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Abstract

Background: Minor glomerular abnormalities (MGAs) are histopathologically heterogeneous renal lesions with subtle struc-
tural changes and latent clinical manifestations, yet their molecular mechanisms remain poorly characterized and underex-
plored.

Methods: In this study, we employed pressure cycling technology-assisted sample preparation combined with data-
independent acquisition mass spectrometry to systematically compare the proteomic profiles of distant non-neoplastic tis-
sues (n = 24) and MGA tissues (n = 27).

Results: Atotal of 9 529 protein groups were quantified with a false discovery rate < 1%, and 1 338 differentially expressed pro-
tein groups were identified (fold-change > 2 or < 0.5, P < 0.05), including 190 downregulated and 1 148 upregulated protein
groups in MGA tissues. Gene ontology analysis revealed that the downregulated proteins were enriched in cell adhesion, ion
binding, and molecular transport, whereas the upregulated proteins were enriched in transcriptional regulation, DNA repli-
cation/repair, and nucleic acid binding. Kyoto Encyclopedia of Genes and Genomes pathway analysis indicated inhibition of
metabolic pathways and the peroxisome proliferator-activated receptor signaling pathway, as well as the activation of basal
transcription factors and nucleotide excision repair in MGAs. Further screening revealed 13 core upregulated nuclear proteins
(e.g. YY1, TAF9, RFC1, and POLR1D) with a >90% detection rate in MGA tissues; these proteins are functionally associated with
renal inflammation, cell proliferation, and the DNA damage response.

Conclusion: Our study establishes a high-resolution proteomic landscape of MGAs, provides novel insights into their molecular
pathogenesis, and identifies potential tissue biomarkers and therapeutic targets. The pressure cycling technology-assisted
data-independent acquisition workflow also offers a robust technical framework for proteomic analysis of microscale renal
biopsy samples.
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Schematic representation of the analysis workflow for PCT-assisted DIA proteomics.

Introduction

Minor glomerular abnormalities (MGAs), alternatively termed mild
glomerular lesions, refer to a group of glomerular diseases charac-
terized by mild pathological changes and clinical manifestations
of latent nephritis, and represent a histopathological entity char-
acterized by subtle structural alterations in glomeruli that defy
conventional classification [1]. Although identifiable by light mi-
croscopy, electron microscopy, or immunofluorescence, these le-
sions often lack diagnostic specificity despite their clinical signif-
icance [2]. MGAs encompass a spectrum of mild glomerular dis-
orders, including minimal change disease (MCD), mild mesangial
proliferative glomerulonephritis, stage | membranous nephropa-

thy, and a variety of secondary glomerular diseases with subtle
pathological changes. Clinically, MGAs typically present as latent
nephritis and account for ~3.8% of all renal biopsies in adults. This
detection rate (DR) increases markedly in patients with isolated
urinary abnormalities, reaching 5%-8% in those with persistent
isolated proteinuria and 14.5%-25% in those with isolated micro-
scopic hematuria [1-3].

Emerging evidence suggests a complex clinical trajectory for
patients with MGAs. While some patients exhibit indolent progres-
sion, longitudinal studies have documented associations with de-
clining renal function and ultrastructural mitochondrial damage
[4, 5]. These observations underscore the imperative for system-
atic patient monitoring. Paradoxically, despite their diagnostic fre-

9z0z Iudy /1 uo isenb Aq £8/28+¥8/9006eqd/|/6/91011e/Wwod/wod dno-olwepese//:sdyy wols pspeojumoq



Precision Clinical Medicine, 2026, Volume 9, Issue 1

quency, MGAs remain molecularly enigmatic: protein-level aberra-
tions are poorly characterized, and evidence-based management
protocols are conspicuously absent. To address these gaps, we
employed high-resolution mass spectrometry (MS) to delineate
renal proteomic signatures in MGAs.

Contemporary MS-based proteomics has revolutionized dis-
ease mechanism elucidation, biomarker discovery, and therapeu-
tic target identification [6-8]. However, renal tissue proteomic
studies face unique ethical and methodological challenges, par-
ticularly with respect to controlling tissue procurement. While
distant non-neoplastic tissues (DNTs) from tumor-adjacent re-
gions remain the conventional control [9, 10], some investiga-
tors controversially utilize MGA tissues [11-13]. This methodolog-
ical discordance highlights the urgent need for standardized pro-
teomic reference frameworks. Furthermore, given the minimal tis-
sue volume typically obtained from kidney biopsies, it is essential
to employ highly efficient protein extraction protocols and low-
waste sample preparation methods to yield adequate peptides for
MS analysis [14].

Our study pioneers a systematic comparison of the DNT and
MGA proteome using cutting-edge analytical workflows. Freshly
obtained kidney tissues (acquired via puncture or surgery) were
subjected to pressure cycling technology (PCT)-assisted lysis [14,
15]. The extracted proteins then underwent proteolysis via a modi-
fied filter-aided sample preparation (FASP) and data-independent
acquisition (DIA) MS. This approach not only establishes rigor-
ous methodological benchmarks for control selection but also
maps MGA-specific protein networks, potentially revealing ac-
tionable biomarkers or therapeutic targets. By integrating ad-
vanced proteomic technologies with clinical nephrology, this work
may redefine diagnostic paradigms and therapeutic strategies for
MGAs.

