-
tion, WT and KO samples were mixed 1:1 for MS analysis. Liquid chro-
matography–tandem MS (LC-MS/MS) data analysis was performed 
as reported previously (84). The MS raw data files were uploaded into 
MaxQuant software version 1.4.1, which performs peak and SILAC 
pair detection and generates peak lists of mass error–corrected pep-
tides and database searches. We identified nearly 2,300 proteins, 
among which 321 are lysosome-enriched proteins. The top 10 up- and 
downregulated were considered as targets of high interest for further 
functional analysis. All raw data and original result files were depos-
ited to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository with the data 
set identifier PXD029618.

Building GLA-specific network modules. Network-based approach-
es are based on the assumption that proteins that participate in the 
same biological processes or share molecular functions are not scat-
tered randomly but tend to cluster and build functionally relevant 
modules within the human interactome. In order to identify the dis-
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containing 5 mM NaCl, 115 mM KCl, and 1.2 mM MgSO4. Cells were 
then distributed in black 96-well plates (2,500 cells per well), and the 
fluorescence was measured with a Tecan plate reader. Light emitted 
at 440 and 535 nm in response to excitation at 340 and 380 nm was 
measured, respectively. The ratio of light emitted with 340 and 380 
nm excitation was plotted against the pH values in MES buffer, and 
the pH calibration curve for the fluorescence probe was generated 
(92). In order to study the lysosomal structure and to score the cellular 
lysosomal mass, LysoTracker Red DND-99 (Life Technologies) was 
used according to the manufacturer’s recommendation. LysoTracker 
was applied to differentiated podocytes for 30 minutes at 37°C with a 
final working concentration of 50 nM. Cells were washed, and images 
were taken using a Zeiss Axio Observer microscope, equipped with a 
×63 objective and Apotome function, and analyzed using CellProfiler 
(https://cellprofiler.org/). The lysosomal fraction was blotted as a per-
centage of lysosomal to cellular area.

Oxidative stress detection. DCFDA Assay (Thermo Fisher Scien-
tific) was used to measure ROS level in adherent cells (93). Differen-
tiated cells were harvested and seeded back in a dark, clear-bottom 
96-well microplate with a concentration of 2,500 cells per well and 
allowed to adhere overnight. Cells were then washed with PBS and 
incubated with DCFDA solution (20 μmol in PBS supplemented with 
Ca2+ and Mg2+) by adding 100 μL/well for 45 minutes at 37°C in the 
dark. DCFDA solution was removed, wells were washed twice with 
PBS, and the fluorescence was immediately measured by Tecan reader 
(excitation/emission = 485/535 nm).

Thin-layer chromatography. Lipid extraction was carried out in 
principle according to the method of Bligh and Dyer (94). Pelleted 
cells were lysed by osmotic shock using ddH2O, then transferred into 
a glass tube and mixed and vortexed with chloroform/methanol (1:2) 
for 1 minute. Then 1.25 mL of chloroform and 1.25 mL of ddH2O were 
added and mixed for 15 seconds. For phase separation, the solution 
was centrifuged at 1,700g for 10 minutes at 15°C. The organic phase 
was transferred to a new glass tube. The hydroalcoholic phase was 
washed once with 1.5 mL of chloroform, mixed for 15 seconds, and 
then centrifuged at 3,000g for 10 minutes at 15°C. The organic phases 
were combined, and the solvent was evaporated under a stream of 
nitrogen. Dried lipids were either stored under an argon atmosphere 
or resolved in chloroform/methanol (2:1) for thin-layer chromatogra-
phy (TLC). Lipid extracts were loaded on 2 silica plates and separat-
ed by TLC using methanol/chloroform/ddH2O (60:35:8) as a mobile 
phase. Afterward, 1 silica plate was incubated with p-anisaldehyde/
acidic alcohol solution and placed in an oven for 15–30 minutes at 
120°C to stain overall lipids. For specific detection of Gb3, the other 
plate was fixed by 3.75% (wt/vol) polyisobutylmethacrylate/n-hex-
ane, blocked with 1% (wt/vol) BSA/PBS (containing calcium and 
magnesium), and incubated afterward with biotinylated Shiga toxin 
B subunit (1.8 μg/mL) and subsequently with alkaline phosphatase–
conjugated streptavidin (2 μg/mL). Gb3 bands were visualized by a 
colorimetric reaction with nitroblue tetrazolium/BCIP substrate solu-
tion (Thermo Fisher Scientific). The chromatogram was densitomet-
rically analyzed and documented using Fusion FX (Vilber Lourmat) 
and ImageJ software (NIH).

Seahorse XFp mitochondrial analysis and ATP measurement. Opti-
mization of cell density for human podocytes of the respective gen-
otype as well as optimization of the working concentration titers for 
each individual inhibitor was conducted prior to the Seahorse XFp 

an integration period of 20 microseconds. A standard activity curve 
was established using aGAL from green coffee beans (Sigma-Aldrich) 
with known aGAL activity in serial dilution.

MS measurement of Gb3. Differentiated WT and KO podocytes 
were treated for 48 hours with α-galactosidase or PBS for MS quanti-
fication of Gb3 as described previously (91). By the end of incubation, 
cells were washed twice with PBS, harvested by trypsin, and washed 
again with ice-cold PBS and directly lysed in 0.2% Triton-PBS. Equal 
volume was taken from each sample for total protein measurement 
in order to normalize the final readings (Pierce BCA protein assay). 
Lysate was then stored at –20°C, and Gb3 quantification was per-
formed by pharm-analyt Labor GmbH.

Lyso-Gb3 solid-phase extraction. For solid-phase extraction, 40 μL 
of the plasma sample was diluted in 320 μL water/acetonitrile/MeOH 
(final 1:2:2) and 36 μL 1 M HCl in a 1.5 mL reaction tube. Cells were 
resuspended in 360 μL of water/acetonitrile/MeOH (1:2:2), followed 
by homogenization and lysis at –20°C for 2 hours. For solid-phase 
extraction, Oasis MCX 1 cc Vac cartridges, 30 mg Sorbent, 60 μm 
(Waters Corp.) were used along with a vacuum manifold and pump. 
The cartridges were activated with 1,000 μL MeOH 100% and then 
1,000 μL 1 M HCl. Then the samples were loaded. Columns were 
washed with 1,000 μL HPLC-grade water plus 2% formic acid and 
afterward with 1,000 μL MeOH plus 0.2% formic acid. The lipids 
were eluted with 600 μL MeOH plus 2% NH4OH, and excess solvent 
was evaporated (CentriVap Concentrator, Labconco) at 10°C. After 
evaporation, the eluate pellets were resuspended in 50 μL 1:1 acetoni-
trile and water plus 0.2% formic acid and centrifuged at 18,000g, 4°C, 
for 10 minutes, and the supernatant was transferred into analytical 
vials for the LC-MS measurement.

