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Although the pathogenic role of autoantibodies targeting the podocyte protein THSD7A in
membranous nephropathy (MN) is well described, the consequences of autoantibody binding

for podocyte homeostasis and the function of THSD7A remain unclear. Here, we induced an MN
model in control and podocyte-specific Thsd7a-KO (Thsd7a~-) mice using rabbit anti-THSD7A
antibodies, followed by transcriptome and proteome analyses. Anti-THSD7A antibodies in WT mice
caused significant loss of key slit diaphragm (SD) proteins, such as nephrin and NEPH1, without
transcriptional downregulation. Glomeruli showed substantial transcriptomic and proteomic
reconfiguration indicative of extensive podocyte injury, including disruptions in podocyte adhesion,
cytoskeletal dynamics, and marked upregulation of ubiquitin-proteasome system components,
cathepsins, and ADAM proteases. Notably, experiments in C3-deficient mice revealed that
proteolytic activation and SD protein loss are driven by complement-independent pathways.
Thsd7a- mice only displayed a mild phenotype under basal conditions, and they were completely
protected from MN development upon anti-THSD7A antibody transfer. Finally, interactome analysis
identified a protein complex, including THSD7A and integrin a3, linking THSD7A complexes to
pathogenic regulation of cytoskeleton, adhesion, and membrane signaling in MN. Thus, anti-
THSD7A antibodies induce profound molecular reconfiguration, including dysregulated proteolytic
systems via a complement-independent pathway, revealing potential therapeutic targets in MN.

Introduction
Membranous nephropathy (MN) is an autoimmune kidney disease and the leading cause of nephrotic syn-
drome in adults. Circulating autoantibodies against podocyte antigens — primarily phospholipase A2 recep-
tor 1 (PLA2R1, ~70% of cases) and thrombospondin type 1 domain-containing protein 7A (THSD7A, ~5%)
— bind to targets at the podocyte membrane, triggering immune complex deposition, podocyte injury, and
proteinuria (1-3).

THSD7A is a 250 kDa transmembrane protein composed of 21 thrombospondin type 1 (TSP-1)
domains, a single transmembrane domain, and a short intracellular tail (4). It localizes to the basal surface
of podocyte foot processes, closely associated with the slit diaphragm (SD) (5). This positioning suggests
potential involvement of THSD7A in SD regulation and interactions with extracellular matrix proteins
in the glomerular basement membrane (GBM). Indeed, THSD7A has been implicated in cell adhesion,
cytoskeletal remodeling, and migration in podocytes and endothelial cells (5, 6). In silico modeling also
predicts TSP-1 domains of THSD7A as glycosaminoglycan-binding sites for heparan sulfate, a key GBM
component, or similar proteoglycans (7).

Substantial progress has been made in identifying MN-associated autoantigens (3, 8-10), but the
physiological roles of these proteins and the mechanisms of antibody-mediated injury remain poorly
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understood. Although complement activation is thought to contribute to podocyte damage, MN models
using THSD7A- and PLA2R1-specific antibodies show substantial proteinuria in complement-deficient
mice also (11, 12), suggesting complement-independent injury pathways. These may involve disrupted
podocyte signaling or altered cytoskeletal regulation (13).

The SD is a specialized intercellular contact point of podocytes, integrating the structural components
of multiple cell junction types such as tight, adhesion, gap, and neuronal junctions (14). Core SD proteins,
such as nephrin (NPHS1), NEPH1 (KIRREL1), podocin (NPHS2), and CD2-associated protein (CD2AP),
coordinate macromolecular filtration, cytoskeletal anchoring, and dynamic signaling in podocytes. Howev-
er, how SD signaling interfaces with MN pathogenesis remains unclear.

To elucidate the role of THSD7A in glomerular homeostasis and autoantibody-mediated injury, we
performed multiomics profiling in a THSD7A-associated MN model and a podocyte-specific Thsd7a-KO
(Thsd7a”-) mouse line. Using these approaches, we identified dysregulated protein degradation pathways
as potential mediators of SD protein loss in MN via a complement-independent mechanism. By resolving
the distinct roles of THSD7A in homeostasis and disease, this work advances our understanding of anti-
body-driven podocyte injury and identifies candidate therapeutic targets for MN.

Results

Induction of MN by anti-THSD7A IgG leads to glomerular injury and cellular rearrangement. To investigate mech-
anisms of antibody-mediated podocyte injury in MN, we employed an experimental THSD7A-associated
MN model (Figure 1A) (15). Mice injected with rabbit anti-THSD7A IgG developed progressive albumin-
uria (Figure 1B), with granular IgG deposits colocalizing with THSD7A along the glomerular filtration
barrier (Figure 1C). In contrast, control IgG-injected mice remained unaffected.

Given the role of SD protein loss and cytoskeletal disruption in podocyte injury (12, 16-18), we
assessed the expression of key podocyte markers. In MN mice, THSD7A and synaptopodin remained
unchanged (Figure 1C and Supplemental Figure 1, A and B; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.198363DS1), but nephrin and NEPH1 were markedly
reduced (Figure 1, D and E, and Supplemental Figure 1, C and D). Podocyte number, based on DACH1
staining, was unaltered (Figure 1F), indicating that SD protein downregulation was independent of podo-
cyte loss. Deposition of the central complement component C3 was observed at the glomerular filtration
barrier of MN mice but not of controls (Supplemental Figure 1E).

To capture antibody-induced molecular changes, we performed bulk RNA-Seq on isolated glomeruli
from control and MN mice at early (day 1, minimal albuminuria) and late (day 5, overt albuminuria)
stages (Figure 1, A and B). Principal component analysis (PCA) showed distinct separation of day 5 MN
samples, and day 1 samples partially overlapped with controls, suggesting early changes were modest (Sup-
plemental Figure 2A). Differential expression analysis revealed 57 altered transcripts (50 upregulated and
7 downregulated) on day 1 of MN, increasing to 666 (489 upregulated and 177 upregulated) by day 5 (Fig-
ure 1G). Pathway analysis indicated upregulation of cell cycle, DNA repair, extracellular matrix—receptor
interaction, and protein kinase signaling in day 5 MN mice (Supplemental Figure 2B). Podocyte-specific
transcripts remained stable at day 1 but were mostly downregulated at day 5 (Figure 1H), including 2 SD
transcripts, Magi2 and Thsd7a. Genes linked to podocyte adhesion, actin binding, and cytoskeletal remod-
eling were also dysregulated at day 5 (Figure 1H and Supplemental Figure 2C), reflecting antibody-induced
podocyte injury (19, 20).

Across time points, 26 genes were consistently dysregulated (Figure 1, I and J), with more than half
exhibiting higher expression in podocytes (21). Pathway enrichment analysis implicated inflammation and
cellular stress, such as NGF-NTRXK1 signaling, receptor tyrosine kinase activity, and O-glycosylation of
thrombospondin type 1 repeat-containing proteins (Supplemental Figure 2D).

Protein network analysis via STRING (22) identified key hubs such as Tnfaip3 (23), a regulator of NF-xB
signaling, and transcription factors Egrl, Egr3, Maff, Fosb, and Kif4 (Figure 1K), all previously implicated in
cellular stress responses and injury pathways, including demonstrated roles in podocytes (24-27). We vali-
dated key genes by qPCR, which was in line with RNA-Seq findings (Supplemental Figure 2E).

To assess translational relevance, we mapped murine differentially expressed genes to glomerular tran-
scriptomes from patients with MN in the NEPTUNE cohort. We identified 102 conserved transcripts with
mostly consistent regulation patterns across species (Figure 1L and Supplemental Figure 3A), and approxi-
mately half showed high podocyte expression within glomerulus (Supplemental Figure 3B).
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Figure 1. Temporal transcriptomic changes in experimental THSD7A-associated MN. (A) Workflow for histology and bulk RNA-Seq in control I1gG- and
anti-THSD7A IgG-injected mice. (B) Urinary albumin-to-creatinine ratio (g/g) over time. ***P < 0.001 (mixed-effects analysis with Bonferroni's correc-
tion). Data are mean + SEM, n = 8-12 per group. (C) Representative immunofluorescence staining of rabbit IgG (white) and THSD7A (green) at day 5. Scale
bar: 10 um. (D-F) Immunofluorescence for nephrin (D), NEPH1 (E), and DACH1/synaptopodin (F) in control and MN mice. Nuclei were counterstained with
Hoechst (blue). Scale bar: 10 um. Right panels: Quantification (MFI) of nephrin and NEPH1, and DACH1-positive podocytes per glomerular tuft. Data are
mean = SEM, n = 5. ***P < 0.001 (unpaired 2-tailed t test); n.s., not significant. (G) Volcano plot of bulk RNA-Seq differential expression. Differentially
expressed genes (DEGs) are defined as Benjamini-Hochberg-adjusted P value less than 0.05 and ||0g2 fold change (FC)| > 0.5 (n = 4-5 biologically inde-
pendent animals per group). Upregulated DEGs are red, downregulated DEGs blue, others black. (H) Heatmaps of log,FC of DEGs (day 1and day 5 MN vs.
control) for podocyte, slit diaphragm, and cell adhesion markers. Nonsignificant genes are in gray. (I) Venn diagram indicating the exclusive and overlap-
ping DEGs of day 1and day 5 MN versus control. (J) Top: heatmap of 26 DEGs shared between day 1and day 5 (color indicates log,FC). Bottom: heatmap
showing the relative expression levels (z score) of these genes across major glomerular cell types in a single-cell RNA-Seq dataset (21). Podo, podocytes;
Mesan, mesangial cells; gEC, glomerular endothelial cell. (K) STRING protein-protein interaction network of key common DEGs of day 1and day 5. (L) Venn
diagram showing the exclusive and shared DEGs between day 5 MN versus control and patients with MN versus healthy controls (NEPTUNE glomerular

microarray, GEO GSE200828).

