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ABSTRACT
Chronic kidney disease (CKD) is a leading and rapidly rising contributor to global mortality, yet actionable molecular targets 
remain limited. Here, we integrated human kidney single-cell RNA sequencing (scRNA-seq) with genetic association and 
causal inference frameworks to prioritize putative CKD susceptibility genes. To mitigate cell-level pseudoreplication inherent 
to small-donor scRNA-seq datasets, we primarily implemented a donor-aware pseudobulk strategy to identify differentially ex-
pressed genes (DEGs) between CKD and control kidneys, and subsequently prioritized candidates by convergent evidence from 
Mendelian randomization (MR) and MAGMA gene-level association analyses using CKD-related GWAS summary statistics. 
Across these complementary layers, ITCH emerged as a high-confidence candidate, showing consistent support from transcrip-
tomic dysregulation and genetic evidence. We further performed immunohistochemistry-based validation in an experimental 
kidney injury model, providing additional support for ITCH upregulation in diseased kidneys. Finally, to explore potential phar-
macological modulation in a hypothesis-generating manner, we conducted DSigDB-based drug enrichment followed by molec-
ular docking and 50-ns molecular dynamics simulations to evaluate structural compatibility and complex stability, nominating 
hesperetin as a higher-priority compound for subsequent experimental testing. Collectively, our multi-omics integration supports 
ITCH as a plausible gene involved in CKD pathobiology and provides a rationale for the hypothesis that targeting ITCH could 
alter disease progression, which warrants future experimental investigation.

1   |   Introduction

Chronic kidney disease (CKD) is a global health burden affect-
ing approximately 10% of the population and is associated with 
increased morbidity, mortality, and healthcare costs [1]. The 
number of deaths expected to result from a CKD diagnosis by 
2040, which is projected to increase to 2.2 million in the best-
case scenario and 4 million in the worst-case scenario. CKD will 
become the fifth leading cause of years of life lost globally in 

2040 [2]. Progression of CKD toward end-stage kidney disease 
(ESKD) is characterized by structural and functional deteriora-
tion of renal tissue, including tubular atrophy, glomerulosclero-
sis, vascular rarefaction, and interstitial fibrosis. CKD can be the 
consequence of a single etiology, but it frequently relates rather 
to sequential injuries accumulating over the life course or to the 
presence of concomitant risk factors [3], including hyperten-
sion, diabetes, injury and complex genetic factors [4–6]. Despite 
decades of research, the molecular mechanisms driving these 
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pathological processes remain incompletely understood, limit-
ing the development of targeted interventions that can halt or 
reverse disease progression. Due to the large number of affected 
patients and the investment in treatment, it is of medical and 
economic interest to endeavor to achieve effective slowing down 
of the course of CKD or even reversal of renal failure by unre-
mitting excavation.

Genome-wide association studies (GWAS) have identified nu-
merous susceptibility loci associated with kidney function and 
CKD risk [7]. However, most GWAS signals lie in non-coding 
regions, complicating the identification of effector genes and 
pathways. Moreover, GWAS alone does not resolve the cellular 
origin or causal direction of gene–trait associations. Advances 
in single-cell RNA sequencing (scRNA-seq) have enabled 
high-resolution profiling of cell-type–specific gene expression 
patterns in human kidneys, offering a unique opportunity to lo-
calize disease-relevant molecular signals [8]. Meanwhile, causal 
inference methods such as Mendelian randomization (MR) pro-
vide a framework for assessing whether genetically regulated 
gene expression contributes to disease risk [9]. Integrating these 
approaches with gene-level enrichment tools such as MAGMA 
offers a powerful strategy to bridge statistical associations with 
functional biology [10].

In this study, we integrated CKD versus control kidney scRNA-
seq with CKD-related GWAS summary statistics to identify 
transcriptomic alterations and prioritize candidate suscepti-
bility genes. We employed a donor-aware pseudobulk strategy 
as the primary differential expression framework to mitigate 
cell-level pseudoreplication and combined these results with 
MR and MAGMA to obtain convergent genetic and transcrip-
tomic support. Using this multi-layer framework, we identi-
fied ITCH as a high-confidence candidate gene implicated in 
CKD pathobiology. Finally, to generate pharmacological hy-
potheses, we performed DSigDB-based drug enrichment and 
conducted molecular docking and 50-ns molecular dynamics 
simulations to evaluate structural compatibility and complex 
stability for selected compounds, thereby nominating candi-
dates for subsequent experimental validation in CKD-relevant 
models.