Lyso-Gb3 LC-MS analysis. Targeted metabolomics analysis was 
performed on a triple-quadrupole (Agilent Triple Quadrupole 6495C) 
coupled with an ultra-high-pressure liquid chromatography system 
(1290 Infinity, Agilent Technologies). Data acquisition was done with 
Agilent MassHunter Workstation Data Acquisition (version 10.1). 
Samples were separated on a BEH amide column (1.7 μm, 2.1 × 100 
mm) (Waters A/S) with buffer A (HPLC-grade water with 20 mM 
ammonium formate plus 0.1% formic acid) and buffer B (acetonitrile 
plus 0.1% formic acid). For separation, the following gradients (A/B) 
were used with a flow rate of 0.4 mL/minutes: T0, 10/90; T1, 35/65; 
T4, 35/65; T6, 50/50; T8.5, 10/90; and T12.5, 10/90. Two microliters 
of the sample was injected each run. Multi-reaction monitoring was 
used as the scan type. The transition list and retention times for mea-
sured lyso-Gb3 were: 786.45 → 282.2 (quantifier), 786.45 → 264.2 
(qualifier). The collision energies (MS2 or quantifier and qualifier ion 
transitions) were optimized. Electrospray ionization source parame-
ters were: gas temperature = 180°C, gas flow = 12 L/min, nebulizer = 
20 psi, sheath gas temperature = 200°C, sheath gas flow = 12 L/min, 
cap voltage = 4,000 V, nozzle voltage = 1,500 V.

Dual-emission ratiometric measurement of lysosomal pH and Lys-
oTracker. LysoSensor Yellow/Blue DND-160 (Life Technologies) was 
used according to the manufacturer description in order to determine 
the lysosomal acidity in cultured cells. Briefly, cells were suspended 
and labeled with 10 μM LysoSensor DND-160 for 2 hours at 37°C in 
10% medium; cells were then pelleted and washed in PBS twice. The 
labeled cells were treated for 10 minutes with 10 mM monensin (Sig-
ma-Aldrich) and 10 M nigericin (Sigma-Aldrich) in 25 mM 2-(N-mor-
pholino)ethanesulfonic acid (MES) calibration buffer, pH 3.5–8.0, 
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Immunostaining of SNCA. Kidney biopsies before the onset of 
enzyme replacement therapy and after 5 years of treatment were 
taken from a selection of a larger patient series already described 
elsewhere (97). Paraffin sections of 3 μm thickness were cut and incu-
bated at 42°C overnight. Sections were then deparaffinized and rehy-
drated (20 minutes in xylene, 10 minutes in 100% ethanol, and 5 min-
utes in 95%, 85%, 75%, and 50% ethanol). Slides were washed for 5 
minutes in 1× PBS/0.1% Tween. Antigen retrieval solution (pH 6) was 
used in a steam cooker for 30 minutes, and the slides were allowed 
to cool for 20 minutes on ice. Slides were washed 3 times with PBS 
and blocked with 5% BSA in PBS for 45 minutes. Endogenous peroxi-
dase was inactivated with DAKO peroxidase inhibitor for 15 minutes. 
Primary antibody — SNCA (Santa Cruz Biotechnology, sc-12767) — 
was diluted in blocking solution (1:200), and the samples were incu-
bated for 2 hours at room temperature. Goat anti-rabbit biotinylated 
(1:500; DAKO) was added for 30 minutes and streptavidin/HRP 
(1:500; DAKO) for 30 minutes followed by ACE substrate (DAKO) for 
10 minutes. Slides were washed after every step with 1× PBS. Finally, 
slides were mounted using permanent mounting medium. Stained 
slides were scanned with the Aperio ScanScope XT system (Leica 
Biosystems Imaging) at ×40 objective magnification and viewed in 
eSlide Manager (Leica Biosystems Imaging). Staining intensities of 
SNCA were analyzed with the color deconvolution method (98). Per-
centage total positive pixel count was acquired with the Aperio Color 
Deconvolution algorithm v9 (Leica Biosystems Imaging) from anno-
tated glomerular regions.

In-cell Western blotting for SNCA. Primary urinary cells were grown 
in a 96-well plate coated with 0.1% Gelatine (MilliporeSigma) until 
confluent. After treatment with vehicle/lyso-Gb3, cells were washed 
in PBS, fixed in 4% paraformaldehyde, washed again in PBS, and 
blocked/permeabilized in 5% BSA, 0.1% Triton X-100 in PBS for 1 
hour at room temperature. After 3 washing steps in PBS, cells were 
stained with primary antibody (1:200; Sigma-Aldrich, HPA005459) 
overnight. The next day, after 3 additional washing steps in PBS, cells 
were incubated in secondary antibody (1:200; LI-COR IRDye 800cw) 
and Draq5 nuclear stain (1:1,000; Abcam, 108410) for 1 hour at room 
temperature. Cells were washed again 3 times and imaged with a 
LI-COR Odyssey imager at 3 μm focus, 89 μm resolution.

Mouse line and in vivo treatment. hR301Q α-galactosidase A Tg/
KO mice (Tg/KO) were used as a model of Fabry disease (99). Specif-
ically, these mice are homozygous for endogenous Gla knockout and 
express the human transgene GLA carrying the R301Q mutation under 
the transcriptional control of the human GLA promoter. Six-month-old 
homozygous Tg/KO mice were treated with 1-deoxygalactonojirimy-
cin (migalastat, Amicus Therapeutics) or with ibiglustat (Venglustat, 
Cayman Chemical Co.) at the same dose of 100 mg/kg/d (5 mice per 
group). Both migalastat and Venglustat were administered orally to 
mice in drinking water. The appropriate concentration of drugs in drink-
ing water was determined based on the average daily water consump-
tion of Fabry Tg/KO mice (~5 mL/d per mouse), and the solutions were 
made fresh weekly. Migalastat treatment was administered in alternate 
months (99), while Venglustat was administrated continuously from 6 
to 9 months of age. Control Tg/KO mice and C57BL/6 WT mice were 
exposed to DMSO (vehicle) in a 1:1,500 dilution in drinking water. At 
study completion, mice were euthanized, and the organs of interest 
(heart, kidney, liver, and brain) were quickly removed, rinsed in cold 
PBS, and immediately frozen in liquid nitrogen for subsequent analysis.

experiments according to the manufacturer’s instructions (Agilent 
Technologies). Human podocytes were seeded at a density of 15,000 
cells per well. The Seahorse XFp Mito Stress Test was performed fol-
lowing the manufacturer’s instruction. Specifically, podocytes were 
seeded on XFp microplates 24 hours before the experiment. On the 
day of the assay, cells were rinsed and XF assay buffer was added for 
further equilibration. Afterward the plate was incubated for 1 hour at 
37°C in a non-CO2 incubator. All medium and solutions of mitochon-
drial complex inhibitors were adjusted to pH 7.4 before each assay. 
Following 4 baseline measurements of oxygen consumption rate 
(OCR) and extracellular acidification rate (ECAR), 4 Mito Stress Test 
inhibitors of the respiratory chain were sequentially injected into each 
well. Three OCR and ECAR readings were taken after addition of each 
inhibitor and before automated injection of the subsequent inhibitor. 
Mitochondrial complex inhibitors, in order of injection, included oli-
gomycin (1.5 μM) to inhibit complex V, FCCP (1.0 μM) to uncouple the 
proton gradient, antimycin A (1.0 μM; inhibitor of complex III), and 
rotenone (1.0 μM; complex I inhibitor). OCR and ECAR were automat-
ically calculated by Seahorse XFp software version 2.2.0 (Seahorse 
Bioscience). After each experiment, podocytes were fixed with para-
formaldehyde and nuclei were stained with DAPI. Olympus ScanR 
Screening Station for high-throughput microscopy detection was used 
for assessment of cell number to normalize XFp analysis data.