Methods

Materials and chemicals

Tris(2-carbonylethyl)phosphine, iodoacetamide (IAA), trifluo-
roacetic acid, formic acid (FA), urea, thiourea, and ammonium
bicarbonate (NH;CO3) were purchased from Sigma (St. Louis, MO,
USA). Acetonitrile (ACN) was obtained from Merck (Darmstadt,
Germany). The electrophoresis reagents were supplied by Bio-Rad
(Richmond, CA, USA). Sequencing-grade trypsin and Lys-C were
purchased from Enzyme & Spectrum (Beijing, China). The Brad-
ford protein assay kit, quantitative colorimetric peptides assay
kit, and molecular weight markers were obtained from Thermo
Fisher Scientific (Rockford, IL, USA). The 30-kDa centrifugal filters
were obtained from Merck Millipore (Carrigtwohill, Ireland). All
other chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Biospecimen collection

Human kidney tissue samples were collected from two groups.
The first group consisted of DNTs (n = 24), which were obtained
from patients who underwent unilateral nephrectomy at the De-
partment of Urology, West China Hospital of Sichuan Univer-
sity, China. The second group included MGA (n = 27) tissues
collected from patients who underwent renal biopsy at the De-

partment of Nephrology, West China Hospital of Sichuan Uni-
versity, China. All the samples were stored in 1.5 ml tubes at
—80°C. The study complied with the principles of the Declara-
tion of Helsinki and was approved by the Ethics Committee of
West China Hospital of Sichuan University, China [Approval No.
2024(1221)]. All participants provided written informed consent.
There were two categories of participants in this study, with
the grouping and inclusion criteria detailed as follows. The DNT
group included patients who required unilateral radical nephrec-
tomy due to renal space-occupying lesions. The inclusion crite-
ria were: (i) no history of blood-borne infectious diseases, such
as hepatitis B, syphilis, or human immunodeficiency virus in-
fection; and (ii) tissue samples must be collected from loca-
tions at least 5 cm away from the lesion edge, with patholog-
ical examination confirming that no tumor-cell infiltration has
occurred.

Patients were included in the MGA group on the basis of the si-
multaneous fulfillment of the following criteria: (i) the patholog-
ical diagnosis aligned with internationally standardized diagnos-
tic criteria for mild glomerular lesions; (ii) immunological tests re-
turned negative results for serum complement components (C3
and C4), antinuclear antibody, anti-double stranded DNA anti-
body, and the extractable nuclear antigen antibody profile; (iii)
detection results of serum protein electrophoresis, serum im-
munofixation, and the serum free light chain «/A ratio were all
negative; (iv) no history of infectious diseases such as hepati-
tis B, hepatitis C, syphilis, or human immunodeficiency virus in-
fection; and (v) no evidence of complicated malignant tumors
was found before surgery or during the follow-up period. For
all patients, renal biopsy specimens were required to contain
>10 glomeruli. Following tissue processing, light microscopy, im-
munofluorescence, and electron microscopy examinations were
performed. The pathological criteria were as follows. (i) Light
microscopy findings: the glomeruli mostly exhibit normal mor-
phology, with no significant alterations, but may display mild
mesangial cell proliferation or a slight increase in the mesan-
gial matrix. (ii) Immunofluorescence findings revealed an ab-
sence of immunoglobulin deposition. (iii) Electron microscopy
findings: the glomeruli basically exhibit a normal morphology, or
they may be accompanied by extensive or partial fusion of foot
processes or thinning of the basement membrane. There is no
electron-dense deposit in the glomeruli, or only a small amount
of electron-dense deposit present in the individual mesangial ar-
eas of the glomeruli. Diagnostic confirmation for all samples was
established through standard pathological assessment, including
hematoxylin and eosin (H&E) staining, by an experienced renal
pathologist.

Histopathological examination and H&E
staining

For conventional histopathological evaluation, portions of the col-
lected kidney tissue samples were fixed in 10% neutral-buffered
formalin for 24-48 h, followed by standard dehydration, paraf-
fin embedding, and sectioning at 4 um thickness. H&E staining
was performed according to established protocols. Briefly, tissue
sections were deparaffinized in xylene and rehydrated through a
graded ethanol series to distilled water. Nuclei were stained with
Harris hematoxylin for 5-8 min, followed by differentiation in 1%
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acid alcohol and bluing in 0.2% ammonia water. Cytoplasmic and
extracellular matrix components were then counterstained with
eosin Y solution for 1-3 min. After dehydration through graded
ethanol and clearing in xylene, the sections were mounted with
neutral balsam. All stained slides were reviewed and diagnosed
by an experienced renal pathologist to confirm the histopatholog-
ical features of MGA (e.g. preserved glomerular architecture with-
out significant hypercellularity or sclerosis) and to verify the ab-
sence of tumor cells in DNTs. Representative digital images were
captured using a light microscope (Olympus BX53) equipped with
a high-resolution camera at 50 x magnification.

PCT-assisted tissue lysis

The kidney tissue samples obtained were subjected to a PCT-
assisted tissue lysis procedure. Each tissue sample (<1 mg) was
placed into a PCT-MicroTube and suspended in 50 ul of lysis buffer
(6 M urea, 2 M thiourea, 100 mM NH4COs3, 20 mM TCEP, and 40 mM
IAA). The samples were then processed via a Barocycler (Pressure
Biosiciences, USA) with a cycle setting of 90, which involved expo-
sure to 45 000 psi for 30 s and ambient pressure for 10 s, at a tem-
perature of 30°C. Next, the lysate was transferred to a 1.5 ml tube,
where 100 ul of 8 M urea was added as a supplement. The protein
concentration was determined by using a protein assay kit.