2   |   Methods and Materials

2.1   |   Sample Collection and scRNA-Seq

Publicly available human kidney scRNA-seq data (GSE199711) 
[11] were obtained from GEO, including five donors (CKD: 
n = 3, GSM5982486/87/88; HC: n = 2, GSM5982489/90) derived 
from cortex/medulla tissues and analyzed in R using Seurat 
(v4.3.0). After quality control, 15 896 cells were retained, com-
prising 9926 CKD cells (GSM5982486: 1889; GSM5982487: 
3935; GSM5982488: 4102) and 5970 HC cells (GSM5982489: 
3348; GSM5982490: 2622). Raw 10× matrices were loaded into 
Seurat with an initial filter of > 300 detected genes (min. fea-
tures = 300). Mitochondrial and hemoglobin fractions were 
calculated using PercentageFeatureSet, and cells were fil-
tered using nFeature_RNA > 300, nCount_RNA < 30 000, per-
cent.mt < 20%, and percent.HB < 3%. Data were normalized 
with SCTransform (glmGamPoi) regressing out percent.mt, 

followed by PCA (npcs = 50), UMAP and Louvain clustering 
using the top 30 PCs (dims = 1:30; resolution = 0.8), and cell-type 
annotation based on canonical markers.

2.2   |   Differential Expression Analyses

To provide an exploratory single-cell view, differential ex-
pression between CKD and HC was first assessed within each 
annotated cell type using Seurat FindMarkers (Wilcoxon 
rank-sum test; logfc.threshold = 0, min.pct = 0.1) with 
Benjamini–Hochberg adjustment, and genes were summa-
rized using |log2FC| > 0.5 and FDR < 0.05. To mitigate donor-
level dependence and pseudoreplication, inferential DE was 
primarily conducted using a donor-aware pseudobulk strat-
egy: raw counts were aggregated per donor within each cell 
type (Seurat AggregateExpression), such that each donor 
contributed one pseudobulk profile, followed by edgeR quasi-
likelihood GLM testing (DGEList → filterByExpr → TMM 
normalization → estimateDisp → glmQLFit → glmQLFTest) 
using the same thresholds (|log2FC| > 0.5 and FDR < 0.05). 
Concordance between single-cell and pseudobulk results was 
evaluated by comparing matched gene-wise log2FC estimates 
across cell types using faceted scatter plots.

2.3   |   Mendelian Randomization Analysis 
of eQTL–CKD and eGFR Links

To prioritize genes with putative causal effects on CKD risk, 
two-sample MR [12] was performed using cis-eQTL instruments 
from eQTLGen (OpenGWAS), with CKD GWAS summary sta-
tistics (IEU OpenGWAS: ebi-a-GCST003374) and for serum 
creatinine-based estimated glomerular filtration rate (eGFR) 
(IEU Open GWAS ID: ebi-a-GCST003372) as outcomes [13] 
Instruments were selected per gene using a significance thresh-
old p < 1 × 10−5 and LD clumping (r2 = 0.1, window = 10 000 kb). 
Exposure and outcome datasets were harmonized (strand/allele 
alignment, ambiguous variants removed). The primary causal 
estimate was obtained by IVW when ≥ 2 SNPs were available; 
Wald ratio was used for single-SNP instruments. Sensitivity 
analyses included MR-Egger, weighted median, and weighted 
mode when applicable, along with Cochran's Q test for het-
erogeneity, Egger intercept for directional pleiotropy, and MR-
PRESSO global test to detect horizontal pleiotropy/outliers.

2.4   |   Gene Network Construction

To visualize functional relatedness among MR-prioritized genes, 
a gene–gene interaction network was generated (GeneMANIA, 
https://​genem​ania.​org/​), and interactions were displayed as 
an integrated network to highlight potential shared biological 
modules.