SNCA knockdown and overexpression in immortalized human 
podocytes. Generation of siRNA-mediated knockdown of SNCA in 
immortalized human podocytes was performed using the follow-
ing sequences: T1-1: 5′-CAUAGUCAUUUCUAAAAGUUU-3′; T2-1: 
5′-GGAUUUAUGUGGAUACAAAUU-3′. These sequences have been 
previously tested and published (95). Transfections were performed 
using Amaxa nucleofector technology (Lonza) according to the manu-
facturer’s instructions. Cells were allowed to differentiate for 10 days 
before transfection and seeded back for 48 or 72 hours before analysis. 
The knockdown efficiency was compared with scramble transfection 
using Western blotting 48 and 72 hours after transfection.

Western blot and immunofluorescence. The buffers, the sys-
tems, and the protocols that were applied in Western blotting can 
be found in our previous publication (96). The following antibodies 
were used in Western blot experiments: α-galactosidase (OriGene 
Technologies, TA336243), α-tubulin (Sigma-Aldrich, T9026), acti-
nin 4 (Abcam, ab108198), p62 (Cell Signaling Technology, 5114), 
LC3 (Invitrogen, PA1-16931), SNCA (Santa Cruz Biotechnology, 
sc-12767), SCARB2 (Lifespan Biosciences, LS-B3225-0.05), TTYH3 
(Origene, TA339554), MFEG8 (Sigma-Aldrich, HPA002807), CD63 
(Proteintech, 25682-1-AP), DDP (Novus Biologicals, H00001678), 
PLSCR3 (Abcam, ab57554), GBA (Abcam, ab96246), and ITM2B 
(Abcam, ab119044). TOM20 (Santa Cruz Biotechnology, sc-11415) 
and LAMP1 (Abcam, ab24170) were used for immunofluorescence 
staining. Immunofluorescence staining was performed on differen-
tiated cells seeded in collagen-coated IV 8-well chamber slides (Ibi-
di). Cells were fixed in 4% paraformaldehyde in PBS for 10 minutes 
and permeabilized using 0.1% Triton X-100 in PBS for TOM20 and 
methanol for LAMP1. Permeabilized cells were washed in PBS and 
blocked with 5% BSA in PBS for 1 hour at room temperature. Primary 
and secondary antibodies were diluted in blocking solution and incu-
bated for 120 minutes and 45 minutes, respectively. Z-stack images 
of TOM20- and LAMP1-stained cells were acquired and presented as 
maximum-intensity projections in respective figures.

https://doi.org/10.1172/JCI157782


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(11):e157782  https://doi.org/10.1172/JCI1577821 2

us Therapeutics. This study was supported by the 3R (Replace, 
Reduce, Refine) Start-up Funding Program, awarded by the 
Medical Faculty Hamburg in 2018 to FB and AH. FB was sup-
ported by the Else Kröner-Fresenius-Stiftung (2021_EKMS.26) 
and the German Society of Nephrology. DS was supported by 
Else Kröner-Fresenius-Stiftung grant 2014_MOTIVATE. AM 
and NW were supported by the Deutsche Forschungsgemein-
schaft (DFG; German Research Foundation) (CRC1192). JG is 
supported by Programma Operativo Nazionale (PON) 1014-
2020 REACT-EU. WR acknowledges support by a starting grant 
from the European Research Council (Programme “Ideas,” 
ERC-2011-StG 282105), and by the DFG under Germany’s 
Excellence Strategy (EXC-294 and EXC-2189). CMS was sup-
ported by the DFG (ME2108/10-1, INST 152/696-2, SFB1192, 
project B3). GI is supported by PRIN (2017HTKLRF), from the 
Italian Ministry of Research. WR and CS were supported by 
the DFG (SCHE 2092/1-2, SCHE 2092/3-1, SCHE 2092/4-1  
[RP9, CP2, CP3] [project IDs 241702976 and 438496892]; 
CRU329 to CS [project ID 386793560]; CRC1453 [project ID 
431984000]; CRC1160 [project ID 256073931]), the Matrix-
Code research group (FRIAS, Freiburg), the Excellence Initia-
tive of the German Federal and State Governments, the German 
Society of Nephrology (DGFN), the Else Kröner-Fresenius- 
Stiftung, NAKSYS, and the Berta-Ottenstein Programme, Fac-
ulty of Medicine, University of Freiburg. TBH was supported 
by the DFG (CRC1140 [KidGen], CRC1192, HU 1016/8-2, HU 
1016/11-1, HU 1016/12-1), the Bundesministerium für Bildung 
und Forschung — Federal Ministry of Education and Research 
(BMBF) (STOP-FSGS-01GM2202A, NephrESA-031L0191E, 
and UPTAKE-01EK2105D), the Else Kröner Fresenius Foun-
dation (Else Kröner-Promotionskolleg, iPRIME), the European 
Research Council (grant 616891), and the H2020-IMI2 con-
sortium BEAt-DKD (115974); this joint undertaking receives 
support from the European Union’s Horizon 2020 research and 
innovation program, the European Federation of Pharmaceuti-
cal Industries and Associations, and JDRF. VGP was supported 
by DFG (CRC1192), the BMBF (STOP-FSGS-01GM2202A and 
eMed-Consortia Fibromap), and the Novo Nordisk Foundation 
(Young Investigator Award; NNF21OC0066381).

Address correspondence to: Tobias B. Huber III, Department 
of Medicine, University Medical Center Hamburg-Eppendorf 
(UKE), Martinistrasse 52, Hamburg 20246, Germany. Email: 
t.huber@uke.de. Or to: Christoph Schell, Institute of Surgi-
cal Pathology, University Medical Center Freiburg, Breisach-
er Strasse 115a, Freiburg 79106, Germany. Email: christoph.
schell@uniklinik-freiburg.de. Or to: Victor G. Puelles, Depart-
ment of Medicine, University Medical Center Hamburg- 
Eppendorf (UKE),  Martinistrasse, Hamburg 52 20246, Germa-
ny. Or to: Department of Clinical Medicine, Aarhus University, 
and Department of Pathology, Aarhus University Hospital, Pal-
le Juul-Jensens Boulevard 69, Aarhus 8200, Denmark. Email: 
v.puelles@uke.de or vgpuelles@clin.au.dk.

DS’s present address is: Department of Neurology, Heimer Insti-
tute for Muscle Research, University Hospital Bergmannsheil, 
Ruhr-University Bochum, Bochum, Germany.

SNCA ELISA. Human and murine SNCA were determined using 
the Human Alpha-synuclein ELISA (Abcam, ab260052) or Mouse 
Alpha-synuclein ELISA (Abcam, ab282865) according to the manu-
facturer’s protocols.

Cathepsin activity assay. Cathepsin D activity was determined accord-
ing to Huarcaya et al. (49). In short, cells were lysed in acidic buffer (50 
mM sodium acetate, 0.1 M NaCl, 1 mM EDTA, 0.2% Triton X-100, pH 
4.5) and 2 μg incubated with 0.1 μM quenched fluorogenic peptide (Enzo, 
BML-P145) and 0.025 mM leupeptin (Enzo, ALX-260-009-M025) at 
37°C for 30 minutes in 100 μL additional lysis buffer. Then samples were 
measured using 322 nm excitation and 381 nm emission.

Images. See supplemental material for full, uncut gels.
Data availability. The RNA-Seq and proteome data report-

ed here were deposited in the NCBI’s Gene Expression Omnibus 
(GEO GSE179975) database and ProteomeXchange Consortium 
(PXD029618).

Statistics. Data are expressed as scatter or violin plots. Unpaired, 
2-tailed Student’s t test or 1-way ANOVA with Tukey’s multiple-compar-
ison test was used based on data distribution. Statistical significance was 
defined as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The 
number of independent experiments and the total number of analyzed 
cells are specified in each figure legend.