Protein reduction, alkylation, and
digestion

The extracted proteins were subjected to proteolysis via a modi-
fied FASP method. For this process, proteins were placed in a 30-
kDa filter and subjected to centrifugation at 25 °C for 15 min at
13000 g. The UA buffer (8 M urea) was replaced with 50 mM NH,CO5
buffer through centrifugation at 13 000 g for three cycles of 15 min
each. Trypsin and Lys-C (1 ug of each) were subsequently added
to the mixture for digestion overnight at 37°C. To obtain the pep-
tides, the solution was again centrifuged at 13 000 g for 15 min. The
concentration of these peptides was determined via a quantitative
colorimetric peptide assay at 480 nm, followed by freeze-drying
with a SpeedVac.

Independent validation by Western
blotting

To biochemically validate the proteomic findings, we performed
western blot analysis on an independent cohort of kidney tis-
sues. This validation cohort consisted of 3 randomly selected
DNT samples and 3 MGA samples that were not used in the
initial PCT-DIA proteomics discovery phase. Tissue lysates were
prepared utilizing RIPA lysis buffer containing 1% protease and
phosphatase inhibitors. Total protein was extracted, protein con-
centration was quantified using the BCA protein quantification as-
say kit, and the protein concentration of each sample was ad-
justed to 1 ug per ul with 5 x SDS loading buffer. Then, they
were heated at 95 °C for 10 min. The proteins were loaded on
a 10% separation gel, and the gel was run in SDS electrophore-
sis buffer at 80 V for 30 min and 120 V for 1 h. Equal amounts of
protein (10 ug per lane) were separated by 10% SDS-PAGE and
transferred to PVDF membranes. These membranes were blocked
with 5% nonfat milk at room temperature for 1 h before being in-
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cubated overnight at 4°C with the following primary antibodies:
anti-Yin Yang 1 (YY1) rabbit monoclonal antibody (1:1000, ZENBIO,
R26129), anti-TATA-box binding protein associated factor 9 (TAF9)
rabbit monoclonal antibody (1:1000, Abclonal, A25852), and anti-
switch/sucrose non-fermentable chromatin remodeling complex
(SWI/SNF)-related, matrix associated, actin dependent regulator
of chromatin, subfamily D, member 1 (SMARCD1) rabbit mono-
clonal antibody (1:1000, ZENBIO, R27292). GAPDH (1:100 000, Ab-
clonal, A19056) was used as a loading control. The membranes
were then washed three times with TBST (10 min each) be-
fore being incubated with HRP-conjugated secondary antibodies
(1:10 000) for 60 min. Following this, the membranes were washed
three times with TBST and visualized utilizing chemiluminescence
with an ECL detection system. The relative protein expression lev-
els were then quantified using Image J software. Statistical sig-
nificance was assessed using an unpaired two-tailed Student’s
t-test.

Liquid chromatography tandem MS
analysis

Peptide analysis was conducted via an Orbitrap Exploris 480 mass
spectrometer (Thermo Fisher, USA) connected to a Vanquish Neo
system with a nanospray ion source. The liquid chromatography
(LC) gradient used buffer A (0.1% FA) and buffer B (80% ACN with
0.1% FA). Peptides were dissolved in 20 ul of buffer A, and a 2 ul
sample was injected for separation on a self-packed analytical col-
umn measuring 25 cm in length and 75 um inner diameter. This
column was filled with ReproSil-Pur 120 C18-AQ resin (1.9 um, 120
A, Dr. Maisch, Germany) and maintained at 55°C. Peptide separa-
tion occurred over a 78-min gradient at a flow rate of 300 nl/min,
with the following buffer B conditions: 3%-5% from 0 to 1 min;
5%-20% from 1 to 49 min; 20%-35% from 49 to 73 min; 35%-95%
from 73 to 73.5 min; and 95% from 73.5 to 78 min. The peptides
were analyzed via a DIA technique. MS1 spectra were collected
within a 350-1400 m/z range at a resolution of 120 000. The RF
lens, AGC target, and maximum ion time (MIT) were set to 50%,
custom, and 25 ms, respectively. MS2 spectra were captured with
a 1.6 m/z isolation width at a resolution of 30 000. The AGC tar-
get, MIT, activation type, and collision energy settings were cus-
tom, 40 ms, higher-energy collisional dissociation, and 32%, re-
spectively. For quality control (QC) of the performance of MS, the
Hela cell lines lysate, as the QC standard, was measured every 10
samples.

Data analysis and bioinformatics

Spectronaut software (v15.4, Biognosys) was used to analyze
the DIA data files against the human UniProt database (version
2015_03, 20410 entries). Unless specified otherwise, the software
was operated using its default settings. Filtering was executed
based on the “Qvalue” criterion. The mass tolerance for precur-
sor and fragment ions was maintained at 10 ppm and £20 ppm,
respectively, allowing for up to two missed cleavage sites. Car-
bamidomethylation of cysteine residues was designated as a fixed
modification, whereas variable modifications included methion-
ine oxidation and N-terminal acetylation of proteins. We filtered
protein groups to ensure a 1% false discovery rate (FDR). Data
analysis was performed via R programming software in conjunc-
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tion with our proprietary Wukong platform. Specifically, PGs with
a missing value rate >50% were excluded. Remaining missing val-
ues were imputed using the minimum value across the entire pro-
teomic dataset. Next, the median intensity of each sample was cal-
culated, and the intensity of each protein in one sample was nor-
malized to this median to eliminate systematic variations between
samples. Finally, logarithmic transformation was performed prior
to statistical analysis. Differences were considered statistically sig-
nificant for P < 0.05. A fold-change (FC) > 2 was defined as upreg-
ulated expression, while an FC < 0.5 indicated downregulated ex-
pression. Pearson correlation analysis was used to assess the cor-
relation between samples; strong positive or negative correlations
were defined as r > 0.6 or < —0.6, respectively.