Together, these results define the transcriptomic landscape of anti-THSD7A IgG—induced MN, implicating
pathways related to cellular stress, structural disassembly, and inflammation, with relevance to human disease.

Generation and characterization of podocyte-specific Thsd7a-KO mice. To investigate the role of THSD7A
in anti-THSD7A IgG-induced transcriptional changes, we next generated podocyte-specific Thsd7a-KO
(Thsd7a"-) mice. By crossing Thsd7a™* (Cre~/ Thsd74"") mice with podocin-Cre mice, Thsd7a" mice
(Cre*/ Thsd74"" mice) were established with efficient deletion of exon 4 of Thsd7a and selective THS-
D7A loss in podocytes (Figure 2A). Cre/ Thsd74"* littermates, which possess a functionally WT Thsd7a
locus, served as controls. Immunoblot analysis confirmed the absence of THSD7A protein in isolat-
ed glomeruli of Thsd7a~’~ mice, with nephrin levels remaining unchanged (Figure 2B). Immunofluores-
cence showed THSD7A expression adjacent to nephrin in control animal podocytes, whereas THSD7A
was absent in Thsd7a~’~ mice (Figure 2C). Analysis across organs revealed highest THSD7A abundance
in the kidneys and brain, with lower levels in the heart, lung, spleen, colon, and intestine, consistent
with human protein atlas data (28, 29) (Supplemental Figure 4A). THSD7A protein levels remained
unchanged in other organs and tubular cells of Thsd7a~~ mice, confirming KO specificity to podocytes
(Supplemental Figures 4, A and B) (30).

Phenotypically, Thsd7a~~ mice monitored for 12 months showed no major glomerular alterations by
light microscopy compared with controls (Figure 2D). Thsd7a~~ mice, but not control mice and podocin-
Cre mice, exhibited a trend toward increased albuminuria during the first 6 months of life (Figure 2E
and Supplemental Figure 4C) and a moderate but significant broadening of podocyte foot processes at 6
months (Figure 2F). Although podocyte density declined with age, no significant differences were found
between Thsd7a”~ and control mice, as indicated by DACHI staining (Figure 2G). These results suggest
that podocyte-specific THSD7A deficiency mildly compromises the glomerular filtration barrier without
causing severe damage up to 12 months of age.

Loss of Thsd7a is largely compensated by changes in scaffold proteins and metabolism. To better understand
the mild structural and functional changes in Thsd7a”’~ mice, we performed proteomic analysis of isolated
glomeruli from Thsd7a”~ mice and controls. Among 7,247 identified proteins, THSD7A, SNTB2, and
TSPANS were significantly downregulated in Thsd7a~~ mice (Supplemental Figure 4D), with THSD7A
levels reduced approximately 50-fold in the KO mice. Notably, the syntrophin adaptor proteins SNTA1
and SNTB2, their cytoskeletal anchor utrophin (UTRN), the tetraspanin TSPANS, and its interacting
metalloprotease ADAM10 were markedly dysregulated (Figure 2H). Syntrophins function as scaffold pro-
teins linking surface receptors, ion channels, and signaling proteins to dystrophin/utrophin complexes,
thereby mediating signal transduction and critical cellular processes (31). TSPANS, a tetraspanin of the
C8 subgroup, regulates intracellular trafficking and ADAMI10 activity (32), which was also downregulated
in Thsd7a~'~ glomeruli. Key SD-associated proteins remained unchanged (highlighted in orange in Supple-
mental Figure 4D). These findings suggest that THSD7A deficiency is partly compensated by alterations
in scaffolding and proteolytic proteins, helping maintain physiological function in podocytes.

Gene set enrichment analysis revealed that proteins involved in metabolic pathways — such as acyl-
CoA metabolism, fatty acid beta-oxidation, proton transmembrane transport, and oxidoreductase activity
— were enriched in Thsd7a~~ glomeruli (Figure 21). This enrichment indicates increased energy demand
in the absence of THSD7A, potentially compensated by enhanced lipid and glucose metabolism. Overall,
these data suggest that loss of THSD7A in podocytes triggers compositional changes in membrane proteins
alongside elevated metabolic energy expenditure.
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Figure 2. Generation and characterization of podocyte-specific Thsd7a~- mice. (A) Schematic of generation of podocyte-specific Thsd7a”/- mice using
KO-first strategy. Thsd7a'™ mice (Cre~/Thsd7af) used as control. (B) Representative immunoblotting images revealing decreased expression of THSD7A in
isolated glomeruli of Thsd7a~- mice (left panel). Individual protein intensity quantified by densitometry and normalized to intensity of B-actin (right panel).
****P < 0.0001 (unpaired 2-tailed t test). Data presented as mean + SEM, n = 5. (€) Podocyte-specific deletion of THSD7A confirmed by immunofluorescence
staining in Thsd7a~~ mice, and nephrin (red) used as a podocyte marker. Hoechst used as nuclear stain (blue). Scale bar: 10 pm. (D) PAS staining of kidney
sections showing typical glomerular structures in control and Thsd7a- mice over time. Scale bar: 20 pm. (E) Albuminuria measured by albumin-to-creatinine
ratio (g/g) over time in control and Thsd7a~- mice. Data presented as mean + SEM, n = 22-23 per group. (F) Electron microscopic analysis exhibiting glomer-
ular filtration barrier ultrastructure in 6-month-old control and Thsd7a~- mice (left panel) and quantification of foot process (FP) width (right panel). GBM,
glomerular basement membrane. Scale bar: 500 nm. **P <0.01 (unpaired 2-tailed t test). Data presented as mean + SEM, n = 5 per group. (G) Representative
immunofluorescence staining showing DACH1-positive podocytes (left panel) at 4 months of age and quantification of DACH1-positive podocyte number per
glomerular tuft area (right panel). Nuclei counterstained with Hoechst (blue). Scale bar: 10 um. Data presented as mean + SEM, n = 6 per group. (H) Heatmap
of row-standardized protein expression (z scores of normalized intensities) showing key podocyte markers in control and Thsd7a~- mice, measured by mass
spectrometry. (I) GO enrichment analysis revealing significantly regulated biological processes (BP), cellular components (CC), and molecular functions (MF)
in Thsd7a”- mice using ClusterProfiler (adjusted P < 0.05).

Thsd7a™'~ mice are protected from proteinuria and podocyte damage in experimental THSD7A-associated MN.
‘We next investigated whether podocyte-specific deletion of THSD7A confers protection against anti-THS-
D7A antibody-mediated glomerular injury. To test this question, both Thsd7a~~ mice and controls were
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injected with either control IgG or anti-THSD7A rabbit IgG (Figure 3A). Injection of anti-THSD7A IgG
induced significant albuminuria in controls, whereas Thsd7a’~ mice were completely protected from albu-
minuria (Figure 3B). Immunofluorescence analysis revealed strong rabbit IgG positivity colocalizing with
THSD7A along the glomerular filtration barrier in controls treated with anti-THSD7A IgG (Figure 3C).
By contrast, no detectable rabbit IgG was observed in Thsd7a~'~ mice injected with anti-THSD7A IgG or in
mice receiving control IgG. Notably, nephrin (Figure 3C) and NEPH1 (Figure 3D), but not synaptopodin
(Figure 3E), were markedly reduced and appeared scattered in anti-THSD7A IgG—injected controls, indi-
cating severe SD disruption. Immunofluorescence staining for DACH]1 showed no significant reduction in
podocyte density across all groups (Figure 3F), indicating that the severe decreases in nephrin and NEPH1
reflect protein regulation changes rather than podocyte loss. Together, these findings demonstrate that T#s-
d7a”’~ mice are protected from MN in the presence of anti-THSD7A antibodies.

Proteomic analysis of experimental THSD7A-associated MN. To further dissect the mechanisms underlying
antibody-mediated injury in THSD7A-associated MN, we performed label-free quantitative data—indepen-
dent proteomics on isolated glomeruli from experimental mice. In total, we identified 9,364 proteins, and
PCA revealed clear separation between treatment groups according to the experimental conditions (Supple-
mental Figure SA). Comparing controls injected with anti-THSD7A IgG to controls injected with control
IgG, we detected 325 significantly regulated proteins (172 downregulated, 153 upregulated) (Figure 4A).
When comparing controls with Thsd7a~’~ mice, both injected with anti-THSD7A IgG, 407 proteins were
significantly regulated (228 downregulated, 179 upregulated) (Figure 4B).

Podocyte-specific KO of Thsd7a prevented the glomerular damage induced by anti-THSD7A IgG
observed in controls (Figure 4C). Integrating the datasets from Figure 4, A and B, we identified 118 proteins
consistently upregulated in controls injected with anti-THSD7A IgG but reversed in Thsd7a~~ mice (Figure
4D and Supplemental Figure 5B). These proteins were primarily involved in complement activation, oxidative
stress response, and DNA damage pathways (Supplemental Figure 5B). Conversely, 120 proteins downreg-
ulated in anti-THSD7A IgG-injected controls were restored in Thsd7a~ mice (Figure 4E and Supplemental
Figure 5C), with functions linked to epithelial cell polarity, podocyte development, and cell migration.