Study approval. 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. Ethical permis-
sion was granted by the ethics committee of the Western Regional 
Health Authority in Norway (REK Vest 2010/2483). Informed consent 
was signed by the patient and/or their designees in all cases. Kidney 
biopsies from the Norwegian Kidney Biopsy Registry with normal light 
microscopic or electron microscopic appearance served as controls 
(REK Vest 2013/553). Animal husbandry and all experiments were 
conducted under Institutional Animal Care and Use Committee–
approved protocols at Federico II University.

Author contributions
TBH initiated this study. FB and AA designed the research study, 
conducted experiments, acquired data, analyzed data, and wrote 
the manuscript. FB was chosen as first co–first author for the 
planning and coordination of the revision process and the revi-
sion of the manuscript. DS, MR, MW, OE, NW, JG, SDL, FH, 
MNW, BD, PR, AM, WS, KVC, SWG, OK, OH, TB, FG, WL, TE, 
WR, CT, and BN conducted experiments, acquired data, and ana-
lyzed data. NM and MM provided resources and acquired patient 
samples. ACM, KS, AH, and CMS provided resources and revised 
the manuscript. HPM, CMS, GI, and MMR designed the research 
study and provided resources. VGP, CS, and TBH designed and 
supervised the research study, provided resources, and wrote and 
revised the manuscript.

Acknowledgments
We thank Charlotte Meyer, Betina Kiefer, Valerie Oberüber, 
and Anja Obser for expert technical assistance. We thank Ein-
ar Svarstad for taking part in the treatment and recruitment of 
Fabry patients. We also express our gratitude to all members of 
our laboratories and to the Life Imaging Center of the Universi-
ty of Freiburg for helpful discussions and support. The hR301Q 
mice of the Naples mouse cohort were provided through Amic-

https://doi.org/10.1172/JCI157782
https://doi.org/1016/8-2
https://doi.org/1016/11-1
https://doi.org/1016/12-1
mailto://t.huber@uke.de
mailto://christoph.schell@uniklinik-freiburg.de
mailto://christoph.schell@uniklinik-freiburg.de
mailto://v.puelles@uke.de
mailto://vgpuelles@clin.au.dk


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 3J Clin Invest. 2023;133(11):e157782  https://doi.org/10.1172/JCI157782

 1. Anderson W. A case of “angeio-keratoma.” Br J 
Dermatol. 1898;10(4):113–117.

 2. Kuech EM, et al. Alterations in membrane traf-
ficking and pathophysiological implications 
in lysosomal storage disorders. Biochimie. 
2016;130:152–162.

 3. Guce AI, et al. Catalytic mechanism of 
human alpha-galactosidase. J Biol Chem. 
2009;285(6):3625–3632.

 4. Schiffmann R. Fabry disease. Handb Clin Neurol. 
2015;132:231–248.

 5. Mehta A, et al. Natural course of Fabry dis-
ease: changing pattern of causes of death in 
FOS — Fabry Outcome Survey. J Med Genet. 
2009;46(8):548–552.

 6. Schiffmann R, et al. Enzyme replacement therapy 
in Fabry disease. JAMA. 2001;285(21):2743.

 7. Eng CM, et al. Safety and efficacy of recom-
binant human alpha-galactosidase A replace-
ment therapy in Fabry’s disease. N Engl J Med. 
2001;345(1):9–16.

 8. Germain DP, et al. Treatment of Fabry’s disease 
with the pharmacologic chaperone migalastat.  
N Engl J Med. 2016;375(6):545–555.

 9. Germain DP, et al. Ten-year outcome of enzyme 
replacement therapy with agalsidase beta 
in patients with Fabry disease. J Med Genet. 
2015;52(5):353–358.

 10. Mehta A, et al. Enzyme replacement therapy 
with agalsidase alfa in patients with Fabry’s 
disease: an analysis of registry data. Lancet. 
2009;374(9706):1986–1996.

 11. Hughes DA, et al. Oral pharmacological chaper-
one migalastat compared with enzyme replace-
ment therapy in Fabry disease: 18-month results 
from the randomised phase III ATTRACT study. 
J Med Genet. 2017;54(4):288–296.

 12. Mauer M, et al. Reduction of podocyte glo-
botriaosylceramide content in adult male 
patients with Fabry disease with amenable GLA 
mutations following 6 months of migalastat 
treatment. J Med Genet. 2017;54(11):781–786.

 13. Thurberg BL, et al. Globotriaosylceramide accu-
mulation in the Fabry kidney is cleared from 
multiple cell types after enzyme replacement 
therapy. Kidney Int. 2002;62(6):1933–1946.

 14. Tøndel C, et al. Agalsidase benefits renal histolo-
gy in young patients with Fabry disease. J Am Soc 
Nephrol. 2013;24(1):137–148.

 15. Gödel M, et al. Role of mTOR in podocyte func-
tion and diabetic nephropathy in humans and 
mice. J Clin Invest. 2011;121(6):2197–2209.

 16. Rinschen MM, et al. A multi-layered quantitative 
in vivo expression atlas of the podocyte unrav-
els kidney disease candidate genes. Cell Rep. 
2018;23(8):2495–2508.

 17. Puelles VG, et al. mTOR-mediated podo-
cyte hypertrophy regulates glomerular 
integrity in mice and humans. JCI Insight. 
2019;4(18):e99271.

 18. Kopp JB, et al. Podocytopathies. Nat Rev Dis Prim-
ers. 2020;6(1):68.

 19. Wanner N, et al. Unraveling the role of podocyte 
turnover in glomerular aging and injury. J Am Soc 
Nephrol. 2014;25(4):707–716.

 20. Berger K, et al. The regenerative potential of 
parietal epithelial cells in adult mice. J Am Soc 
Nephrol. 2014;25(4):693–705.

 21. Najafian B, et al. Progressive podocyte injury and 
globotriaosylceramide (GL-3) accumulation in 
young patients with Fabry disease. Kidney Int. 
2010;79(6):663–670.

 22. Tøndel C, et al. Renal biopsy findings in children 
and adolescents with Fabry disease and minimal 
albuminuria. Am J Kidney Dis. 2008;51(5):767–776.

 23. Miller JJ, et al. α-Galactosidase A-deficient rats 
accumulate glycosphingolipids and develop car-
diorenal phenotypes of Fabry disease. FASEB J. 
2018;fj201800771R(1):418–429.

 24. Ohshima T, et al. α-Galactosidase A deficient 
mice: a model of Fabry disease. Proc Natl Acad Sci 
U S A. 1997;94(6):2540–2544.

 25. Taguchi A, et al. A symptomatic Fabry dis-
ease mouse model generated by inducing 
globotriaosylceramide synthesis. Biochem J. 
2013;456(3):373–383.

 26. Saleem MA, et al. A conditionally immortalized 
human podocyte cell line demonstrating neph-
rin and podocin expression. J Am Soc Nephrol. 
2002;13(3):630–638.

 27. Jinek M, et al. A programmable dual-RNA-guided 
DNA endonuclease in adaptive bacterial immu-
nity. Science. 2012;337(6096):816–821.

 28. Ran FA et al. Genome engineering using 
the CRISPR-Cas9 system. Nat Protoc. 
2013;8(11):2281–2308.

 29. Hartleben B, et al. Autophagy influences glo-
merular disease susceptibility and maintains 
podocyte homeostasis in aging mice. J Clin Invest. 
2010;120(4):1084–1096.