Results

Histopathological characteristics of study
cohorts

To confirm the pathological diagnosis and tissue integrity of our
study samples, representative renal tissue sections from both the
MGA and DNT groups were subjected to H&E staining. As shown
in Supplementary Fig. 1 (see online supplementary material),
H&E staining of MGA tissues revealed largely preserved glomeru-
lar architecture. The glomeruli exhibited no significant mesan-
gial hypercellularity, capillary wall thickening, or glomeruloscle-
rosis, which is consistent with the defining histopathological fea-
tures of MGAs. Conversely, H&E staining of DNT samples, obtained
from regions distant to renal tumors, demonstrated intact renal
parenchyma with preserved glomerular and tubular architecture,
and crucially, no evidence of malignant cellinfiltration. These find-
ings confirm the appropriateness of our sample classification and
provide the morphological context for the subsequent molecular
profiling.

PCT-assisted quantitative proteomic
workflow in human kidney tissues

Renal biopsy tissue analysis remains the gold standard for diag-
nosing most kidney diseases. While a portion of collected kid-
ney tissue is reserved for standard pathological examination, the
residual material available for research is often severely limited
[16]. Conventional protein extraction methods, including pestle
grinding, glass homogenization, and bead milling, frequently re-
sult in suboptimal protein yields and substantial protein losses
[17, 18]. To address these limitations, we implemented PCT for
proteomic preparation of renal biopsy specimens (Fig. 1). PCT
represents an innovative sample-processing approach utilizing a
barocycler device to apply ultrahigh hydrostatic pressure (up to
45000 psi) [15]. Through rapid cycling between elevated and am-
bient pressures, this method achieves efficient physical disrup-
tion of complex kidney tissues, enabling superior protein extrac-
tion and solubilization [19]. Notably, obtaining adequate protein
is beneficial for subsequent research on post-translational modi-
fications [14]. In this study, kidney tissue samples were collected
from two groups. There were 24 DNTs from patients who un-
derwent unilateral nephrectomy in the Department of Urology.
Given the ethical challenges of procuring healthy human kidney

tissues, DNTs are widely recognized as suitable controls in kid-
ney disease-based research [20-22]. Another 27 tissues with MGAs
were obtained via renal biopsy in the Department of Nephrology.
Supplementary Table 1 (see online supplementary material) pro-
vides a detailed summary of the baseline characteristics of the
DNT and MGA groups. Following protein extraction via PCT, we in-
tegrated FASP with DIA-MS (Fig. 1). This pipeline enables compre-
hensive protein profiling, offering protein-level insights into MGA
mechanisms and revealing potential therapeutic targets. Modern
MS-based quantitative proteomics has revolutionized nephrologi-
cal research by allowing high-throughput identification and quan-
tification of thousands of proteins across tissue samples [23]. This
advanced methodology could provide invaluable insights for both
clinical diagnostics and therapeutic development for kidney dis-
eases.

Quantitative proteomic profiles in human
kidney tissues

Prior to quantitative analysis, we performed extensive QC to vali-
date the robustness of our proteomic dataset. The Hela cell lysate
was used as a QC standard and analyzed every 10 experimental
samples (supplementary Table 2, see online supplmentary mate-
rial). Base peak intensity chromatograms derived from the six QC
sample datasets exhibited consistent retention times and signal
intensities across all replicates (supplementary Fig. 2A, see on-
line supplementary material). The Pearson correlation heatmap
of quantified protein expression levels across the six replicates
confirmed high analytical reproducibility with all correlation co-
efficients >0.95 (supplementary Fig. 2B). Additionally, a Pearson
correlation heatmap of protein expression levels across biological
replicates confirmed high reproducibility (supplementary Fig. 3,
see online supplementary material). These results affirm the high
quality and reliability of the data for subsequent differential ex-
pression analysis.

Using the PCT-assisted DIA proteomics strategy, we quantified
a total of 9529 protein groups (PGs) (FDR < 1%). To ensure reli-
ability, PGs with a DR < 50% across samples were excluded, re-
sulting in 7669 quantified PGs and 1 338 differentially expressed
protein groups (DEPGs) (FC > 2 or < 0.5, P < 0.05) (Fig. 3A and
supplementary Table 3, see online supplementary material). Our
quantitative analysis also revealed noteworthy differences in data
variability between the sample groups. Specifically, the number
of PGs detected exhibited greater inter-sample variability within
the DNT group compared to the MGA group (Fig. 3B). This ob-
servation raises important methodological considerations: while
histopathological examination confirmed normal kidney tissue
morphology in the DNT group, the pronounced heterogeneity in
protein expression levels suggests that using DNT as a control
group may introduce unintended variability. These findings indi-
cate that DNT controls could compromise experimental reliability
dueto underlying biological fluctuations not reflected in structural
assessments.