2.5   |   MAGMA Gene-Level and Gene-Set 
Enrichment Analysis

MAGMA (v1.10) was used to perform gene-level associa-
tion analysis based on CKD GWAS summary statistics [10]. 

https://genemania.org/
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Gene-level Z-scores were calculated and subsequently tested 
for enrichment across 17 015 curated gene sets from MSigDB 
(v2023.1. Hs). Covariates including gene size, gene density 
(number of SNPs per gene), and minor allele frequency were 
included in the model. Gene sets with Bonferroni-adjusted 
p values less than 0.05 were considered markedly enriched. 
Results were visualized by Manhattan plots. MR- and 
MAGMA-derived candidates were intersected to obtain con-
vergent priority genes.

2.6   |   Colocalization Analysis

To investigate whether the genetic associations between ITCH 
expression and kidney traits (CKD and eGFR) share the same 
causal variants while minimizing confounding from linkage 
disequilibrium (LD), we applied a Bayesian colocalization ap-
proach [14]. Colocalization analyses were conducted within a 
predefined cis-region (±500 kb of the ITCH gene) using sum-
mary statistics from eQTL (eQTLGen Consortium) and GWAS 
datasets for CKD and eGFR. Variants with a minor allele fre-
quency (MAF) < 0.05 were excluded. The posterior probabil-
ity for colocalization (PP.H4) was estimated using the coloc 
R package (v5.1.0) [15], with PP.H4 > 80% considered strong 
evidence for colocalization. All analyses were performed in 
R (v4.3.0).

2.7   |   Drug Enrichment, Molecular Docking, 
and Molecular Dynamics Simulations

Candidate compounds potentially modulating ITCH were 
prioritized by DSigDB-based drug–gene enrichment analy-
sis [16]. The experimentally determined human ITCH struc-
ture (PDB ID: pdb_00003tug), corresponding to the catalytic 
HECT domain (approximately residues 523-903), was used for 
docking and simulations; BLASTP alignment against RefSeq 
NP_001244066.1 showed 99.21% sequence identity with 96% 
query coverage (378/381 identities, 0 gaps), supporting struc-
tural suitability. Five small molecules (pipemidic acid, pyr-
vinium, spiperone, torcetrapib, and hesperetin) were docked 
using CB-Dock2 (AutoDock Vina scoring) [17, 18], and top-
ranked poses were retained with docking scores/pocket 
volumes recorded and interactions visualized in Discovery 
Studio. For leading candidates, all-atom MD simulations were 
performed in GROMACS v2020.6 using the AMBER99SB-
ILDN force field, followed by 50-ns production runs for each 
ITCH–ligand complex. Trajectories were evaluated by back-
bone RMSD, protein–ligand hydrogen-bond counts, free-
energy landscape (FEL) projection, and SASA.

2.8   |   Immunohistochemical Staining

Paraffin-embedded kidney sections were deparaffinized, 
subjected to high-temperature antigen retrieval, and incu-
bated overnight at 4° with primary antibody against ITCH 
(Proteintech, 20920-1-AP; 1:200). The next day, sections 
were sequentially incubated with a horseradish peroxi-
dase (HRP)-conjugated secondary antibody, developed with 
3,3′-diaminobenzidine (DAB) chromogen under microscopic 

monitoring, and counterstained with hematoxylin to visualize 
nuclei. After dehydration and mounting, antigen localization 
was assessed by light microscopy.

3   |   Results

3.1   |   Integrated Single-Cell and Genetic Causal 
Inference Prioritize CKD-Associated Cell-Type 
Programs and Candidate Genes