Notably, several SD proteins such as MAGI2, nephrin, podocin, and NEPH1, but not THSD7A, were
markedly decreased in anti-THSD7A IgG-injected controls, indicating disruption of the functional SD
(Figure 4F). In contrast, these SD proteins remained at levels comparable to controls in anti-THSD7A
IgG-injected Thsd7a~~ mice (Figure 4F). Furthermore, antibody binding in control MN animals led to
complement activation (Supplemental Figure 5D) and downstream podocyte injury, reflected by changes
in key adhesion proteins and actin-binding/cytoskeletal components, which were largely mitigated in Ths-
d7a”’- mice (Figure 4F and Supplemental Figure 5E).

Gene set enrichment analysis revealed strong activation of pathways related to complement activation,
phagocytosis, DNA replication, and electron transport in MN (Figure 4G). Conversely, pathways associat-
ed with epithelial and organ morphogenesis, matrix adhesion regulation, MAPK signaling, RHO GTPase
activity, and ephrin signaling were suppressed, suggesting glomerular injury characterized by impaired
adhesion and cytoskeletal dynamics (Figure 4G). Importantly, KO of Thsd7a completely reversed these
pathway alterations (Figure 4G).

Together, these results indicate that anti-THSD7A IgG induces extensive proteomic alterations and
glomerular injury in controls, while podocyte-specific Thsd7a deletion confers robust protection against
these changes.

Integration of transcriptomic and proteomic analyses reveals protein degradation as key mechanisms in exper-
imental MN. To develop a comprehensive understanding of antibody-mediated injury in experimental
THSD7A-associated MN, we integrated transcriptomic and proteomic datasets. We identified 276 signifi-
cantly regulated gene products (transcripts or proteins) common to both datasets, filtered by adjusted P
value less than 0.05 (Figure 5A). Among these, 53 gene products, including genes related to cytoskeletal
remodeling and stress response (Anln, Maff, Plod2, Tagin, and Ednrb) and genes involved in DNA replica-
tion and cell cycle progression (such as Mcm2-7, Wdhdl1, Top2a, Ncapg, Ncapg2, Cdkl, Smc2/4), were sig-
nificantly upregulated at both mRNA and protein levels. Conversely, 19 genes, such as Ephbl, Magi2, Pakl,
Palsl, and Pard3b — key players in epithelial cell signaling — were downregulated across both datasets.
The high correlation between transcriptomic and proteomic changes (Pearson’s correlation = 0.81, Figure
5A) underscores the robustness and directional consistency of these alterations. Consistent with clini-
cal observations where MN-specific antigens are elevated (33), THSD7A protein levels were increased;
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Figure 3. Podocyte-specific Thsd7a~- mice are protected from antibody-induced podocyte injury. (A) Experimental workflow for control and Thsd7a~-
mice injected with control I1gG and anti-THSD7A IgG. (B) Albumin-to-creatinine ratio (g/g) over time. ****P < 0.0001 (control mice + anti-THSD7A IgG

vs. control mice + control 1gG), ####P < 0.0001 (control mice + anti-THSD7A 1gG vs. Thsd7a~- mice + anti-THSD7A IgG) (2-way ANOVA with Bonferroni's
multiple-comparison test). Data shown as mean + SEM, n = 7-8 per group. (C) Left: immunofluorescence stainings for rabbit IgG, nephrin, and THSD7A 5
days after injection of control IgG or anti-THSD7A IgG (left panel). Scale bars: 10 um. Right: quantification (MFI) of nephrin. **P < 0.01, ***P < 0.001 (1-way
ANOVA with Tukey's multiple-comparison test). Data shown as mean + SEM, n = 4 per group. (D and E) Left: immunofluorescence stainings for NEPH1 (D,
left panel) and synaptopodin (E, left panel). Scale bars: 10 um. Right: quantification (MFI) of NEPH1 (D) and synaptopodin (E). **P < 0.01 (1-way ANOVA
with Tukey's multiple-comparison test). Data shown as mean + SEM, n = 4 per group. (F) Left: immunofluorescence stainings showing DACH-1-positive
podocytes. Scale bar: 10 um. Right: quantification of podocyte number per glomerular tuft area. Data shown as mean + SEM, n = 4 per group analyzed
(1-way ANOVA with Tukey’s multiple-comparison test); n.s., not significant.

interestingly, however, Thsd7a transcript levels were decreased, suggesting altered protein translation and/
or turnover. The discrepancy between the unchanged THSD7A pattern in immunofluorescence and the
increased detection in the proteome analysis may be explained by reduced accessibility of the protein for
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Figure 4. Proteome alterations in experimental THSD7A-associated MN. (A and B) Volcano plots of the differential expression analysis from pro-
teomic analysis of isolated glomeruli from control mice and Thsd7a~~ mice treated with control or anti-THSD7A IgG. In A, the control + anti-THSD7A
IgG group was compared with the control + control IgG group, n = 7-8. In B, the Thsd7a~-+ anti-THSD7A 1gG group was compared with the control +
anti-THSD7A I1gG group, n = 7-8. X axis represents the log,FC of label-free quantification intensity of proteins by comparisons relatively, and y axis
indicates the -log,, P value. Proteins marked in red or blue are significantly upregulated or downregulated, respectively (Benjamini-Hochberg-adjusted
P < 0.05, |log,FC| > 0.5). (€) Heatmap of protein expression showing row-wise z scores of normalized intensities (group means from 7-8 replicates

per group) across the 4 treatment groups. The heatmap includes all proteins that were significantly regulated in the control + anti-THSD7A 1gG group
versus control + control IgG group. (D) Venn diagram showing the significant proteins upregulated in control + anti-THSD7A I1gG versus control + control
IgG groups and downregulated in Thsd7a~~+ anti-THSD7A 1gG versus control + anti-THSD7A 1gG groups. (E) Venn diagram showing the significant
proteins downregulated in control + anti-THSD7A 1gG versus control + control IgG groups and upregulated in Thsd7a”- + anti-THSD7A IgG versus control
+ anti-THSD7A IgG groups. (F) Heatmap showing row-standardized protein expression (z scores of normalized intensities) of podocyte slit diaphragm
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proteins, podocyte adhesion proteins, and actin binding or cytoskeleton proteins. (G) GO-BP, KEGG, and Reactome enrichment analysis of proteins sig-
nificantly regulated in comparisons of control + anti-THSD7A I1gG versus control + control IgG or Thsd7a”~ + anti-THSD7A versus control + anti-THSD7A
IgG groups, using fgsea (adjusted P < 0.05).

the staining antibody in immunofluorescence or protein conformational changes as a consequence of the
binding of rabbit anti-THSD7A antibodies in the model.

This strong correlation between transcriptomic and proteomic changes extended to enriched pathways
(Supplemental Figure 6). DNA replication and cell cycle pathways were predominantly enriched among
commonly upregulated gene products in both datasets. In contrast, complement-related pathways were
more enriched in the proteomic dataset, indicating the deposition of circulating complement factors rather
than local complement production.

A notable discordance emerged regarding key SD components. Significant decreases were observed at
the protein level for nephrin, podocin, NEPH1, ephrin B1 (EFNB1), CASK, and ROBO2 (Figure 5B), con-
sistent with immunofluorescence and immunoblot data showing loss of nephrin and NEPH1 in glomeruli
(Figure 1, D and E, Supplemental Figure 1, C and D, and Figure 3, C and D). Intriguingly, correspond-
ing mRNA levels for these proteins did not show similar reductions (Figure 5B). Since podocyte density
remained largely unchanged in MN (Figure 1F and Figure 3F), these findings suggest that reduced protein
levels may not be driven by podocyte loss or transcriptional downregulation, but rather through posttran-
scriptional mechanisms, likely involving enhanced protein turnover and degradation.

To explore this possibility, we examined the involvement of proteolytic and protein degradation sys-
tems. The proteolytic pathways, especially the ubiquitin-proteasome system (UPS), were highly enriched in
both transcriptomic and proteomic data (Supplemental Figure 7). The UPS and the autophagy-lysosomal
system are major pathways maintaining cellular homeostasis, including in podocytes (34). Moreover, the
superfamily of metalloproteinases, including ADAMs (a disintegrin and metalloproteinases), ADAMTS (a
disintegrin and metalloproteinase with thrombospondin motifs), and MMPs (matrix metalloproteinases),
catalyze extracellular matrix remodeling and pathological tissue changes (35). We found marked upregula-
tion of various proteolysis-associated gene products in both proteomic and transcriptomic datasets (Figure
5, C and D). In particular, ADAMI10, 12, 15, and 17, previously implicated in protein shedding during
glomerulonephritis and fibrotic kidney disease (36-39), were markedly increased. Notably, ADAMI10 has
recently been shown to cleave both THSD7A and PLA2R1 (40). Additionally, multiple genes linked to the
UPS were elevated in MN.

To validate these findings and to define their spatial localization, we performed immunofluorescence
staining for ADAMI15, the most upregulated metalloproteinase in MN mice (Figure 5C). The results con-
firmed a significant increase of ADAM15 within the glomeruli of MN mice compared with controls, with
a prominent enrichment in podocytes (Figure 5E).

Together, these findings point to a potential role for specific protein degradation systems in the patho-
genesis of MN, possibly through the direct or indirect promotion of critical SD protein loss, such as neph-
rin and NEPH1.