Differentially expressed proteins in MGA
patients

We performed a comprehensive analysis of DEPGs between the
two groups. The volcano plot revealed a striking disparity in
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protein expression profiles, with 190 significantly downregulated
and 1148 upregulated PGs identified in the MGA group (Fig. 4A
and supplementary Table 4, see online supplementary mate-
rial). Principal component analysis (PCA) of these DEPGs demon-
strated clear separation between the two groups (Fig. 4B), indi-
cating distinct protein expression patterns. These findings pro-
vide compelling evidence that the two groups exhibit funda-
mental differences in protein abundance levels. Gene ontol-
ogy (GO) analysis revealed distinct functional patterns between
downregulated and upregulated proteins. The downregulated
proteins were mainly localized to extracellular exosome, cyto-
plasm, and membrane, participating in biological processes in-
cluding cell adhesion, molecular transport, and cellular response.
Functionally, they were enriched for activities such as ion bind-
ing and protein-related functions and performed a variety of
molecular functions, such as ion binding and protein activity
(Fig. 4C). In contrast, the upregulated proteins primarily local-
ized to the nucleus and cytoplasm, and were involved in tran-
scriptional regulation, cellular signaling pathways, and other reg-
ulatory processes. Their molecular functions prominently fea-
tured nucleic acid (DNA/RNA) binding and metal-ion interactions
(Fig. 4D).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis further demonstrated significant pathway modulation: 9
pathways showed inhibition, most notably metabolic pathways,
along with pathways such as protein digestion and absorption,
and the peroxisome proliferator-activated receptor (PPAR) sig-
naling pathway (Fig. 4A), while 5 pathways exhibited activation
(Fig. 4B). The activated pathways included basal transcription fac-
tors, ATP-dependent chromatin remodeling, RNA polymerase ac-
tivity, ribosome biogenesis in eukaryotes, and nucleotide excision
repair (Fig. 4C). Protein-protein interaction (PPI) network analy-
sis confirmed robust interaction networks among these upregu-
lated proteins, indicating high-confidence functional relationships
(Fig. 4C).

Upregulated key proteins in MGA patients

Furthermore, we analyzed the upregulated proteins exhibiting
>90% DRs in MGA patients. This analysis identified 13 signifi-
cantly upregulated proteins [methyl-CpG binding domain protein
3 (MBD3), RNA polymerase | subunit D (POLR1D), YY1, reduced
folate carrier 1 (RFC1), general transcription factor IIA subunit 2
(GTF2A2), ribonuclease P protein subunit p30 (RPP30), TAF9, B-
cell CLL/lymphoma 7C (BCL7C), SMARCD1, actin-related protein 6
(ACTR6), DNA methyltransferase associated protein 1, WD repeat
domain 3 (WDR3), and adenylate kinase 6 (AK6)]. Notably, all re-
tained proteins were nucleoproteins characterized by low tissue
specificity. These proteins undergo ubiquitination and phospho-
rylation modifications and are functionally associated with nu-
cleic acid binding. Their differential expression patterns across
the DNT and MGA groups are illustrated in Fig. 5. Previous stud-
ies have indicated that the abnormal expression or modifica-
tion of nuclear proteins may be involved in the pathogenesis
of renal diseases and may affect disease progression [24, 25].
In this study, the functions of these upregulated nuclear pro-
teins were enriched in core biological processes, including tran-
scriptional regulation, DNA replication and repair, and nucleotide
metabolism.
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Independent biochemical validation of key
upregulated proteins

To provide orthogonal confirmation of our proteomic discover-
ies, we performed western blot analysis on three selected core
proteins (YY1, TAF9, and SMARCD1) using an independent set of
kidney tissue samples (n = 3 per group). The results consistently
demonstrated significantly higher protein levels of YY1 and TAF9
in MGA tissues compared to DNT controls (P < 0.05) (Fig. 6A). Den-
sitometric quantification normalized to GAPDH confirmed these
observations, revealing increases that were concordant with the
MS-based FCs (Fig. 6B). For instance, YY1 and TAF9 showed partic-
ularly strong validation, with western blot quantification mirroring
their pronounced upregulation in the proteomic data. This inde-
pendent biochemical validation strongly supports the reliability of
our PCT-DIA quantification and underscores the relevance of these
nuclear proteins in the pathophysiology of MGAs.

Discussion

Our study established a comprehensive proteomic landscape of
MGAs via a cutting-edge workflow integrating PCT-assisted sam-
ple preparation and DIA MS (Fig. 1). This approach addressed
key technical bottlenecks in microscale renal tissue proteomics,
enabling us to quantify nearly 10000 PGs and identify >1300
DEPGs in MGAs (Fig. 2). Functional and pathway analyses re-
vealed core molecular features of MGA pathogenesis: downregu-
lated DEPGs are enriched in functions critical for glomerular fil-
tration barrier integrity (cell adhesion, ion binding, and molecu-
lar transport), while upregulated DEPGs cluster in transcriptional
regulation, DNA replication/repair, and nucleotide metabolism
(Figs. 3 and 4), with 13 core nuclear proteins (e.g. YY1, TAF9,
RFC1, and POLR1D) showing high DRs in MGAs and linking to re-
nal inflammation, injury adaptation, and pathological prolifera-
tion (Figs. 4 and 5). Clinically, these 13 nuclear proteins fill the
gap in MGA tissue biomarkers and provide promising therapeutic
targets. The reliability of these core findings relies on the techni-
cal innovation of the PCT-assisted DIA workflow employed in this
study.