 30. Sevlever D, et al. Cathepsin D is the main lyso-
somal enzyme involved in the degradation 
of alpha-synuclein and generation of its car-
boxy-terminally truncated species. Biochemistry. 
2008;47(36):9678–9687.

 31. McGlinchey RP, Lee JC. Cysteine cathepsins are 
essential in lysosomal degradation of α-synuclein. 
Proc Natl Acad Sci U S A. 2015;112(30):9322–9327.

 32. Ferri L, et al. Fabry disease: polymorphic haplo-
types and a novel missense mutation in the GLA 
gene. Clin Genet. 2011;81(3):224–233.

 33. Miller JJ, et al. Neuropathic pain in a Fabry dis-
ease rat model. JCI Insight. 2018;3(6):e99171.

 34. Labilloy A, et al. Altered dynamics of a lipid raft 
associated protein in a kidney model of Fabry 
disease. Mol Genet Metab. 2014;111(2):184–192.

 35. Liebau MC, et al. Dysregulated autophagy con-
tributes to podocyte damage in Fabry’s disease. 
PLoS One. 2013;8(5):e63506.

 36. Chévrier M, et al. Autophagosome matura-
tion is impaired in Fabry disease. Autophagy. 
2010;6(5):589–599.

 37. Bourdenx M, et al. Nanoparticles restore lyso-
somal acidification defects: implications for 
Parkinson and other lysosomal-related diseases. 
Autophagy. 2016;12(3):472–483.

 38. Deganuto M, et al. Altered intracellular redox 
status in Gaucher disease fibroblasts and impair-
ment of adaptive response against oxidative 
stress. J Cell Physiol. 2007;212(1):223–235.

 39. Shen JS, et al. Globotriaosylceramide induces 
oxidative stress and up-regulates cell adhesion 
molecule expression in Fabry disease endothelial 
cells. Mol Genet Metab. 2008;95(3):163–168.

 40. de la Mata M, et al. Pharmacological chaperones 
and coenzyme Q10 treatment improves mutant 

β-glucocerebrosidase activity and mitochondrial 
function in neuronopathic forms of Gaucher dis-
ease. Sci Rep. 2015;5(1):10903.

 41. de la Mata M, et al. Mitochondrial dysfunc-
tion in lysosomal storage disorders. Diseases. 
2016;4(4):31.

 42. Brinkkoetter PT, et al. Anaerobic glycolysis 
maintains the glomerular filtration barrier 
independent of mitochondrial metabolism and 
dynamics. Cell Rep. 2019;27(5):1551–1566.

 43. Dasgupta N, et al. Gaucher disease: transcrip-
tome analyses using microarray or mRNA 
sequencing in a Gba1 mutant mouse model treat-
ed with velaglucerase alfa or imiglucerase. PLoS 
One. 2013;8(10):e74912.

 44. Shin YJ, et al. Substrate-specific gene expres-
sion profiles in different kidney cell types are 
associated with Fabry disease. Mol Med Rep. 
2015;12(4):5049–5057.

 45. Slaats GG, et al. Urine-derived cells: a promising 
diagnostic tool in Fabry disease patients. Sci Rep. 
2018;8(1):11042.

 46. Jehn U, et al. α-Galactosidase A deficiency in 
Fabry disease leads to extensive dysregulated 
cellular signaling pathways in human podocytes. 
Int J Mol Sci. 2021;22(21):11339.

 47. Gonzalez A, et al. Lysosomal integral membrane 
protein-2: a new player in lysosome-related 
pathology. Mol Genet Metab. 2013;111(2):84–91.

 48. Vogiatzi T, et al. Wild type alpha-synuclein is 
degraded by chaperone-mediated autophagy and 
macroautophagy in neuronal cells. J Biol Chem. 
2008;283(35):23542–23556.

 49. Huarcaya SP, et al. Recombinant pro-CTSD 
(cathepsin D) enhances SNCA/α-synuclein deg-
radation in α-synucleinopathy models. Autophagy. 
2022;18(5):1127–1151.

 50. Magalhaes J, et al. Autophagic lysosome reforma-
tion dysfunction in glucocerebrosidase deficient 
cells: relevance to Parkinson disease. Hum Mol 
Genet. 2016;25(16):3432–3445.

 51. Picillo M, et al. Parkinsonism due to A53E α-sy-
nuclein gene mutation: clinical, genetic, epi-
genetic, and biochemical features. Mov Disord. 
2018;33(12):1950–1955.

 52. Rosborough K, et al. α-Synuclein and parkinson-
ism: updates and future perspectives. Curr Neurol 
Neurosci Rep. 2017;17(4):31.

 53. Morris KV, et al. Small interfering RNA-induced 
transcriptional gene silencing in human cells. 
Science. 2004;305(5688):1289–1292.

 54. Martinez-Vicente M, et al. Dopamine-modified 
alpha-synuclein blocks chaperone-mediated 
autophagy. J Clin Invest. 2008;118(2):777–788.

 55. Tenreiro S, et al. Phosphorylation modulates 
clearance of alpha-synuclein inclusions in a 
yeast model of Parkinson’s disease. PLoS Genet. 
2014;10(5):e1004302–23.

 56. Dehay B, et al. Targeting α-synuclein for treat-
ment of Parkinson’s disease: mechanistic and 
therapeutic considerations. Lancet Neurol. 
2015;14(8):855–866.

 57. Gitler AD, et al. The Parkinson’s disease protein 
alpha-synuclein disrupts cellular Rab homeostasis. 
Proc Natl Acad Sci U S A. 2007;105(1):145–150.

 58. Martin LJ, et al. Parkinson’s disease alpha-synu-
clein transgenic mice develop neuronal mito-
chondrial degeneration and cell death. J Neurosci. 