Complement C3 deficiency attenuates proteinuria but not SD protein loss in MIN. To further dissect whether the
observed effects in regard to SD protein loss and activation of proteolytic pathways depend on activation
of the complement system, we next induced the MN model in genetically C3-deficient mice (C3~~ mice)
and their C3* littermates (Figure 6A). We used a control group consisting of both C3~~and C3" littermates,
which received control rabbit IgG. After the injection of anti-THSD7A IgG, both C3* and C3~~ mice devel-
oped significant albuminuria compared with the control group, and albuminuria was reduced by 38% in
C37~ MN mice at day 5 (mean albumin-to-creatinine ratio at day 5: 166.8 £ 39.8 vs. 103.4 £ 27.7 g/g in
C3" and C37~ mice, respectively, Figure 6B). Anti-THSD7A-injected animals exhibited marked deposition
of rabbit IgG along the glomerular filtration barrier (Figure 6C). As expected, C3 deposition was detected
only in C3** MN mice (Figure 6C).

Notably, the SD proteins nephrin and NEPH1 (Figure 6D) were significantly decreased in both MN
groups, whereas no significant difference was identified between C3* and C3~~ mice (Figure 6E). Further-
more, the metalloproteinase ADAM15 was equally upregulated in C3*" and C3~~ MN mice MN mice (Fig-
ure 6, F and G). Together, these experiments indicate that the loss of SD proteins and proteolytic activation
are not a consequence of complement-mediated injury, but represent distinct, complement-independent
pathomechanisms.
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Figure 5. Correlation of transcriptomic and proteomic data reveals protein degradation as a key mechanism in THSD7A-associated MN. (A) Correlation
between transcriptomic and proteomic gene expression levels in experimental THSD7A-associated MN at day 5. After filtering by adjusted P value less than
0.05, the log, FC of genes (day 5 MN vs. control) from RNA-Seq is plotted against the log,FC of proteins (control + anti-THSD7A IgG group vs. control + control
IgG group). The horizontal and vertical dashed lines indicate the threshold log,FC = + 0.5. Pearson’s correlation and P value were calculated. Colored dots cor-
respond to the differentially expressed genes/proteins. In the legend, homodirectional means upregulated or downregulated both in transcriptome and pro-
teome levels; opposite change is upregulated at one level while downregulated at the other; proteome means only significantly regulated in protein levels;
transcriptome means only significantly regulated in transcript level. (B) Heatmaps declaring the log,FC of slit diaphragm genes and proteins in comparison
of MN versus control groups. Nonsignificant genes are shown in gray. (C and D) Heatmaps showing the log,FC of protein degradation-associated proteins

in proteomic data (C) or genes in bulk RNA-Seq data (D) in MN versus control comparisons. (E) Left: immunofluorescence stainings for ADAM15 (green) and
nephrin (red) 5 days after injection of control IgG or anti-THSD7A 1gG. Nuclei were counterstained with Hoechst (blue). Scale bars: 10 um (zoom-out panels); 2
um (zoom-in panels). Right: quantification (MFI) of ADAM15. **P < 0.01 (unpaired 2-tailed t test). Data shown as mean + SEM, n = 4 per group.

THSD?7A interacts with integrins in glomeruli. In order to identify interactors of THSD7A in mouse and
human glomeruli, we conducted co-IP experiments using mouse glomerular lysates and anti-THS7DA anti-
bodies purified from patients with MN, followed by label-free quantitative data—independent mass spectrom-
etry analysis. Among the 3,850 quantified proteins, 55 were significantly enriched in the anti-THSD7A co-IP
group. Besides THSD7A itself, which was enriched approximately 1,000-fold, notable interactors included
integrin 03 (ITGA3), integrin f1 (ITGB1), and podocyte-specific proteins such as the actin-based motor pro-
tein MYO10 and cortactin binding protein 2 (CTTNBP2) (Figure 7A). Additional potential binding partners
included the nuclear membrane protein emerin, known for its actin-binding properties (41); a-sarcoglycan
(SGCA), a component of the dystrophin-glycoprotein complex essential for linking the actin cytoskeleton
to the extracellular matrix (42); Rho guanine nucleotide exchange factor 15 (ARHGEF15), which regulates
RHO-family GTPases including RHOA, CDC42, and RAC (43, 44); and the G protein—coupled receptor
kinase GRKS5, a serine/tyrosine kinase involved in GPCR regulation (45). Proteins uniquely detected in the
anti-THSD7A IgG co-IP group, but absent in the control IgG group, included additional putative interactors
such as PODXL, CD81, and ROBO4 (Supplemental Figure 8A).

These findings align with previous research implicating THSD7A in cytoskeletal regulation, focal adhe-
sion, and membrane dynamics across various cell types, including podocytes (5, 6). Our results suggest that
THSD7A plays a key role in the structural membrane organization of podocytes through interactions with
these partners. In particular, integrin a3 and 1 usually form the heterodimeric integrin a.3B1 receptor, which
is critical for podocyte adhesion to the GBM (46). We further validated the specific interaction between THS-
D7A and ITGA3 in both mouse and human glomeruli by immunoblotting (Figure 7, B and C). Moreover,
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Figure 6. Complement C3 deficiency attenuates proteinuria but not slit diaphragm protein loss in MN. (A) Experimental workflow for C3** controls and
(37~ mice injected with control and anti-THSD7A IgC. (B) Albumin-to-creatinine ratio (g/g) over time. *P < 0.05 (C3** anti-THSD7A IgG vs. (37~ anti-THSD7A
1gG) (2-way ANOVA with Bonferroni’'s multiple-comparison test). Data shown as mean + SEM, n = 4 per group. (C) Representative immunofluorescence
stainings for rabbit IgG and collagen IV (upper panel), and C3 and WGA (lower panel) in control group and anti-THSD7A IgG-treated (3" and (37~ groups.
Scale bars: 10 um. (D and E) Immunofluorescence stainings of nephrin (D, upper panel) and NEPH1 (D, lower panel), and quantification (MFI) (E). Scale bar:
10 pm. ****P < 0.0001 (1-way ANOVA with Tukey's multiple-comparison test). Data shown as mean + SEM, n = 4 per group. (F and G) Immunofluorescence
stainings of ADAM15 (G) and quantification (MFI) (F). Scale bars: 10 um (upper zoom-out panels); 2 pm (lower zoom-in panels). ****P < 0.0001 (1-way
ANOVA with Tukey's multiple-comparison test). Data shown as mean = SEM, n = 4 per group; n.s., not significant.

we tested whether THSD7A and ITGA3 interact directly by performing IP using recombinant protein instead
of glomerular extracts. We found that THSD7A does not bind ITGA3 directly (Supplemental Figure 8B),
suggesting that these 2 proteins are associated within a larger protein complex.

Integrating the THSD7A interactome with glomerular proteomes from podocyte-specific Thsd7a "
mice and MN mice revealed disease-relevant regulatory patterns. Notably, proteins such as SNTB2 and
ADAMI10, which were downregulated in glomeruli of Thsd7a~’~ mice, were enriched in THSD7A co-IP,
suggesting functional and/or physical interactions with THSD7A (Figure 7D). Comparative analysis
between the THSD7A interactome and MN proteome uncovered dysregulated interactors implicated in
MN pathogenesis (Figure 7E), including proteins involved in RHO GTPase signaling (DOCK4, PAKI,
PARD6B, MYO6, NHS, SRGAP1), ephrin signaling (EFNB1, PAK1, FYN), and axon guidance (ROBO2,
EFNBI, PAK1, PARD6B, FYN, SRGAP1). Interestingly, we observed an enrichment of CTTNB2 in co-IP
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Figure 7. Integration of the THSD7A interactome with glomerular proteome dynamics and schematic model in MN. (A) Volcano plot showing the
THSD7A interactome generated by co-IP/mass spectrometry from mouse glomeruli. -log,; P value is plotted against the log, FC (THSD7A vs. control
co-IP). Significant interactors are shown in red (limma moderated 2-tailed t test, Benjamini-Hochberg-adjusted P < 0.05, |Iog2FC| > 0.5); THSD7A and key
interactors are highlighted in orange. (B and C) Co-IP validating integrin a3 (ITGA3) as a THSD7A interactor in mouse glomeruli (B) and human glomeruli
(C) using anti-THSD7A 1gG purified from patients with MN, and IgG from a healthy individual as a control. (D and E) Scatter plots comparing log,FC of
the THSD7A co-IP/mass spectrometry interactome (x axis) versus log,FC of proteome (y axis) in Thsd7a~~ mice versus control mice (D), and MN versus
control mice (E). Orange dots indicate proteins upregulated in both datasets, and red dots represent proteins upregulated in interactome while down-
regulated in proteome. Proteins significant in either dataset are shown as triangles, all others as circles. (F) Schematic model of glomerular dynamics

in Thsd7a~- and MN mice. Upper left: In healthy glomerulus, THSD7A localizes in podocyte foot processes (FPs) near slit diaphragm (SD) and indirectly
associates with integrin a3p1. SD proteins maintain filtration barrier integrity. Upper right: in MN, SD disruption occurs without transcriptomic downreg-
ulation. Dysregulated protein degradation (ubiquitin-proteasome system, lysosomal proteolysis, proteases) and transcriptional reprogramming contrib-
ute to glomerular injury and proteinuria. Lower left: podocyte Thsd7a~~ mice show mild phenotypes featuring albuminuria and compromised glomerular
filtration barrier, with compensation of scaffold proteins (SNTA1, SNTB2, UTRN) and transmembrane proteins (TSPAN5-ADAM10 complex). Lower right:
Thsd7a- prevents anti-THSD7A IgG-induced MN phenotypes. GBM, glomerular basement membrane; TFs, transcription factors; C3, complement C3;
DGs, dystroglycans; SGs, sarcoglycans. Created in BioRender.

and a reduced expression of CTTNBP2 in MN. Given its role as a microtubule-stabilizing THSD7A inter-
actor, our findings suggest its involvement in anti-THSD7A IgG-mediated cytoskeletal disruption.