A critical advantage of the PCT-assisted DIA workflow underpin-
ning these findings is its superior protein coverage and extraction
efficiency compared to conventional methods for renal tissue pro-
teomics. For example, while formalin-fixed paraffin-embedded re-
nal tissue is the most common clinical sample, a modified kit com-
bined with ultrasonic extraction enables the identification of only
840 proteins [26]. Even in acute kidney injury (AKI) after liver trans-
plantation, with the FASP technique, which is optimized specif-
ically for biopsy samples, the number of quantified proteins is
only 6620 [27]. The limitations of non-PCT methods are further
exacerbated when microscale or purified tissue regions are ana-
lyzed. For example, laser capture microdissection combined with
conventional lysis identified only 5 834 proteins in glomeruli, and
when laser capture microdissection was coupled with solid phase
protein preparation magnetic bead enrichment, only 321 proteins
were detected in MCD samples [9, 21]. Collectively, these com-
parisons demonstrate that non-PCT methods struggle to recon-
cile protein coverage with the utilization efficiency of previous mi-
croscale samples, a core challenge that our PCT-assisted strategy
effectively overcomes. The superior performance of our method is
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also reflected in the depth of differential expression analysis. The
number of DEPGs identified in our study was significantly greater
than that obtained by non-PCT methods [28]. This provides a more
abundant pool of candidate molecules for the screening of kidney
disease biomarkers and the exploration of therapeutic targets, en-
suring the potential translational value of our results. In summary,
the PCT-assisted DIA technology employed herein effectively ad-
dresses key bottlenecks in the proteomic analysis of microscale
renaltissues, establishing a powerful platform for mechanistic dis-
covery and clinical translation.

This enhanced technical performance also translated to deeper
insights into the molecular features of MGA, starting with the func-
tional patterns of DEPGs. The downregulation of cell-adhesion-
related proteins aligns with pathological observations in MGAs,
such as podocyte foot process fusion: adhesion plaque compo-
nents mediate the anchoring of podocytes to the glomerular base-
ment membrane, and their reduced expression impairs this at-
tachment, exacerbating structural damage to the filtration bar-
rier [21]. Furthermore, the enrichment of calcium-ion binding
and protein-binding functions in our data resonates with find-
ings from other glomerulopathies: in membranous nephropa-
thy (MN), calcium-ion binding cooperates with complement ac-
tivation and cell adhesion to exacerbate glomerular filtration
barrier damage [29]; IgA nephropathy is jointly enriched with
serine-type endopeptidase inhibitor activity and complement ac-
tivation. Thus, the dysfunction of ion-binding-related functions
emerges from our analysis as a common driver of filtration barrier
damage across glomerular diseases [30]. In contrast, the upregu-
lated proteins focused on transcriptional regulation and DNA re-
pair, reflecting a molecular adaptive response to renal injury. This
pattern mirrors findings in MCD (a core MGA subtype), where trans-
forming growth factor beta 1-regulated downstream proteins rely
on nucleic acid binding for gene expression [21]. In focal segmen-
tal glomerulosclerosis, DEPGs are also involved in the positive reg-
ulation of DNA binding [31].

Pathway analysis further refined these insights, revealing MGA-
specific metabolic and signaling rewiring. As a core subtype of
MGAs, the metabolic abnormalities associated with MCD are more
focused on the disruption of fatty acid metabolism, whereas the
MGA group exhibits overall inhibition of the metabolic pathway.
This reflects a unique regulatory pattern. Specifically, the down-
regulation of metabolic pathways and the PPAR signaling path-
way in the MGA group may be mechanistically homologous to
the mechanisms associated with diabetic kidney disease (DKD).
In DKD, insufficient activation of the PPAR signaling pathway
leads to lipid metabolism disorders and impaired fatty acid ox-
idation, a process analogous to the pathway downregulation
observed in MGAs [32, 33]. Moreover, the overall inhibition of
metabolic pathways in the MGA group aligns with the downreg-
ulation of the fatty acid B-oxidation pathway in lupus nephritis
(LN), and oxidative phosphorylation and tricarboxylic acid cycle
pathways in autosomal dominant polycystic kidney disease, sug-
gesting that such pathway regulation may be associated with en-
ergy metabolism imbalance in renal cells [22, 34], underscoring a
shared pathogenic thread across these kidney diseases. Interest-
ingly, the regulatory direction can be disease specific, as the inhi-
bition of metabolic pathways in MGAs contrasts with the activa-
tion of fatty acid metabolism in MN, highlighting the complexity of
metabolic regulation [29]. Moreover, the inhibition of protein di-
gestion and absorption pathways in MGAs shares similarities with
the nutritional metabolic reprogramming that supports cyst pro-
liferation in autosomal dominant polycystic kidney disease, sug-
gesting that coordinated regulation of substance absorption and
metabolism may represent a potential adaptive response to re-
nal injury [35]. In addition to metabolism, the downregulation of
the renin-angiotensin system in the MGA group strongly contrasts
with its overactivation in DKD, indicating disease-specific differ-
ences in renal hemodynamic regulation [32].

Conversely, activated basal transcription factors and nu-
cleotide excision repair pathways form a coordinated regulatory
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module. Studies have revealed the activated transcription of
cell-death-related genes and a significant increase in the activity
of DNA damage repair-related pathways in MN [29]. Similarly,
in MGAs, both the nucleotide excision repair pathway and the

basic transcription factor pathway are upregulated. The former
ensures the stability of genetic material, whereas the latter
provides crucial support for the initiation of gene transcription.
Both collectively contribute to the molecular response to injury,
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which indicates that the activation of transcription- and DNA
repair-related pathways may represent a conserved adaptive
response of kidney diseases to injury. The specific remodeling of
the aforementioned pathways ultimately converges on 13 core
upregulated nuclear proteins with high DRs. As key nodes in
these pathways, the functional abnormalities of these proteins

may serve as the core drivers of the pathological mechanisms
underlying MGAs.