After quality control and unsupervised clustering, the scRNA-
seq atlas resolved 12 major renal and immune cell populations, 
encompassing tubular epithelial subsets (proximal tubule, dis-
tal convoluted tubule (DCTs), thick ascending limb, principal 
and intercalated cells), glomerular podocytes, stromal/vascular 
compartments (fibroblasts, endothelial and vascular smooth 
muscle cells), and immune subsets (M2 macrophages, T cells, 
and B cells; Figure  1A). Donor-level compositional profiling 
revealed CKD-associated remodeling with a relative reduction 
of tubular epithelial compartments accompanied by an ex-
pansion of stromal and immune fractions across CKD donors 
(Figure 1B). To ensure robustness while accounting for donor-
level dependence, we compared cell-level differential expression 
with a cell type–specific pseudobulk edgeR framework, observ-
ing consistent directionality of log2FC estimates between ap-
proaches and strong within-cell-type concordance (Figure 1C), 
which enabled reliable delineation of CKD transcriptional 
programs across nephron segments and immune/stromal pop-
ulations (Figure  1D, Table  S1). Integrating these donor-aware 
DEGs with eQTLGen-derived cis-instruments, two-sample MR 
incorporating pleiotropy-robust sensitivity analyses prioritized 
12 genes passing primary IVW filtering (Figure 1E, Table S2), 
and network modeling further indicated that these candidates 
constitute a connected module with additional functional neigh-
bors, supporting convergent genetic mechanisms implicated in 
CKD pathogenesis (Figure 1F).

3.2   |   Multi-Omics Analysis Nominates ITCH as a 
Putative Causal CKD Gene

MAGMA gene-level analysis identified multiple CKD-
associated genes (Figure  2A), and integration with MR-
prioritized candidates converged on a single high-confidence 
gene, ITCH (Figure 2B). Concordantly, ITCH was upregulated 
in distal convoluted tubule (DCT) cell, intercalated cell, and 
M2 macrophage compared to HC, while downregulated in 
proximal tubular cell (Figure 2C). DCT constitutes the neph-
ron segment that lies immediately downstream of the mac-
ula densa, holding the key to precise regulation of electrolyte 
balance and acid-alkali balance [19]. Bayesian colocalization 
supported a shared causal signal between the ITCH cis-eQTL 
and CKD/eGFR association at this locus (PP.H4 = 0.919 for 
CKD and 0.809 for eGFR; Figure  2D,E), reducing the likeli-
hood of LD-driven confounding. Consistent with these find-
ings, IVW-based MR showed that genetically predicted higher 
ITCH expression increased CKD risk (β = 0.1763, SE = 0.0619, 
p = 0.0044) and decreased eGFR (β = −0.0148, SE = 0.00349, 
p = 1.81 × 10−7; Table  1), collectively implicating ITCH as a 
deleterious determinant of kidney function.
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3.3   |   Drug Enrichment, Docking, and MD 
Prioritize Hesperetin as a Stable ITCH Binder

To explore potential pharmacological modulation of ITCH in 
CKD, we first performed DSigDB-based drug–gene enrichment 
analysis, which highlighted several compounds predicted to tar-
get ITCH (Figure  3A). We next conducted molecular docking 
to assess structural compatibility within putative ITCH bind-
ing pockets, yielding favorable binding poses for five selected 
compounds with AutoDock Vina scores ranging from −8.8 to 

−7.1 kcal/mol (Figure  3B–F), with pyrvinium and hesperetin 
showing the most negative docking scores. To further interro-
gate binding stability beyond static docking, we performed 50-ns 
MD simulations (Figure 4A–E) and evaluated backbone RMSD, 
protein–ligand hydrogen-bonding, Gibbs free-energy land-
scapes, and SASA. The ITCH–hesperetin complex showed a low 
and rapidly plateauing RMSD, sustained hydrogen-bond con-
tacts, and convergence to a predominant low-energy basin with 
relatively stable SASA, consistent with a comparatively stable 
bound state (Figure 4B). In contrast, ITCH–pyrvinium exhibited 

FIGURE 1    |    Integrated single-cell and genetic analyses prioritize putative causal genes in CKD. (A) UMAP of 12 annotated kidney cell types 
from HC (n = 2) and CKD (n = 3). (B) Donor-level cell-type proportions in HC and CKD. (C) Agreement between cell-level and pseudobulk log2FC 
estimates across cell types (red line, y = x). (D) Pseudobulk CKD–HC differential expression across cell types, showing representative up- and down-
regulated genes. (E) Two-sample MR (IVW) results using eQTL instruments; bubble size denotes the absolute IVW effect estimate (|β|) and color 
denotes the IVW p value. (F) GeneMANIA network of MR-prioritized genes showing functional connectivity.
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pronounced RMSD fluctuations with sparse hydrogen-bonding 
and a more heterogeneous free-energy landscape accompanied 
by SASA perturbations (Figure  4A). ITCH–spiperone showed 
evident late-stage RMSD deviations and SASA changes, suggest-
ing increased conformational variability during the trajectory 
(Figure 4E). On balance, these in silico analyses prioritize hes-
peretin as a comparatively stable candidate ITCH binder, war-
ranting subsequent experimental validation in CKD-relevant 
models.