https://doi.org/10.1172/JCI157782
https://doi.org/10.1111/j.1365-2133.1898.tb16317.x
https://doi.org/10.1111/j.1365-2133.1898.tb16317.x
https://doi.org/10.1016/j.biochi.2016.09.011
https://doi.org/10.1016/j.biochi.2016.09.011
https://doi.org/10.1016/j.biochi.2016.09.011
https://doi.org/10.1016/j.biochi.2016.09.011
https://doi.org/10.1016/B978-0-444-62702-5.00017-2
https://doi.org/10.1016/B978-0-444-62702-5.00017-2
https://doi.org/10.1136/jmg.2008.065904
https://doi.org/10.1136/jmg.2008.065904
https://doi.org/10.1136/jmg.2008.065904
https://doi.org/10.1136/jmg.2008.065904
https://doi.org/10.1001/jama.285.21.2743
https://doi.org/10.1001/jama.285.21.2743
https://doi.org/10.1056/NEJM200107053450102
https://doi.org/10.1056/NEJM200107053450102
https://doi.org/10.1056/NEJM200107053450102
https://doi.org/10.1056/NEJM200107053450102
https://doi.org/10.1056/NEJMoa1510198
https://doi.org/10.1056/NEJMoa1510198
https://doi.org/10.1056/NEJMoa1510198
https://doi.org/10.1136/jmedgenet-2014-102797
https://doi.org/10.1136/jmedgenet-2014-102797
https://doi.org/10.1136/jmedgenet-2014-102797
https://doi.org/10.1136/jmedgenet-2014-102797
https://doi.org/10.1016/S0140-6736(09)61493-8
https://doi.org/10.1016/S0140-6736(09)61493-8
https://doi.org/10.1016/S0140-6736(09)61493-8
https://doi.org/10.1016/S0140-6736(09)61493-8
https://doi.org/10.1136/jmedgenet-2016-104178
https://doi.org/10.1136/jmedgenet-2016-104178
https://doi.org/10.1136/jmedgenet-2016-104178
https://doi.org/10.1136/jmedgenet-2016-104178
https://doi.org/10.1136/jmedgenet-2016-104178
https://doi.org/10.1136/jmedgenet-2017-104826
https://doi.org/10.1136/jmedgenet-2017-104826
https://doi.org/10.1136/jmedgenet-2017-104826
https://doi.org/10.1136/jmedgenet-2017-104826
https://doi.org/10.1136/jmedgenet-2017-104826
https://doi.org/10.1046/j.1523-1755.2002.00675.x
https://doi.org/10.1046/j.1523-1755.2002.00675.x
https://doi.org/10.1046/j.1523-1755.2002.00675.x
https://doi.org/10.1046/j.1523-1755.2002.00675.x
https://doi.org/10.1681/ASN.2012030316
https://doi.org/10.1681/ASN.2012030316
https://doi.org/10.1681/ASN.2012030316
https://doi.org/10.1172/JCI44774
https://doi.org/10.1172/JCI44774
https://doi.org/10.1172/JCI44774
https://doi.org/10.1016/j.celrep.2018.04.059
https://doi.org/10.1016/j.celrep.2018.04.059
https://doi.org/10.1016/j.celrep.2018.04.059
https://doi.org/10.1016/j.celrep.2018.04.059
https://doi.org/10.1172/jci.insight.99271
https://doi.org/10.1172/jci.insight.99271
https://doi.org/10.1172/jci.insight.99271
https://doi.org/10.1172/jci.insight.99271
https://doi.org/10.1038/s41572-020-0196-7
https://doi.org/10.1038/s41572-020-0196-7
https://doi.org/10.1681/ASN.2013050452
https://doi.org/10.1681/ASN.2013050452
https://doi.org/10.1681/ASN.2013050452
https://doi.org/10.1681/ASN.2013050481
https://doi.org/10.1681/ASN.2013050481
https://doi.org/10.1681/ASN.2013050481
https://doi.org/10.1053/j.ajkd.2007.12.032
https://doi.org/10.1053/j.ajkd.2007.12.032
https://doi.org/10.1053/j.ajkd.2007.12.032
https://doi.org/10.1073/pnas.94.6.2540
https://doi.org/10.1073/pnas.94.6.2540
https://doi.org/10.1073/pnas.94.6.2540
https://doi.org/10.1042/BJ20130825
https://doi.org/10.1042/BJ20130825
https://doi.org/10.1042/BJ20130825
https://doi.org/10.1042/BJ20130825
https://doi.org/10.1681/ASN.V133630
https://doi.org/10.1681/ASN.V133630
https://doi.org/10.1681/ASN.V133630
https://doi.org/10.1681/ASN.V133630
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1172/JCI39492
https://doi.org/10.1172/JCI39492
https://doi.org/10.1172/JCI39492
https://doi.org/10.1172/JCI39492
https://doi.org/10.1021/bi800699v
https://doi.org/10.1021/bi800699v
https://doi.org/10.1021/bi800699v
https://doi.org/10.1021/bi800699v
https://doi.org/10.1021/bi800699v
https://doi.org/10.1073/pnas.1500937112
https://doi.org/10.1073/pnas.1500937112
https://doi.org/10.1073/pnas.1500937112
https://doi.org/10.1172/jci.insight.99171
https://doi.org/10.1172/jci.insight.99171
https://doi.org/10.1016/j.ymgme.2013.10.010
https://doi.org/10.1016/j.ymgme.2013.10.010
https://doi.org/10.1016/j.ymgme.2013.10.010
https://doi.org/10.1371/journal.pone.0063506
https://doi.org/10.1371/journal.pone.0063506
https://doi.org/10.1371/journal.pone.0063506
https://doi.org/10.4161/auto.6.5.11943
https://doi.org/10.4161/auto.6.5.11943
https://doi.org/10.4161/auto.6.5.11943
https://doi.org/10.1080/15548627.2015.1136769
https://doi.org/10.1080/15548627.2015.1136769
https://doi.org/10.1080/15548627.2015.1136769
https://doi.org/10.1080/15548627.2015.1136769
https://doi.org/10.1002/jcp.21023
https://doi.org/10.1002/jcp.21023
https://doi.org/10.1002/jcp.21023
https://doi.org/10.1002/jcp.21023
https://doi.org/10.1016/j.ymgme.2008.06.016
https://doi.org/10.1016/j.ymgme.2008.06.016
https://doi.org/10.1016/j.ymgme.2008.06.016
https://doi.org/10.1016/j.ymgme.2008.06.016
https://doi.org/10.1038/srep10903
https://doi.org/10.1038/srep10903
https://doi.org/10.1038/srep10903
https://doi.org/10.1038/srep10903
https://doi.org/10.1038/srep10903
https://doi.org/10.3390/diseases4040031
https://doi.org/10.3390/diseases4040031
https://doi.org/10.3390/diseases4040031
https://doi.org/10.1016/j.celrep.2019.04.012
https://doi.org/10.1016/j.celrep.2019.04.012
https://doi.org/10.1016/j.celrep.2019.04.012
https://doi.org/10.1016/j.celrep.2019.04.012
https://doi.org/10.1371/journal.pone.0074912
https://doi.org/10.1371/journal.pone.0074912
https://doi.org/10.1371/journal.pone.0074912
https://doi.org/10.1371/journal.pone.0074912
https://doi.org/10.1371/journal.pone.0074912
https://doi.org/10.3892/mmr.2015.4010
https://doi.org/10.3892/mmr.2015.4010
https://doi.org/10.3892/mmr.2015.4010
https://doi.org/10.3892/mmr.2015.4010
https://doi.org/10.1038/s41598-018-29240-w
https://doi.org/10.1038/s41598-018-29240-w
https://doi.org/10.1038/s41598-018-29240-w
https://doi.org/10.3390/ijms222111339
https://doi.org/10.3390/ijms222111339
https://doi.org/10.3390/ijms222111339
https://doi.org/10.3390/ijms222111339
https://doi.org/10.1074/jbc.M801992200
https://doi.org/10.1074/jbc.M801992200
https://doi.org/10.1074/jbc.M801992200
https://doi.org/10.1074/jbc.M801992200
https://doi.org/10.1080/15548627.2022.2045534
https://doi.org/10.1080/15548627.2022.2045534
https://doi.org/10.1080/15548627.2022.2045534
https://doi.org/10.1080/15548627.2022.2045534
https://doi.org/10.1093/hmg/ddw185
https://doi.org/10.1093/hmg/ddw185
https://doi.org/10.1093/hmg/ddw185
https://doi.org/10.1093/hmg/ddw185
https://doi.org/10.1002/mds.27506
https://doi.org/10.1002/mds.27506
https://doi.org/10.1002/mds.27506
https://doi.org/10.1002/mds.27506
https://doi.org/10.1007/s11910-017-0737-y
https://doi.org/10.1007/s11910-017-0737-y
https://doi.org/10.1007/s11910-017-0737-y
https://doi.org/10.1126/science.1101372
https://doi.org/10.1126/science.1101372
https://doi.org/10.1126/science.1101372
https://doi.org/10.1371/journal.pgen.1004302
https://doi.org/10.1371/journal.pgen.1004302
https://doi.org/10.1371/journal.pgen.1004302
https://doi.org/10.1371/journal.pgen.1004302
https://doi.org/10.1016/S1474-4422(15)00006-X
https://doi.org/10.1016/S1474-4422(15)00006-X
https://doi.org/10.1016/S1474-4422(15)00006-X
https://doi.org/10.1016/S1474-4422(15)00006-X
https://doi.org/10.1523/JNEUROSCI.4308-05.2006
https://doi.org/10.1523/JNEUROSCI.4308-05.2006
https://doi.org/10.1523/JNEUROSCI.4308-05.2006


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(11):e157782  https://doi.org/10.1172/JCI1577821 4

2006;26(1):41–50.
 59. Adams J, et al. Autophagy-lysosome pathway 

alterations and alpha-synuclein up-regulation 
in the subtype of neuronal ceroid lipofuscinosis, 
CLN5 disease. Sci Rep. 2019;9(1):151.