Notably, several of these proteins have established links to re-
nal pathology. YY1 is highly expressed in MGAs, a phenomenon
also observed in other renal diseases. In LN, the expression of
YY1issignificantly upregulated, promoting the occurrence and de-
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Figure 5 (A-M) Upregulated key proteins in MGA tissues.

velopment of the disease by regulating the secretion of inflam-
matory factors. Targeted inhibition of its expression can reduce
the release of inflammatory factors and alleviate local inflam-
matory responses in the kidneys [36, 37]. In addition, in DKD,
YY1 participates in the pathological process as a fibrosis regu-
latory factor. On the one hand, it mediates abnormal glycolysis
and renal fibrosis by activating the estimated glomerular filtra-

tion rate/PKM2/HIF-1a pathway. On the other hand, its deacety-
lation modification can inhibit the epithelial-mesenchymal tran-
sition of renal tubular cells to delay the progression of the disease
[38-40]. Taken together, these findings suggest that the upregula-
tion of YY1 in MGAs may exacerbate renal inflammation through
pro-inflammatory mechanisms. In AKI, YY1 exhibits a protective
effect. Its down-regulation leads to an increase in KIM1 gene ex-
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pression, which promotes apoptosis and inflammatory responses
in renal tubular cells and aggravates kidney damage. Activating
YY1 or specifically knocking out KIM1 in renal tubules can signif-
icantly alleviate kidney damage in AKI mouse models [41]. The
specific mechanism of YY1 in MGAs still needs verification. TAF9,
a key factor for RNA polymerase Il-mediated transcription initi-
ation, is closely related to cytomegalovirus-induced LN [42, 43].
It can trigger TAF9-specific immune responses, leading to pro-
teinuria and pathological changes in glomerulonephritis in mice
[43]. In MGAs, the upregulation of TAF9 may exacerbate renal tis-
sue inflammatory responses and functional disorders by induc-
ing immune reactions. RFC1 is a key folate transporter that lo-
cated to the basolateral membranes of renal tubules, and its well-
characterized role as a core molecular target for methotrexate
highlights its strong translational relevance [44]. Methotrexate is
a folate derivative that inhibits several enzymes responsible for
nucleotide synthesis. This inhibition leads to suppression of in-
flammation as well as prevention of cell division. Methotrexate is
an antineoplastic agent clinically approved for treating a broad
spectrum of cancers, including acute lymphoblastic leukemia,
acute promyelocytic leukemia, bladder cancer, breast cancer, and
CNS lymphoma, as well as autoimmune diseases such as severe
rheumatoid arthritis (https://go.drugbank.com/drugs/DB00563).
In renal pathophysiology, RFC1 expression is tightly linked to re-
nal injury: in AKI, reduced RFC1 expression correlates with dimin-
ished plasma folate levels, which in turn show a negative asso-
ciation with plasma creatinine concentrations. Extending this un-
derstanding, we speculate that the upregulation of RFC1 observed
in MGAs represents an adaptive compensatory renal mechanism,
serving to enhance folate transport and mitigate kidney injury
[45]. This finding provides a rationale for exploring RFC1-directed
strategies—such as repurposing methotrexate, to manage MGA-
associated renal dysfunction, linking our basic research observa-
tions to actionable clinical implications.

As a subunit of RNA polymerases | and Ill, POLR1D is involved in
ribosomal RNA synthesis, and its dysregulation is associated with
avariety of diseases [46]. Previous studies have demonstrated that
the overexpression of POLR1D in human cells can activate mam-
malian target of rapamycin complex 1 (mTORC1), thereby promot-
ing renal interstitial inflammation and fibrosis [22, 47, 48]. On this
basis, we hypothesize that this mechanism may also play a role
in the pathological process of MGAs. WDR3 is a core hub gene

for post-renal transplantation AKI, and its abnormal expression
is involved in the early injury of transplanted kidneys [49]. In the
present study, WDR3 was upregulated in MGAs, suggesting that
WDR3 may serve as a potential common biomarker for both MGAs
and post-renal transplantation AKI. AK6 is involved in nucleotide
metabolism, maintainingintracellular ATP homeostasis while pos-
sessing antioxidant functions to scavenge reactive oxygen species
[50]. Whether the upregulation of AK6 in MGAs exerts an antioxi-
dant protective effect requires further investigation. MBD3, BCL7C,
SMARCD1, and several other upregulated nuclear proteins iden-
tified in our study are related to tumor occurrence and develop-
ment. The upregulation of these proteins in MGAs does not pose
a carcinogenic risk, but it provides a new perspective for under-
standing the regulation of cell homeostasis in MGAs. MBD3 facil-
itates gastric cancer cell proliferation through the phosphatidyli-
nositol 3-kinase-Akt pathway, a key driver of diabetic nephropa-
thy fibrosis [49]. However, its upregulation in MGAs fails to trigger
fibrosis, likely owing to the absence of a high-glucose microenvi-
ronment, and may only sustain basic cell proliferation in the MGA
microenvironment. BCL7C and SMARCD1, both members of the
SWI/SNF that exerts functions via chromatin structure regulation,
are upregulated in MGAs and exhibit completely opposite func-
tional properties. BCL7C exerts a tumor-suppressive effect by neg-
atively regulating the Wnt and apoptotic pathways to inhibit car-
cinogenesis, and its upregulation may engage in MGAs injury re-
sponse through the suppression of excessive mesangial cell pro-
liferation [51, 52]. SMARCD1 promotes tumor proliferation by reg-
ulating target gene transcription, and its upregulation is highly
likely to facilitate the pathological progression of MGAs via chro-
matin remodeling [53, 54]. These opposing regulatory effects im-
ply that the pathological process of MGAs may stem from the
balance of multiple chromatin remodeling factors with opposite
functions, and the specific mechanisms involved require further
in-depth research. The highly conserved RPP30 is regulated by
tRNA to promote tumor development and angiogenesis [55, 56].
Whether it promotes angiogenesis and participates in inflamma-
tion in MGAs needs to be verified, specifically on the basis of the
pathological characteristics of MGAs. Similarly, ACTR6 is highly ex-
pressed in hepatocellular carcinoma and is linked to poor prog-
nosis. It may promote hepatocarcinogenesis by regulating the cell
cycle to induce immune cell infiltration, and its potential role in
regulating cell proliferation and inflammation in MGAs needs tar-
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geted exploration [57]. GTF2A2, a key factor for RNA polymerase Il-
mediated transcription initiation, is upregulated in osteosarcoma
and multiple myeloma and causes inflammatory molecule dysreg-
ulation [58, 59]. Its upregulation in MGAs may exacerbate renal in-
flammation via activating inflammatory pathways, although this
requires further verification. As a member of the TIP60-p400 com-
plex, DMAP1 inhibits transcription via DNA methylation and con-
tributes to DNA damage repair and tumor suppression, but the
specific association between its upregulation and the pathologi-
cal processes of MGAs has yet to be investigated [60, 61].