Collectively, we validated THSD7A interactors in native mouse and human glomeruli and established
their potential contributions to MN pathogenesis via dysregulation of cytoskeletal organization, focal
adhesion dynamics, and membrane stability.

Discussion

THSD7A is a critical autoantigen in patients with MN (2); however, its intrinsic role in podocyte biology
has remained incompletely understood. Here, we show that THSD7A critically contributes to MN patho-
genesis, while podocyte-specific loss of THSD7A causes only mild phenotypic alterations.

To uncover mechanisms of anti-THSD7A antibody—mediated injury, we applied multiomics, includ-
ing transcriptomics and proteomics, in a passive transfer MN model. Bulk RNA-Seq at peak injury (day
5 after injection) revealed prominent changes in podocyte-specific genes and disruptions in gene products
regulating podocyte adhesion and cytoskeleton dynamics. Key pathways implicated included extracellular
matrix—receptor interactions, RHO GTPase signaling, transcription factor activity, and cell cycle and DNA
damage/repair, which characterize antibody-mediated podocyte injury in MN (Figure 7F).

Integration of transcriptomic and proteomic data revealed stable mRNA levels but markedly reduced
protein abundance of key SD components such as nephrin, NEPH1, podocin, and ephrin B1. This crit-
ical finding led us to hypothesize that loss of SD proteins may be driven by posttranscriptional mecha-
nisms involving altered protein turnover and degradation, rather than transcriptional downregulation. In
line with this hypothesis, our multiomics analysis pointed toward increased proteolytic activity in MN,
including regulation of UPS activity, upregulation of lysosomal proteases (cathepsins S/Q), cytosolic
calpain 5/S1, and ADAM proteases (ADAM10/15/17), all previously linked to glomerular injury (Fig-
ure 7F) (37, 47-49). The pathogenic roles of these systems are well described. For instance, although
recombinant cathepsin S alone does not directly induce podocyte injury in vitro, its inhibition attenuates
SD protein loss and albuminuria in diabetic mice, consistent with clinical associations with chronic
kidney disease progression (47, 48). Similarly, ADAM17 mediates podocyte injury through ectodomain
shedding of adhesion molecules, and its KO prevents loss of nephrin and podocin in diabetic kidney
disease models (36), aligning with our findings in THSD7A-associated MN. ADAM15, the most upregu-
lated ADAM protease in our data, is known to degrade collagen IV and remodel mesangial matrix (38).
Additionally, activation of UPS may also represent another potential mechanism for SD protein loss, as
podocin and NEPHI1 are known to undergo ubiquitination, and proteasomal inhibition affects nephrin
membrane levels by disrupting endocytic turnover (50, 51).

This degradation imbalance observed in MN may be attributed to the anti-THSD7A IgG deposits inter-
fering with the physiological recycling-degradation equilibrium in podocytes. Normally, nephrin and other
SD proteins are tightly regulated via endocytosis and recycling to maintain proper surface expression levels
and SD integrity (52). Extensive IgG binding at the podocyte membrane may skew this process toward
excessive degradation via lysosomal, ADAM, or UPS pathways, ultimately compromising SD integrity.
Therapeutic targeting of overactive proteases or UPS components could restore this balance, offering a
strategy to mitigate proteinuria and podocyte loss in MN.
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Another finding from our integrated multiomics analysis was the strong enrichment of DNA replication
and cell cycle pathways. This was associated with upregulation of DNA damage response, cell cycle arrest,
and senescence markers, suggesting a maladaptive pathway driving initial podocyte or glomerular dysfunction.

The pathogenesis of MN has long been centered on complement-mediated podocyte injury. Our study
now supports a dual-pathomechanism in THSD7A-associated MN. Although the established comple-
ment-dependent pathway contributes to proteinuria, as shown by its amelioration in this and other C3-KO
or C3-inhibited MN models (11, 12, 53), our findings reveal a critical and parallel complement-independent
pathway. Key evidence comes from our C3~~ mice, which showed profound SD protein loss and activation
of proteolytic systems. These results indicate that the identified injury mechanisms are not merely second-
ary to complement activation. Instead, they likely represent a direct injury pathway triggered by anti-THS-
D7A antibodies, possibly through disruption of normal podocyte function (53).

In contrast to the profound injury induced by anti-THSD7A antibodies, podocyte-specific THSD7A
deficiency caused only mild changes: modest albuminuria and foot process widening without significant
podocyte loss. Proteomic profiling confirmed stable expression of key SD proteins in the absence of THS-
D7A, indicating that in mice, THSD7A is not as critical as nephrin, podocin, or NEPH1 in maintaining
filtration barrier function under physiological conditions (16). This divergence suggests that THSD7A may
not directly govern filtration barrier stability under physiological conditions and instead may be responsible
for subtle regulation of podocyte structure and function.

Interestingly, several podocyte-specific scaffold proteins, including syntrophins, utrophin, and TSPANS,
were altered in Thsd7a”~ mice. SNTA1, the major syntrophin isoform, and SNTB2 directly bind F-actin
and regulate cytoskeletal dynamics (54), while utrophin anchors the cytoskeleton to the GBM (55, 56). The
upregulation of syntrophins and dysregulation of utrophin in Thsd7a~~ mice likely reflect a compensato-
ry remodeling of scaffold networks to stabilize SD architecture in the absence of THSD7A, which may
explain the relatively mild phenotype observed (Figure 7F).

We hypothesize that THSD7A functions as a critical adaptor in podocytes via protein interactions. The
most compelling evidence emerged from co-IP experiments demonstrating a robust association between THS-
D7A and integrin o3 in both mouse and human glomeruli (Figure 7F). Our data support an indirect interaction
between THSD7A and integrin a3. This indirect linkage is compatible with super-resolution imaging that places
the 2 proteins in adjacent but spatially separated membrane domains of podocytes (5). In further support of a
multiprotein complex, we detected co-association of known integrin a3p1 partners, including tetraspanins CD81
and CD151 — a known mediator of podocyte-GBM adhesion (57) (log, fold-change = 3.44, P = 0.03 in co-IP).
Given that integrin a.3B1 is the principal laminin receptor essential for podocyte adhesion and structural integrity
(58), and that THSD7A overexpression enhances podocyte adhesion and reduces migration (5), we propose
a model in which integrin 0.3p1 acts as the bridge linking a THSD7A-containing complex to the extracellular
matrix. Moreover, the interactions of THSD7A with molecules such as sarcoglycan complex SGCA (linking
F-actin cytoskeleton and extracellular matrix) (59), molecular motor MYO10 (localized to filopodia tips) (60),
actin-binding and polymerization-promoting protein emerin (41), and RHO GTPase ARHGEF15 suggest THS-
D7A as a central hub coordinating extracellular matrix sensing and cytoskeletal remodeling in podocytes.

Taken together, our integrated analysis suggests that multiple processes, including SD disruption and
protein degradation, contribute to MN pathogenesis, while loss of THSD7A alone induces only mild podo-
cyte alterations. Notably, PLA2R1, another major MN antigen, is also dispensable in rodent podocytes
(61), suggesting both antigens may not be critical for homeostasis. This may explain the chronic and slowly
progressive nature of MN, which usually manifests after prolonged autoantibody exposure (62). This stands
in contrast to, for example, the rapid onset of anti-nephrin—associated podocytopathy, where anti-nephrin
autoantibodies directly disrupt essential SD function and signaling (63, 64). Silencing or degrading THS-
D7A and PLA2R1 with antisense oligonucleotides, siRNAs, adeno-associated viral vectors, or PROteolysis
TArgeting Chimeras (PROTACS) could represent potential therapeutic approaches to reduce antigen avail-
ability and prevent antibody-mediated injury, though challenges in delivery and safety still remain (65-68).

A limitation of our study is the use of bulk RNA-Seq and proteomics from whole glomeruli, which
does not allow cell type—specific resolution. Future single-cell or spatial omics approaches will provide
deeper insights into MIN pathomechanisms. In addition, the critical involvement of protein degradation
pathways suggested by our multiomics analysis requires further functional validation in future studies. It is
also important to note that the genetic C3 deficiency in the mice used for this study can lead to developmen-
tal adaptations of the immune system (69).
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In summary, we provide comprehensive transcriptomic and proteomic profiles of antibody-induced
glomerular injury in MN. Our data, particularly a notable posttranscriptional discrepancy for key SD pro-
teins, led us to identify and validate the activation of proteolytic degradation as a significant patholog-
ical component. A key finding is the delineation of a complement-independent pathway, which drives
SD damage and proteolytic activation, alongside the classical complement-dependent injury pathway. We
demonstrate THSD7A as a podocyte scaffold protein that associates with integrin a3, likely within a larg-
er molecular complex, coordinating adhesion and cytoskeletal stability. Although dispensable for normal
podocyte function, THSD7A deficiency protects from anti-THSD7A antibody—induced injury (Figure 7F).
These insights lay a foundation for an improved understanding of MN and propose targeted antigen down-
regulation and proteostasis modulation as potential therapeutic strategies.