 60. Wise AH, et al. Parkinson’s disease prevalence in 
Fabry disease: a survey study. Mol Genet Metab 
Rep. 2018;14:27–30.

 61. Najafian B, et al. Accumulation of globotriaosyl-
ceramide in podocytes in Fabry nephropathy is 
associated with progressive podocyte loss. J Am 
Soc Nephrol. 2020;31(4):865–875.

 62. Najafian B, et al. One year of enzyme 
replacement therapy reduces globotriaosyl-
ceramide inclusions in podocytes in male 
adult patients with Fabry disease. PLoS One. 
2016;11(4):e0152812.

 63. Braun F, et al. Enzyme replacement therapy 
clears Gb3 deposits from a podocyte cell cul-
ture model of Fabry disease but fails to restore 
altered cellular signaling. Cell Physiol Biochem. 
2019;52(5):1139–1150.

 64. van der Veen SJ, et al. Early start of enzyme 
replacement therapy in pediatric male patients 
with classical Fabry disease is associated with 
attenuated disease progression. Mol Genet Metab. 
2022;135(2):163–169.

 65. Hopkin RJ, et al. Clinical outcomes among 
young patients with Fabry disease who initiated 
agalsidase beta treatment before 30 years of age: 
an analysis from the Fabry Registry. Mol Genet 
Metab. 2022;138(2):106967.

 66. Rosenbluth JM, et al. A gene signature-based 
approach identifies mTOR as a regulator of p73. 
Mol Cell Biol. 2008;28(19):5951–5964.

 67. Subramanian A, et al. A next generation con-
nectivity map: L1000 platform and the first 
1,000,000 profiles. Cell. 2017;171(6):1437–1452.

 68. Mittal S, et al. β2-Adrenoreceptor is a regulator of 
the α-synuclein gene driving risk of Parkinson’s 
disease. Science. 2017;357(6354):891–898.

 69. Huber TB, et al. Catecholamines modulate podo-
cyte function. J Am Soc Nephrol. 1998;9(3):335–345.

 70. Lee JH, et al. β2-Adrenergic agonists rescue lyso-
some acidification and function in PSEN1 deficien-
cy by reversing defective ER-to-lysosome delivery 
of ClC-7. J Mol Biol. 2020;432(8):2633–2650.

 71. Maor G, et al. The effect of mutant GBA1 on accu-
mulation and aggregation of α-synuclein. Hum 
Mol Genet. 2019;28(11):1768–1781.

 72. Li H, et al. Mitochondrial dysfunction and mito-
phagy defect triggered by heterozygous GBA 
mutations. Autophagy. 2018;15(1):113–130.

 73. Sardi SP, et al. Glucosylceramide synthase 
inhibition alleviates aberrations in synucle-
inopathy models. Proc Natl Acad Sci U S A. 
2017;114(10):2699–2704.

 74. Tayebi N, et al. Glucocerebrosidase haploin-
sufficiency in A53T α-synuclein mice impacts 
disease onset and course. Mol Genet Metab. 
2017;122(4):198–208.

 75. Gago MF, et al. Parkinson’s disease and Fabry 
disease: clinical, biochemical and neuroimaging 
analysis of three pedigrees. J Parkinsons Dis. 
2019;1(1):141–152.

 76. Nelson MP, et al. Autophagy-lysosome pathway 
associated neuropathology and axonal degen-
eration in the brains of alpha-galactosidase 
A-deficient mice. Acta Neuropathol Commun. 
2014;2(1):20.

 77. Hale LJ, et al. 3D organoid-derived human 
glomeruli for personalised podocyte disease 
modelling and drug screening. Nat Commun. 
2018;9(1):5167.

 78. Germain DP, et al. The effect of enzyme replace-
ment therapy on clinical outcomes in female 
patients with Fabry disease – A systematic litera-
ture review by a European panel of experts. Mol 
Genet Metab. 2019;126(3):224–235.

 79. Toyoda M, et al. Podocyte detachment and 
reduced glomerular capillary endothelial fen-
estration in human type 1 diabetic nephropathy. 
Diabetes. 2007;56(8):2155–2160.

 80. Zhou T, et al. Generation of human induced 
pluripotent stem cells from urine samples. Nat 
Protoc. 2012;7(12):2080–2089.

 81. Yasuda-Yamahara M, et al. FERMT2 links cortical 
actin structures, plasma membrane tension and 
focal adhesion function to stabilize podocyte 
morphology. Matrix Biol. 2018;68:263–279.

 82. Grahammer F, et al. A flexible, multilayered 
protein scaffold maintains the slit in between glo-
merular podocytes. JCI Insight. 2016;1(9):e86177.

 83. Schell C, et al. The FERM protein EPB41L5 regulates 
actomyosin contractility and focal adhesion forma-
tion to maintain the kidney filtration barrier. Proc 
Natl Acad Sci U S A. 2017;114(23):E4621–E4630.

 84. Weise SC, et al. FOXG1 regulates PRKAR2B 
transcriptionally and posttranscriptionally via 
miR200 in the adult hippocampus. Mol Neurobi-
ol. 2019;56(7):5188–5201.

 85. Cheng F, et al. Network-based approach to 
prediction and population-based validation 
of in silico drug repurposing. Nat Commun. 
2018;9(1):2691.

 86. Ghiassian SD, et al. A DIseAse MOdule Detection 

(DIAMOnD) algorithm derived from a system-
atic analysis of connectivity patterns of disease 
proteins in the human interactome. PLoS Comput 
Biol. 2015;11(4):e1004120.

 87. Halu A, et al. Exploring the cross-phenotype 
network region of disease modules reveals 
concordant and discordant pathways between 
chronic obstructive pulmonary disease and 
idiopathic pulmonary fibrosis. Hum Mol Genet. 
2019;28(14):2352–2364.

 88. Beutler E, Kuhl W. Purification and properties 
of human alpha-galactosidases. J Biol Chem. 
1972;247(22):7195–7200.

 89. Kint JA. Fabry’s disease: alpha-galactosidase defi-
ciency. Science. 1970;167(3922):1268–1269.

 90. Mayes JS, et al. Differential assay for lysosomal 
alpha-galactosidases in human tissues and its 
application to Fabry’s disease. Clin Chim Acta. 
1981;112(2):247–251.

 91. Shen JS, et al. Mannose receptor-mediated deliv-
ery of moss-made α-galactosidase A efficiently 
corrects enzyme deficiency in Fabry mice.  
J Inherit Metab Dis. 2015;39(2):293–303.

 92. Luciani A, et al. Impaired lysosomal function 
underlies monoclonal light chain-associated 
renal Fanconi syndrome. J Am Soc Nephrol. 
2015;27(7):2049–2061.

 93. Kubota C, et al. Constitutive reactive oxygen 
species generation from autophagosome/lyso-
some in neuronal oxidative toxicity. J Biol Chem. 
2009;285(1):667–674.