Collectively, the prioritized candidates from our proteomic
screen, such as YY1 and POLR1D, are not merely differentially
expressed but embody key “druggable” nodes within the dys-
regulated molecular network of MGAs. The upregulation of YY1,
a pleiotropic transcription factor implicated in renal inflamma-
tion and fibrosis in LN and DKD, positions it as a master regu-
lator potentially driving similar pathogenic processes in MGAs.
Its established “druggable” profile opens avenues for exploring
repurposed or novel YY1 inhibitors in experimental models of
MGA. Similarly, the association of POLR1D with mTORC1 activa-
tion provides a direct link to a therapeutically tractable path-
way. While mTOR inhibitors like sirolimus have known renal ap-
plications (e.g. in transplantation and some glomerulopathies),
our data suggested a rationale for evaluating their efficacy specif-
ically in the subset of MGAs characterized by POLR1D upregu-
lation [62-64]. Beyond these examples, other upregulated pro-
teins like TAF9 (linked to immune activation) and RFC1 (a known
drug target for methotrexate) further enrich the pool of mecha-
nistically grounded, actionable targets (Fig. 5) [65]. This target-
centric framework moves beyond descriptive biomarker identifi-
cation and provides a hypothesis-driven roadmap for subsequent
functional validation and therapeutic exploration. In independent
validation, this significant upregulation of core candidates like
YY1 and TAF9 has been confirmed at the protein level in an in-
dependent cohort (Fig. 6), strengthening confidence in their role.
Therefore, we propose that YY1 and POLR1D represent prioritized,
mechanistically grounded targets for MGAs. Future work should
focus on in vivo validation using genetic or pharmacological inhi-
bition in relevant models to confirm their causal role and thera-
peutic efficacy.

From a clinical application perspective, the diagnosis of MGAs
still relies on pathological morphological examination, with a lack
of specific markers to assist in pathological diagnosis. In contrast,
other renal diseases have established clear marker systems. For
example, LN employs anti-double-stranded DNA antibodies and
complement C3/C4 levels as monitoring indicators [57]. DKD can
be monitored using urinary cystatin C to predictits occurrence and
progression [66], while AKI uses neutrophil gelatinase-associated
lipocalin as a biomarker [66]. It is also notable that MCD possesses
well-defined markers including urine serpin family A member 1
(SERPINAL), CD80, and CD14, along with plasma SERPIN family
protein profiles, that help distinguish it from other renal diseases,
and urine CD80 can reflect disease activity [29, 67]. However, as
a broad category encompassing multiple lesions and other condi-
tions, MGAs still exhibit significant gaps in tissue marker research.
This prevents renal biopsy samples from exerting molecular
diagnostic value, thereby limiting research on the pathological
mechanisms of MGAs and the development of precise diagnos-
tic methods. Therefore, the screening of 13 significantly upregu-
lated nuclear proteins in renal tissue in this study is necessary.
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On the one hand, it can fill the gap in the search for MGA tis-
sue markers; on the other hand, these tissue nuclear proteins can
also provide potential targets for MGA intervention. By clarifying
their associations with the pathological mechanisms of MGA tis-
sue, this study lays a foundation for subsequent mechanistic ver-
ification and clinical translation. While the current research pro-
vides a deep proteomic mapping of renal tissue in MGAs, a criti-
cal future direction involves translating these findings into clini-
cally accessible biomarkers. Future studies should systematically
integrate multi-sample profiling, particularly non-invasive liquid
biopsies like urine and serum proteomics. Such efforts will be es-
sential to determine whether the tissue-derived signatures (e.g.
the 13 upregulated nuclear proteins) have detectable correlation
in bodily fluids, and to discover novel urine-specific diagnostic
or prognostic markers for MGAs. Establishing a correlation be-
tween tissue pathology and urinary proteomic profiles represents
a vital step towards developing non-invasive tools for diagno-
sis, risk stratification, and treatment monitoring in patients with
MGAs.
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