Methods

Sex as a biological variable. For the characterization of Thsd7a”’~ mice, both male and female mice were exam-
ined. Given that no significant differences were found between male and female mice, results are reported
for both sexes together. In the MN model, only male mice were investigated because MN has a strong dom-
inance for males, and male mice show less variability in phenotype. It is unknown whether the findings in
these experiments are relevant for female mice as well.

Animal experiments. Podocyte-specific Thsd7a~'~ mice were established using a KO-first strategy (70) as
detailed in the Supplemental Appendix, and C3~~ mice were generated as previously described (12). Exper-
imental MN was induced as previously described (15).

Histological analyses. Immunofluorescence staining, PAS staining, and electron microscopic analyses
were performed as described in the Supplemental Appendix.

Co-IP. For co-IP, glomerular lysates were incubated with either anti-THSD7A IgG purified from
patients with THSD7A-associated MN or the same amounts of human control IgG (Aviva Sysbio,
OASB01433) followed by addition of protein G agarose beads (GenScript) overnight, as detailed in the
Supplemental Appendix.

gRT-PCR and bulk RNA-Seq. Total RNA was extracted from mouse glomeruli using RNeasy Mini kit
(QIAGEN, 74104), and qRT-PCR was performed as detailed in the Supplemental Appendix. Bulk RNA-Seq
libraries were prepared from 500 ng RNA (Novogene NGS RNA Library Prep Set, PT042) and sequenced
(150 bp paired-end, NovaSeq 6000) by Novogene. After quality assessment and trimming, paired-end clean
reads were aligned to a mouse reference genome (GRCm39, Ensembl 104) and quantified with Kallisto
(version 0.46.2) (71). Differential expression analysis was performed using DESeq2 (version 1.38.3) (72) in
R (version 4.2.0) (73). Genes with a Benjamini-Hochberg—adjusted P value less than 0.05 and an absolute
log, fold-change greater than 0.5 were designated as differentially expressed. Heatmaps were plotted using
R package Complexheatmap (version 2.15.4) (74). Protein-protein interaction networks were generated
using STRINGdDb (22). Enrichr (75) and R package fgsea (76) were used for pathway enrichment.

Proteomics. Isolated glomeruli for proteomics were prepared as described in the Supplemental Appen-
dix. Raw data were queried using Biognosys Spectronaut 19.0.240606.62635 (Huggins) and the canonical
reference proteome for mice from UniProt (UP000000589_10090, 21,949 entries, March 2023) at stan-
dard settings. Enzyme specificity was set to trypsin/P, cysteine carbamidomethylation was set as a fixed
modification (+57.021464), and methionine oxidation (+15.994914) and protein N-terminal acetylation
(+42.010565) were set as variable modifications. Identification was performed with the “directDIA+
(Deep)” workflow, quantification was filtered by “Identified (Qvalue)” for the precursors, and no imputa-
tion was carried out. The Spectronaut outputs (normalized log, quantities) were further processed using the
DEP2 package (77) in R and RStudio, which internally use limma (78) for comparison testing. We applied
a threshold for significance based on a Benjamini-Hochberg—adjusted P value less than 0.05 and an abso-
lute log, fold-change greater than 0.5. Gene set enrichment analysis was performed with R packages fgsea
and ClusterProfiler (79) as implemented in the DEP2 package.

Statistics. Animals were assigned to treatment groups randomly and age-matched between conditions
where necessary. Statistical analysis was conducted using GraphPad Prism. Data are shown as mean *
SEM. Differences between 2 groups were analyzed using an unpaired 2-tailed ¢ test. Differences between
3 groups or more were calculated using 1-way ANOVA with a post hoc Tukey’s multiple-comparison
test. Comparisons with multiple variables were analyzed using a 2-way ANOVA with Bonferroni’s mul-
tiple-comparison test. In cases of missing values, differences were analyzed using a mixed-effects analysis
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with Bonferroni’s multiple-comparison test. Details on experimental replicates and animal numbers are
demonstrated in figure legends. A P value less than 0.05 was considered significant.

Study approval. Animal experiments were approved by the Veterinarian Agency of Hamburg and
the local animal care committee (registration N116/2020). The use of human serum for IP studies was
approved by the local ethics committee of the Chamber of Physicians in Hamburg. Patients gave written
and informed consent.

Data availability. The differential expression analyses of mass spectrometry data are available in Supple-
mental Tables 1-3. Raw mass spectrometry proteomics data and Spectronaut outputs have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride)
with the accession numbers PXD065322, PXD065323, and PXD065344. The bulk RNA-Seq data have
been deposited in NCBI's Gene Expression Omnibus (GEO GSE300256). The differential expression anal-
ysis of transcriptomics data is provided in Supplemental Table 4. All data used to create the graphs in the
manuscript are available in the Supporting Data Values file.

Author contributions

GZ, MMR, and NMT jointly supervised the study. MH, ML, SD, FEH, FD, AMB, NS, LS, OK, SB, and
GZ performed experiments. FG, UP, and TBH provided expertise and reagents. MH, ML, and MMR
analyzed the data. MH and ML wrote the first draft of the manuscript. All authors revised and approved
the last version of the manuscript. MH and ML contributed equally as co—first authors. MH conducted the
mouse work and transcriptomics analysis, and ML performed the proteomics analysis. MH is listed first
for her additional role in coordinating the integration of the datasets and revisions. GZ, MMR, and NMT
made equal contributions to this manuscript as last authors.

Conflict of interest

FEH reports honoraria from Novartis. TBH reports consulting fees from Boehringer Ingelheim, Novar-
tis, Alexion, Pfizer, Retrophin-Travere, and Fresenius Medical Care. MMR reports research funding from
Novo Nordisk to Aarhus University unrelated to this topic. NMT reports a patent in relation to the mea-
surement of anti-THSD7A antibodies (EP2015/066881); consultancy fees from Merida Bioscience; and
honoraria from CSL Vifor, StreamedUp, Novartis, and AstraZeneca.

Funding support

* Deutsche Forschungsgemeinschaft (DFG) as part of the collaborative research center TRR 422 Podo-
SigN (to FG, SB, TBH, MMR, and NMT).

* DFG as part of the collaborative research center 1192 (to FEH, FG, UP, TBH, MMR, and NMT).

* Else Kroner Fresenius Foundation (to FEH).

+ DFG (GR 3933/1-2, to FG).

« DFG (RI2811/1-1, RI12811/2-1 and FOR2743, to MMR).

*  Young Investigator Award from the Novo Nordisk Foundation (NNF190C0056043, to MMR).

+ Carlsberg Young Investigator fellowship (to MMR).

*  Aarhus University Research Foundation (to MMR).

+  NMT (Emmy Noether Program, to NMT).

* European Research Council (AUTO-TARGET, to NMT).

* Else Kroner Fresenius Foundation (Clinician Scientist Professorship, to NMT).

*  European Union.

Acknowledgments

Views and opinions expressed are those of the author(s) only and do not necessarily reflect those of the
European Union or the European Research Council Executive Agency (ERCEA). Neither the European
Union nor the granting authority can be held responsible for them. The graphical abstract and Figure 7F
were generated with BioRender.com: Tomas, NM. (2026) (https://BioRender.com/6kxmzng).

Address correspondence to: Nicola M. Tomas, III. Department of Medicine, University Medical Center
Hamburg-Eppendorf, Martinistrasse 52, D-20246 Hamburg, Germany. Phone: 49.152.0150.4503; Email:

n.tomas@uke.de.

JCl Insight 2026;11(8):e198363 https://doi.org/10.1172/jci.insight.198363 16


https://doi.org/10.1172/jci.insight.198363
https://www.ebi.ac.uk/pride
https://BioRender.com/6kxmzng
mailto://n.tomas@uke.de

RESEARCH ARTICLE

1

N

w

o

(=)}

=

o]

©

10.

1

—_

12.

13.

14

15.

16.

17.

18

19.
20.

2

—_

22.
23.
24.
25.
26.
27.
28.
29.
30.

31
32.

3

@

34.
35.
36.

37.

38

JCl Insight 2026;11(8):e198363 https

. Beck LH, Jr. M-type phospholipase A2 receptor as target antigen in idiopathic membranous nephropathy. N Engl J Med.
2009;361(1):11-21.

. Tomas NM, et al. Thrombospondin type-1 domain-containing 7A in idiopathic membranous nephropathy. N Engl J Med.
2014;371(24):2277-2287.

. Tomas NM, et al. Autoantibodies against thrombospondin type 1 domain-containing 7A induce membranous nephropathy. J

Clin Invest. 2016;126(7):2519-2532.

Seifert L, et al. The most N-terminal region of THSD7A is the predominant target for autoimmunity in THSD7A-Associated

membranous nephropathy. J Am Soc Nephrol. 2018;29(5):1536-1548.

Herwig J, et al. Thrombospondin type 1 domain-containing 7A localizes to the slit diaphragm and stabilizes membrane dynam-

ics of fully differentiated podocytes. J Am Soc Nephrol. 2019;30(5):824-839.

. Wang CH, et al. Thrombospondin type I domain containing 7A (THSD7A) mediates endothelial cell migration and tube forma-
tion. J Cell Physiol. 2010;222(3):685-694.

. Stoddard SV, et al. Structure and function insights garnered from in silico modeling of the thrombospondin type-1 domain-con-
taining 7A antigen. Proteins. 2019;87(2):136-145.

. Zahner G, et al. Patient anti-PLA2R1 autoantibodies cause membranous nephropathy in human PLA2R1 transgenic mice. Kid-

ney Int. 2025;108(6):1179-1183.