 94. Bligh EG, Dyer WJ. A rapid method of total lipid 
extraction and purification. Can J Biochem Physi-
ol. 1959;37(8):911–917.

 95. Takahashi M, et al. Normalization of overex-
pressed α-synuclein causing Parkinson’s disease 
by a moderate gene silencing with RNA interfer-
ence. Mol Ther Nucleic Acids. 2015;4:e241.

 96. Rogg M et al. The WD40-domain containing 
protein CORO2B is specifically enriched in 
glomerular podocytes and regulates the ventral 
actin cytoskeleton. Sci Rep. 2017;7(1):15910.

 97. Skrunes R et al. Long-term dose-dependent agalsi-
dase effects on kidney histology in Fabry disease. 
Clin J Am Soc Nephrol. 2017;12(9):1470–1479.

 98. Ruifrok AC, Johnston DA. Quantification of his-
tochemical staining by color deconvolution. Anal 
Quantitative Cytol Histology Int Acad Cytol Am Soc 
Cytol. 2001;23(4):291–299.

 99. Khanna R et al. The pharmacological chaperone 
1-deoxygalactonojirimycin reduces tissue glo-
botriaosylceramide levels in a mouse model of 
Fabry disease. Mol Ther. 2010;18(1):23–33.

https://doi.org/10.1172/JCI157782
https://doi.org/10.1523/JNEUROSCI.4308-05.2006
https://doi.org/10.1038/s41598-018-36379-z
https://doi.org/10.1038/s41598-018-36379-z
https://doi.org/10.1038/s41598-018-36379-z
https://doi.org/10.1038/s41598-018-36379-z
https://doi.org/10.1016/j.ymgmr.2017.10.013
https://doi.org/10.1016/j.ymgmr.2017.10.013
https://doi.org/10.1016/j.ymgmr.2017.10.013
https://doi.org/10.1681/ASN.2019050497
https://doi.org/10.1681/ASN.2019050497
https://doi.org/10.1681/ASN.2019050497
https://doi.org/10.1681/ASN.2019050497
https://doi.org/10.1371/journal.pone.0152812
https://doi.org/10.1371/journal.pone.0152812
https://doi.org/10.1371/journal.pone.0152812
https://doi.org/10.1371/journal.pone.0152812
https://doi.org/10.1371/journal.pone.0152812
https://doi.org/10.33594/000000077
https://doi.org/10.33594/000000077
https://doi.org/10.33594/000000077
https://doi.org/10.33594/000000077
https://doi.org/10.33594/000000077
https://doi.org/10.1016/j.ymgme.2021.12.004
https://doi.org/10.1016/j.ymgme.2021.12.004
https://doi.org/10.1016/j.ymgme.2021.12.004
https://doi.org/10.1016/j.ymgme.2021.12.004
https://doi.org/10.1016/j.ymgme.2021.12.004
https://doi.org/10.1128/MCB.00305-08
https://doi.org/10.1128/MCB.00305-08
https://doi.org/10.1128/MCB.00305-08
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1126/science.aaf3934
https://doi.org/10.1126/science.aaf3934
https://doi.org/10.1126/science.aaf3934
https://doi.org/10.1681/ASN.V93335
https://doi.org/10.1681/ASN.V93335
https://doi.org/10.1016/j.jmb.2020.02.021
https://doi.org/10.1016/j.jmb.2020.02.021
https://doi.org/10.1016/j.jmb.2020.02.021
https://doi.org/10.1016/j.jmb.2020.02.021
https://doi.org/10.1073/pnas.1616152114
https://doi.org/10.1073/pnas.1616152114
https://doi.org/10.1073/pnas.1616152114
https://doi.org/10.1073/pnas.1616152114
https://doi.org/10.1016/j.ymgme.2017.11.001
https://doi.org/10.1016/j.ymgme.2017.11.001
https://doi.org/10.1016/j.ymgme.2017.11.001
https://doi.org/10.1016/j.ymgme.2017.11.001
https://doi.org/10.1186/2051-5960-2-20
https://doi.org/10.1186/2051-5960-2-20
https://doi.org/10.1186/2051-5960-2-20
https://doi.org/10.1186/2051-5960-2-20
https://doi.org/10.1186/2051-5960-2-20
https://doi.org/10.1038/s41467-018-07594-z
https://doi.org/10.1038/s41467-018-07594-z
https://doi.org/10.1038/s41467-018-07594-z
https://doi.org/10.1038/s41467-018-07594-z
https://doi.org/10.1016/j.ymgme.2018.09.007
https://doi.org/10.1016/j.ymgme.2018.09.007
https://doi.org/10.1016/j.ymgme.2018.09.007
https://doi.org/10.1016/j.ymgme.2018.09.007
https://doi.org/10.1016/j.ymgme.2018.09.007
https://doi.org/10.2337/db07-0019
https://doi.org/10.2337/db07-0019
https://doi.org/10.2337/db07-0019
https://doi.org/10.2337/db07-0019
https://doi.org/10.1038/nprot.2012.115
https://doi.org/10.1038/nprot.2012.115
https://doi.org/10.1038/nprot.2012.115
https://doi.org/10.1007/s12035-018-1444-7
https://doi.org/10.1007/s12035-018-1444-7
https://doi.org/10.1007/s12035-018-1444-7
https://doi.org/10.1007/s12035-018-1444-7
https://doi.org/10.1038/s41467-018-05116-5
https://doi.org/10.1038/s41467-018-05116-5
https://doi.org/10.1038/s41467-018-05116-5
https://doi.org/10.1038/s41467-018-05116-5
https://doi.org/10.1371/journal.pcbi.1004120
https://doi.org/10.1371/journal.pcbi.1004120
https://doi.org/10.1371/journal.pcbi.1004120
https://doi.org/10.1371/journal.pcbi.1004120
https://doi.org/10.1371/journal.pcbi.1004120
https://doi.org/10.1093/hmg/ddz069
https://doi.org/10.1093/hmg/ddz069
https://doi.org/10.1093/hmg/ddz069
https://doi.org/10.1093/hmg/ddz069
https://doi.org/10.1093/hmg/ddz069
https://doi.org/10.1093/hmg/ddz069
https://doi.org/10.1016/S0021-9258(19)44613-9
https://doi.org/10.1016/S0021-9258(19)44613-9
https://doi.org/10.1016/S0021-9258(19)44613-9
https://doi.org/10.1126/science.167.3922.1268
https://doi.org/10.1126/science.167.3922.1268
https://doi.org/10.1016/0009-8981(81)90384-3
https://doi.org/10.1016/0009-8981(81)90384-3
https://doi.org/10.1016/0009-8981(81)90384-3
https://doi.org/10.1016/0009-8981(81)90384-3
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1038/mtna.2015.14
https://doi.org/10.1038/mtna.2015.14
https://doi.org/10.1038/mtna.2015.14
https://doi.org/10.1038/mtna.2015.14
https://doi.org/10.1038/s41598-017-15844-1
https://doi.org/10.1038/s41598-017-15844-1
https://doi.org/10.1038/s41598-017-15844-1
https://doi.org/10.1038/s41598-017-15844-1
https://doi.org/10.2215/CJN.01820217
https://doi.org/10.2215/CJN.01820217
https://doi.org/10.2215/CJN.01820217
https://doi.org/10.1038/mt.2009.220
https://doi.org/10.1038/mt.2009.220
https://doi.org/10.1038/mt.2009.220
https://doi.org/10.1038/mt.2009.220