3.4   |   Experimental Validation of ITCH in CKD

Based on our preceding findings, we performed IHC on mouse 
kidney tissues. The results showed the expression of ITCH was 
significantly upregulated in the kidneys of CKD mice (induced 
by Unilateral Ureteral Obstruction) compared with the controls 
(Figure 5A–C). This serves as an experimental validation of our 
bioinformatic findings described above.

4   |   Discussion

In this study, we employed an integrative, multi-omic frame-
work combining scRNA-seq, MAGMA analysis, and Mendelian 
randomization to elucidate the genetic and molecular underpin-
nings of CKD. This approach enabled high-resolution dissection 
of cell-type–specific transcriptomic alterations and identifica-
tion of causally associated genes. Among the genes uncovered, 
ITCH emerged as a critical candidate—uniquely supported by 
both genetic association and transcriptomic causality—posi-
tioning it as a robust susceptibility gene in CKD pathogenesis. 
Its pronounced expression in DCTs—an understudied compart-
ment in CKD—highlights its latent relevance.

ITCH (Itchy E3 ubiquitin protein ligase), also designated as 
Atrophin-1-interacting protein 4 (AIP4), belongs to the Nedd4 
family of HECT-domain E3 ubiquitin ligases [20]. Structurally, 
ITCH comprises an N-terminal lipid-binding C2 domain, a 
proline-rich region, two WW motifs, and a C-terminal HECT 

FIGURE 2    |    Multi-omics prioritization and colocalization nominate ITCH as a CKD risk gene. (A) MAGMA gene-level Manhattan plot for CKD. 
(B) Overlap of MR-prioritized and MAGMA-significant genes, identifying ITCH as the sole convergent gene. (C) Cell type–resolved ITCH expression 
in HC vs. CKD (violin plots). (D) Regional association and colocalization at the ITCH locus for CKD. (E) Regional association and colocalization at 
the ITCH locus for eGFR.

TABLE 1    |    Table MR results of ITCH with CKD and eGFR.

Exposure Outcome Method b SE p

ITCH eGFR IVW −0.0148440993978908 0.003486592 1.81E-07

ITCH CKD IVW 0.176321666 0.061937312 4.4E-03
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domain. The WW motifs mediate intramolecular interactions 
that maintain ITCH in an autoinhibited conformation under 
basal conditions [21]. Upon activation, ITCH facilitates ubiqui-
tin transfer from E2 conjugating enzymes to substrate proteins, 
marking them for lysosomal or proteasomal degradation—a 
process central to its regulatory functions.

ITCH orchestrates diverse cellular processes by polyubiquiti-
nating over 50 substrates, including c-JUN, c-FLIP, LATS1, 
NOTCH1, and SMAD2 [22]. A hallmark of ITCH is its regula-
tory role in apoptosis. For instance, c-FLIPL (Cellular FLICE-
like inhibitory protein long isoform), a caspase-8 inhibitor 
under NF-κB transcriptional control, suppresses caspase-8 
activation within the TNFα-induced death signaling com-
plex (Complex II). Activated by JNK1 phosphorylation, ITCH 
specifically recognizes the caspase-like (CASP) domain of 
c-FLIPL, catalyzing its ubiquitination and proteasomal deg-
radation. This relieves caspase-8 inhibition, thereby ampli-
fying TNF-α-mediated apoptosis [23]. Analogously, ITCH 
enhances TRAIL-induced apoptosis by destabilizing c-FLIPL 
[24]. Beyond caspase-dependent pathways, ITCH governs 
mitochondrial apoptosis through ubiquitination-mediated 
degradation of the cholesterol transport complex STARD1/
VDAC2. Reduced mitochondrial cholesterol preserves mem-
brane fluidity, facilitating BAX oligomerization, cytochrome 

c release, and activation of the intrinsic apoptotic cascade. 
Conversely, ITCH knockdown stabilizes STARD1, elevating 
mitochondrial cholesterol levels, impairing BAX activation, 
and blunting cytochrome c efflux. This confers resistance 
to apoptosis-inducing agents (e.g., TRAIL, cisplatin) by sup-
pressing mitochondrial apoptosis [25].