Caza TN, et al. Discovery of seven novel putative antigens in membranous nephropathy and membranous lupus nephritis iden-

tified by mass spectrometry. Kidney Int. 2023;103(3):593-606.

Hoxha E, et al. Membranous nephropathy: new pathogenic mechanisms and their clinical implications. Nat Rev Nephrol.

2022;18(7):466-478.

. Tomas NM, et al. Introduction of a novel chimeric active immunization mouse model of PLA2R1-associated membranous

nephropathy. Kidney Int. 2023;104(5):916-928.

Seifert L, et al. The classical pathway triggers pathogenic complement activation in membranous nephropathy. Nat Commun.

2023;14(1):473.

Haddad G, et al. Altered glycosylation of IgG4 promotes lectin complement pathway activation in anti-PLA2R1-associated

membranous nephropathy. J Clin Invest. 2021;131(5):e140453.

. Grahammer F, et al. The podocyte slit diaphragm--from a thin grey line to a complex signalling hub. Nat Rev Nephrol.

2013;9(10):587-598.

Tomas NM, et al. A heterologous model of thrombospondin type 1 domain-containing 7A-associated membranous nephropa-

thy. J Am Soc Nephrol. 2017;28(11):3262-32717.

Kawachi H, Fukusumi Y. New insight into podocyte slit diaphragm, a therapeutic target of proteinuria. Clin Exp Nephrol.

2020;24(3):193-204.

Wagner MC, et al. Ischemic injury to kidney induces glomerular podocyte effacement and dissociation of slit diaphragm pro-

teins Nephl and ZO-1. J Biol Chem. 2008;283(51):35579-35589.

. Horinouchi I, et al. In situ evaluation of podocin in normal and glomerular diseases. Kidney Int. 2003;64(6):2092-2099.

Lasse M, et al. An integrated organoid omics map extends modeling potential of kidney disease. Nat Commun. 2023;14(1):4903.

Perico L, et al. Podocyte-actin dynamics in health and disease. Nat Rev Nephrol. 2016;12(11):692-710.

. Chung JJ, et al. Single-cell transcriptome profiling of the kidney glomerulus identifies key cell types and reactions to injury. J

Am Soc Nephrol. 2020;31(10):2341-2354.

Szklarczyk D, et al. The STRING database in 2017: quality-controlled protein-protein association networks, made broadly

accessible. Nucleic Acids Res. 2017;45(d1):D362-D368.

Martens A, van Loo G. A20 at the crossroads of cell death, inflammation, and autoimmunity. Cold Spring Harb Perspect Biol.

2020;12(1):a036418.

Wang B, et al. The role of the transcription factor EGR1 in cancer. Front Oncol. 2021;11:642547.

Okabe M, et al. Global polysome analysis of normal and injured podocytes. Am J Physiol Renal Physiol. 2019;316(2):F241-F252.

Estrada CC, et al. Kruppel-like factor 4 is a negative regulator of STAT3-induced glomerular epithelial cell proliferation. JCI

Insight. 2018;3(12):€98214.

Pace JA, et al. Podocyte-specific KLF4 is required to maintain parietal epithelial cell quiescence in the kidney. Sci Adv.

2021;7(36):eabg6600.

Uhlén M, et al. Proteomics. Tissue-based map of the human proteome. Science. 2015;347(6220):1260419.

Thul PJ, et al. A subcellular map of the human proteome. Science. 2017;356(6340):eaal3321.

‘Wu H, et al. Mapping the single-cell transcriptomic response of murine diabetic kidney disease to therapies. Cell Metab.

2022;34(7):1064-1078.

Bhat HF, et al. Syntrophin proteins as Santa Claus: role(s) in cell signal transduction. Cell Mol Life Sci. 2013;70(14):2533-2554.

Moretto E, et al. The tetraspanin TSPANS regulates AMPAR exocytosis by interacting with the AP4 complex. Elife.

2023;12:€76425.

. Sethi S, et al. Mayo Clinic consensus report on membranous nephropathy: proposal for a novel classification. Kidney Int.

2023;104(6):1092-1102.

Makino SI, et al. Impairment of proteasome function in podocytes leads to CKD. J Am Soc Nephrol. 2021;32(3):597-613.

Wang Z, et al. Role of ADAM and ADAMTS proteases in pathological tissue remodeling. Cell Death Discov. 2023;9(1):447.

Casagrande V, et al. Restoration of renal TIMP3 levels via genetics and pharmacological approach prevents experimental dia-

betic nephropathy. Clin Transl Med. 2021;11(2):e305.

Sachs M, et al. ADAM10-mediated ectodomain shedding is an essential driver of podocyte damage. J Am Soc Nephrol.

2021;32(6):1389-1408.

. Martin J, et al. The role of ADAM 15 in glomerular mesangial cell migration. J Biol Chem. 2002;277(37):33683-33689.

://doi.org/10.1172/jci.insight.198363 17


https://doi.org/10.1172/jci.insight.198363
https://doi.org/10.1056/NEJMoa0810457
https://doi.org/10.1056/NEJMoa0810457
https://doi.org/10.1056/NEJMoa1409354
https://doi.org/10.1056/NEJMoa1409354
https://doi.org/10.1172/JCI85265
https://doi.org/10.1172/JCI85265
https://doi.org/10.1681/ASN.2017070805
https://doi.org/10.1681/ASN.2017070805
https://doi.org/10.1681/ASN.2018090941
https://doi.org/10.1681/ASN.2018090941
https://doi.org/10.1002/jcp.21990
https://doi.org/10.1002/jcp.21990
https://doi.org/10.1002/prot.25640
https://doi.org/10.1002/prot.25640
https://doi.org/10.1016/j.kint.2025.08.026
https://doi.org/10.1016/j.kint.2025.08.026
https://doi.org/10.1016/j.kint.2023.01.001
https://doi.org/10.1016/j.kint.2023.01.001
https://doi.org/10.1038/s41581-022-00564-1
https://doi.org/10.1038/s41581-022-00564-1
https://doi.org/10.1016/j.kint.2023.07.024
https://doi.org/10.1016/j.kint.2023.07.024
https://doi.org/10.1038/s41467-023-36068-0
https://doi.org/10.1038/s41467-023-36068-0
https://doi.org/10.1172/JCI140453
https://doi.org/10.1172/JCI140453
https://doi.org/10.1038/nrneph.2013.169
https://doi.org/10.1038/nrneph.2013.169
https://doi.org/10.1681/ASN.2017010030
https://doi.org/10.1681/ASN.2017010030
https://doi.org/10.1007/s10157-020-01854-3
https://doi.org/10.1007/s10157-020-01854-3
https://doi.org/10.1074/jbc.M805507200
https://doi.org/10.1074/jbc.M805507200
https://doi.org/10.1046/j.1523-1755.2003.00303.x
https://doi.org/10.1038/s41467-023-39740-7
https://doi.org/10.1038/nrneph.2016.127
https://doi.org/10.1681/ASN.2020020220
https://doi.org/10.1681/ASN.2020020220
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1101/cshperspect.a036418
https://doi.org/10.1101/cshperspect.a036418
https://doi.org/10.3389/fonc.2021.642547
https://doi.org/10.1152/ajprenal.00115.2018
https://doi.org/10.1172/jci.insight.98214
https://doi.org/10.1172/jci.insight.98214
https://doi.org/10.1126/sciadv.abg6600
https://doi.org/10.1126/sciadv.abg6600
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.aal3321
https://doi.org/10.1016/j.cmet.2022.05.010
https://doi.org/10.1016/j.cmet.2022.05.010
https://doi.org/10.1007/s00018-012-1233-9
https://doi.org/10.7554/eLife.76425
https://doi.org/10.7554/eLife.76425
https://doi.org/10.1016/j.kint.2023.06.032
https://doi.org/10.1016/j.kint.2023.06.032
https://doi.org/10.1681/ASN.2019101025
https://doi.org/10.1038/s41420-023-01744-z
https://doi.org/10.1002/ctm2.305
https://doi.org/10.1002/ctm2.305
https://doi.org/10.1681/ASN.2020081213
https://doi.org/10.1681/ASN.2020081213
https://doi.org/10.1074/jbc.M200988200

40.

41.

4

N

43.

44.

45.

46.

47.

48.

49.

50.

51.

52

5

w

54.

5

w

56.

57
5

oo

59.
60.

6

—

62.

6

w

64.

6

[

66.

67.

68.

69.

70.

7

—_

72.

7

w

74.

7

w

76.

JCl Insight 2026;11(8):e198363 https

RESEARCH ARTICLE

.RamdasV, et al. Canonical transforming growth factor-p signaling regulates disintegrin metalloprotease expression in experi-

mental renal fibrosis via miR-29. Am J Pathol. 2013;183(6):1885-1896.

Rosenbaum D, et al. Regulation of podocyte surface proteins by the enzyme A Disintegrin And Metalloproteinase 10

(ADAMI0). Kidney Int. 2025;108(2):214-232.

Marc WK, et al. Emerin caps the pointed end of actin filaments: evidence for an actin cortical network at the nuclear inner

membrane. PLoS Biol. 2004;2(9):E231.

. Fernandez K, et al. Mice lacking dystrophin or alpha sarcoglycan spontaneously develop embryonal rhabdomyosarcoma with

cancer-associated p53 mutations and alternatively spliced or mutant Mdm?2 transcripts. Am J Pathol. 2010;176(1):416-434.