The pro-apoptotic effect of ITCH is unequivocal, but ITCH has 
an inhibitory effect on NOTCH1 with latent anti-apoptotic pos-
sibilities. ITCH suppresses Notch1 signaling via two distinct 
mechanisms: (1) ubiquitinating the Notch1 intracellular domain 
(ICD) in cooperation with the adaptor protein Numb, targeting 
it for degradation [26, 27], and (2) degrading JAG1, a ligand crit-
ical for Notch1 activation [28] Notch1 activation upregulates 
anti-apoptotic Bcl-2 while downregulating pro-apoptotic Bax, 
lowering the Bax/Bcl-2 ratio to inhibit mitochondrial apopto-
sis. Additionally, Notch1 enhances survivin expression to di-
rectly suppress caspase activity [29] and stabilizes endoplasmic 
reticulum homeostasis, attenuating unfolded protein response 
(UPR)-driven apoptosis [30]. Paradoxically, Notch1 inhibition 
with DAPT reduces apoptosis in diabetic nephropathy under 
hyperglycemic conditions [31] while Numb protects renal proxi-
mal tubule cells by antagonizing Notch signaling [32] suggesting 
context-dependent pro-apoptotic roles for Notch1. In addition, 
ITCH suppresses pro-apoptotic signals by ubiquitinating p53 

FIGURE 3    |    The results of drug enrichment and molecular docking. (A) DSigDB-derived drug–gene network for ITCH; node size indicates signifi-
cance and color denotes compound category. (B–F) Docking models of ITCH with pyrvinium (−8.8 kcal/mol), hesperetin (−8.0 kcal/mol), torcetrapib 
(−7.7 kcal/mol), pipemidic acid (−7.6 kcal/mol), and spiperone (−7.1 kcal/mol). For each complex: (1) overall binding pose, (2) pocket view, and (3) 2D 
interaction map.
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FIGURE 4    |    MD-based stability profiling of ITCH–ligand complexes. (A–E) 50-ns MD trajectories for ITCH complexes with pyrvinium (A), hes-
peretin (B), torcetrapib (C), pipemidic acid (D), and spiperone (E). For each complex, panels show (from left to right): Backbone RMSD, protein–ligand 
hydrogen-bond counts, Gibbs free-energy landscape, and solvent-accessible surface area (SASA) over time.

FIGURE 5    |    Experimental validation of ITCH in CKD. (A, B) Representative images of ICTH immunohistochemical staining in kidney tissues 
from the control mouse and CKD. (400×) (C) Quantitative analysis of ITCH protein expression. The expression levels were determined by measuring 
the AOD within positively stained areas. Data are presented as the mean ± SEM of n = 5 mice per group. Statistical significance was assessed using 
an unpaired two-tailed Student's t-test (***p < 0.001 vs. control group).
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family members (p73/p63) and the transcription factor c-Jun, 
promoting their proteasomal degradation [33]. This bidirec-
tional regulation underscores ITCH's capacity to act as both a 
pro-survival and pro-apoptotic effector, contingent on cellular 
stress status.

Apoptosis, a programmed cell death mechanism, eliminates dys-
functional cells to maintain tissue homeostasis. Dysregulation—
either excessive or insufficient—underlies diverse pathologies. 
In renal repair, apoptosis clears compensatory proliferating 
myofibroblasts and tubular cells post-injury [34, 35]. However, 
apoptosis has progressively become a pro-fibrotic accomplice in 
the development of CKD, a terminal CKD outcome marked by 
excessive ECM deposition. During AKI-CKD transition, mal-
adaptive apoptosis accelerates nephron loss and fibrosis [36]. 
Key mediators include TGF-β-activated kinase 1 (TAK1), which 
induces apoptosis via p38 activation [37], and lncRNA Neat1, 
which sequesters miR-129-5p to exacerbate tubular apoptosis 
[38]. Consistently, clinical studies corroborate elevated apopto-
sis in CKD patients via ssDNA and TUNEL assays [39], while 
therapeutic attenuation of apoptosis improves renal function 
and fibrosis [40–43].