Margolis SS, et al. EphB-mediated degradation of the RhoA GEF Ephexin5 relieves a developmental brake on excitatory syn-

apse formation. Cell. 2010;143(3):442-455.

Fukushima H, et al. ARHGEF15 overexpression worsens the prognosis in patients with pancreatic ductal adenocarcinoma

through enhancing the motility and proliferative activity of the cancer cells. Mol Cancer. 2016;15(1):32.

Xiang H, et al. GRKS promoted renal fibrosis via HDAC5/Smad3 signaling pathway. FASEB J. 2024;38(2):e23422.

Pozzi A, Zent R. Integrins in kidney disease. J Am Soc Nephrol. 2013;24(7):1034-1039.

Steubl D, et al. Circulating cathepsin-S levels correlate with GFR decline and sTNFR1 and sTNFR2 levels in mice and humans.

Sci Rep. 2017;7:43538.

Kumar Vr S, et al. Cathepsin S cleavage of protease-activated receptor-2 on endothelial cells promotes microvascular diabetes

complications. J Am Soc Nephrol. 2016;27(6):1635-1649.

Melenhorst WB, et al. ADAM17 upregulation in human renal disease: a role in modulating TGF-alpha availability? Am J Physi-

ol Renal Physiol. 2009;297(3):F781-F790.

Rinschen MM, et al. The ubiquitin ligase Ubr4 controls stability of podocin/MEC-2 supercomplexes. Hum Mol Genet.

2016;25(7):1328-1344.

Sachs W, et al. The proteasome modulates endocytosis specifically in glomerular cells to promote kidney filtration. Nat Com-

mun. 2024;15(1):1897.

. Martin CE, Jones N. Nephrin signaling in the podocyte: an updated view of signal regulation at the slit diaphragm and beyond.
Front Endocrinol (Lausanne). 2018;9:302.

.Liu J, et al. THSD7A-associated membranous nephropathy involves both complement-mediated and autonomous podocyte

injury. Front Pharmacol. 2024;15:1430451.

Iwata Y, et al. Syntrophin is an actin-binding protein the cellular localization of which is regulated through cytoskeletal reorga-

nization in skeletal muscle cells. Eur J Cell Biol. 2004;83(10):555-565.

. Raats CJ, et al. Expression of agrin, dystroglycan, and utrophin in normal renal tissue and in experimental glomerulopathies.

Am J Pathol. 2000;156(5):1749-1765.

Hu G, Jiao B. Mechanism of podocyte detachment: Targeting transmembrane molecules between podocytes and glomerular

basement membrane. Biomed Aging Pathol. 2013;3(1):36-42.

. Sachs N, et al. Blood pressure influences end-stage renal disease of Cd151 knockout mice. J Clin Invest. 2012;122(1):348-358.

. Kreidberg JA, Symons JM. Integrins in kidney development, function, and disease. Am J Physiol Renal Physiol.

2000;279(2):F233-F242.

Sandona D, Betto R. Sarcoglycanopathies: molecular pathogenesis and therapeutic prospects. Expert Rev Mol Med. 2009;11:e28.

Liu KC, et al. Myosin-X functions in polarized epithelial cells. Mol Biol Cell. 2012;23(9):1675-1687.

. Tomas NM, et al. Podocyte expression of human phospholipase A2 receptor 1 causes immune-mediated membranous nephrop-

athy in mice. Kidney Int. 2023;103(2):297-303.

Burbelo PD, et al. Detection of PLA2R autoantibodies before the diagnosis of membranous nephropathy. J Am Soc Nephrol.

2020;31(1):208-217.

. Hengel FE, et al. Autoantibodies targeting nephrin in podocytopathies. N Engl J Med. 2024;391(5):422-433.

Hengel FE, et al. Passive transfer of patient-derived anti-nephrin autoantibodies causes a podocytopathy with minimal change

lesions. J Clin Invest. 2025;135(5):e186769.

.Song Y, et al. Evolving understanding of autoimmune mechanisms and new therapeutic strategies of autoimmune disorders.

Signal Transduct Target Ther. 2024;9(1):263.

Zhao L, et al. Targeted protein degradation: mechanisms, strategies and application. Signal Transduct Target Ther.

2022;7(1):113.

Wu G, et al. Adeno-associated virus-based gene therapy treats inflammatory kidney disease in mice. J Clin Invest.

2024;134(17):e174722.

Ding WY, et al. Adeno-associated virus gene therapy prevents progression of kidney disease in genetic models of nephrotic syn-

drome. Sci Transl Med. 2023;15(708):eabc8226.

Fischer MB, et al. Regulation of the B cell response to T-dependent antigens by classical pathway complement. J Immunol.
1996;157(2):549-556.

Skarnes WC, et al. A conditional knockout resource for the genome-wide study of mouse gene function. Nature.

2011;474(7351):337-342.

. Bray NL, et al. Near-optimal probabilistic RNA-seq quantification. Nat Biotechnol. 2016;34(5):525-527.

Love MI, et al. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol.

2014;15(12):550.

. R: A Language and Environment for Statistical Computing. Version 4.2.0. R Foundation for Statistical Computing; 2022. https://

www.R-project.org/.

Gu Z, et al. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics.

2016;32(18):2847-2849.

. Chen EY, et al. Enrichr: interactive and collaborative HTMLS5 gene list enrichment analysis tool. BMC Bioinformatics.

2013;14(1):128.

Korotkevich G, et al. Fast gene set enrichment analysis [preprint]. https://doi.org/10.1101/060012. Posted on bioRvix

February 01, 2021.

://doi.org/10.1172/jci.insight.198363 18


https://doi.org/10.1172/jci.insight.198363
https://doi.org/10.1016/j.ajpath.2013.08.027
https://doi.org/10.1016/j.ajpath.2013.08.027
https://doi.org/10.1016/j.kint.2025.04.010
https://doi.org/10.1016/j.kint.2025.04.010
https://doi.org/10.1371/journal.pbio.0020231
https://doi.org/10.1371/journal.pbio.0020231
https://doi.org/10.2353/ajpath.2010.090405
https://doi.org/10.2353/ajpath.2010.090405
https://doi.org/10.1016/j.cell.2010.09.038
https://doi.org/10.1016/j.cell.2010.09.038
https://doi.org/10.1186/s12943-016-0516-4
https://doi.org/10.1186/s12943-016-0516-4
https://doi.org/10.1096/fj.202301595RRR
https://doi.org/10.1681/ASN.2013010012
https://doi.org/10.1038/srep43538
https://doi.org/10.1038/srep43538
https://doi.org/10.1681/ASN.2015020208
https://doi.org/10.1681/ASN.2015020208
https://doi.org/10.1152/ajprenal.90610.2008
https://doi.org/10.1152/ajprenal.90610.2008
https://doi.org/10.1093/hmg/ddw016
https://doi.org/10.1093/hmg/ddw016
https://doi.org/10.1038/s41467-024-46273-0
https://doi.org/10.1038/s41467-024-46273-0
https://doi.org/10.3389/fendo.2018.00302
https://doi.org/10.3389/fendo.2018.00302
https://doi.org/10.3389/fphar.2024.1430451
https://doi.org/10.3389/fphar.2024.1430451
https://doi.org/10.1078/0171-9335-00415
https://doi.org/10.1078/0171-9335-00415
https://doi.org/10.1016/S0002-9440(10)65046-8
https://doi.org/10.1016/S0002-9440(10)65046-8
https://doi.org/10.1016/j.biomag.2013.01.007
https://doi.org/10.1016/j.biomag.2013.01.007
https://doi.org/10.1172/JCI58878
https://doi.org/10.1152/ajprenal.2000.279.2.F233
https://doi.org/10.1152/ajprenal.2000.279.2.F233
https://doi.org/10.1017/S1462399409001203
https://doi.org/10.1091/mbc.e11-04-0358
https://doi.org/10.1016/j.kint.2022.09.008
https://doi.org/10.1016/j.kint.2022.09.008
https://doi.org/10.1681/ASN.2019050538
https://doi.org/10.1681/ASN.2019050538
https://doi.org/10.1056/NEJMoa2314471
https://doi.org/10.1172/JCI186769
https://doi.org/10.1172/JCI186769
https://doi.org/10.1038/s41392-024-01952-8
https://doi.org/10.1038/s41392-024-01952-8
https://doi.org/10.1038/s41392-022-00966-4
https://doi.org/10.1038/s41392-022-00966-4
https://doi.org/10.1172/JCI174722
https://doi.org/10.1172/JCI174722
https://doi.org/10.1126/scitranslmed.abc8226
https://doi.org/10.1126/scitranslmed.abc8226
https://doi.org/10.4049/jimmunol.157.2.549
https://doi.org/10.4049/jimmunol.157.2.549
https://doi.org/10.1038/nature10163
https://doi.org/10.1038/nature10163
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1101/060012

. RESEARCH ARTICLE

77.Feng Z, et al. DEP2: an upgraded comprehensive analysis toolkit for quantitative proteomics data. Bioinformatics.
2023;39(8):btad526.

78. Ritchie ME, et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res.
2015;43(7):e47.

79. Wu T, et al. clusterProfiler 4.0: a universal enrichment tool for interpreting omics data. Innovation (Camb). 2021;2(3):100141.

JCl Insight 2026;11(8):e198363 https://doi.org/10.1172/jci.insight.198363 19


https://doi.org/10.1172/jci.insight.198363
https://doi.org/10.1093/bioinformatics/btad526
https://doi.org/10.1093/bioinformatics/btad526
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.xinn.2021.100141