Apart from apoptosis, ITCH amplifies renal fibrosis by poten-
tiating TGF-β signaling. ITCH enhances SMAD2 phosphor-
ylation, fosters TGF-β receptor-SMAD2 complex formation 
[44], and degrades SMAD7 to amplify TGF-β responses [45]. 
Extracellular Matrix (ECM) stiffness further activates YAP1, 
driving TGF-β1 release and myofibroblast differentiation [46]. 
Parallel studies reveal ITCH destabilizes LATS1 via K48-linked 
polyubiquitination, relieving YAP/TAZ inhibition [47], suggest-
ing a YAP/TAZ-mediated fibrogenic axis in CKD. ITCH also 
promotes fibrosis by facilitating cellular senescence, as previ-
ously shown in studies: Lysosomal-associated protein trans-
membrane 5 (LAPTM5) inhibited ubiquitination of Notch1 
intracellular domain by mediating WWP2 lysosomal degrada-
tion and then leading to cellular senescence in tubular epithelial 
cells [48]. ITCH ubiquitinates Sirt6 [49], whose deficiency aggra-
vates podocyte injury and proteinuria by dysregulating Notch1/
Notch4 signaling [31]. Intriguingly, Notch1 doubly inhibits VE-
cadherin expression through SNAI1 (snail family transcrip-
tional repressor 1)-mediated transcriptional repression and loss 
of ERG (Ets related gene)-mediated transcriptional activation, 
thereby disrupting the paracellular and transcellular barrier 
functions of glomerular endothelial cells, ultimately leading to 
proteinuria [50].

ITCH exhibits its most significant expression in DCT, where 
its differential expression analysis is particularly valuable. 
However, to the best of our knowledge, a significant gap exists 
in the study of CKD specifically within the DCT, compared 
to research focused on proximal renal tubules and podocytes. 
Existing studies on the DCT have predominantly centered on its 
membrane sodium-chloride cotransporter (NCC) and its role in 
salt-sensitive hypertension associated with CKD [51], as well as 
mineral metabolism [52]. Notably, research indicates that Liver 
kinase B1 (LKB1) deficiency in the DCT contributes to CKD pro-
gression by inducing increased apoptosis [53].

Although this study possesses a degree of novelty and strengths, 
it nevertheless has its limitations. Firstly, despite employing 

aggregation strategies to circumvent pseudoreplication issues 
[54], the limited number of biological replicates constitutes a core 
limitation of this study, reducing its detection power. Secondly, 
cross-validation employing multiple MR methods was utilized 
to mitigate the impact of horizontal pleiotropy [55], though this 
inherent limitation cannot be eliminated. Further validation 
through experiments or other independent data sources remains 
necessary in future research. Thirdly, while molecular docking 
[56] and MD simulations provide preliminary evidence for the 
suitability of pharmacologically modulating ITCH, these re-
main computer-simulated outcomes whose biological efficacy 
requires rigorous in vitro and in vivo validation. Most critically, 
this study has thus far only confirmed ITCH expression alter-
ations in CKD models via histochemical methods, representing 
a phenotypic association. The specific mechanisms governing 
whether and how ITCH functions as a core molecular driver 
of disease progression—including its upstream/downstream 
pathways and cell-specific actions—remain entirely unexplored 
“black boxes”. Consequently, the therapeutic hypothesis pro-
posed herein constitutes a framework derived from integrated 
bioinformatics analysis, awaiting comprehensive validation.

Taken as a whole, by integrating genetic and transcriptomic ev-
idence, our findings not only expand our understanding of the 
molecular networks underlying CKD but also directly point to-
ward novel translational medicine pathways for experimental 
interventions targeting ITCH.
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