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ABSTRACT: IgA nephropathy represents a significant challenge in nephrology research, and an understanding of its underlying
molecular mechanisms is crucial. In this study, we conducted a comprehensive proteomic investigation of IgA nephropathy utilizing
microdissection techniques combined with data-independent acquisition technology. Our analysis focused on differentially expressed
proteins in the glomeruli, interstitium, and tubules of the kidney. Functional enrichment analysis revealed distinct pathway
enrichment patterns, with fatty acid synthesis predominating in the glomerulus and complement and coagulation pathways
predominantly enriched in the tubules. These pathway enrichments suggest potential key contributors to the pathogenesis of IgA
nephropathy. Furthermore, our study identified ATP1B1 and COX4I1 in the glomerulus and SLC22A13 in the tubules as promising
diagnostic markers for the disease. Meanwhile, C4A and APEX1 proteins were identified as valuable biomarkers for assessing disease
progression. This research could provide valuable insights into the proteomic alterations associated with IgA nephropathy and offer
potential targets for further therapeutic exploration.

1. INTRODUCTION and as of yet, there are no treatments specifically targeting

. I 21213 The prognosis for IgQAN patients varies wide-
IgA nephropathy (IgAN), universally acknowledged as the oD et Aerable ad s in anderstanding it
predominant form of primary glomerulonephritis, significantly Y- espite considerable advancements In understanding 1ts

pathogenesis, current knowledge still falls short of fully

contributes to the incidence and progression of chronic kidney 4,16-15

disease (CKD) and end-stage renal disease (ESRD).'™ explaining the pathogenic mechanism of the disease.

Research shows that approximately 30—40% of patients with Renal biopsy continues to be the definitive diagnostic standard

IgAN are likely to develop ESRD within 20—30 years following for glomerular disee}ses ;}ICh as IgAN. ) )

their initial diagnosis.2 Globally, the annual incidence rate of Las‘er capture micro 1§sect10n (LCM).IS a pivotal method
IgAN in adults is estimated at about 2.5 cases per 100,000 enabling researchers to isolate specific tissues or cells under
individuals.” Notably, there is a distinct geographic variance in direct microscopic ol?serv ation. The high purity of LCM-derived
the distribution of this disease, with East Asia reporting the samples makes them 1dea1.for arange ?;f (2100 wnstr.eam assays, S.UCh
highest incidence rates.” In China, for instance, IgAN constitutes as proteomic and genomic analyses. Applicable to various

about 45% of all primary glomerular cases.” IgAN predom-

inantly affects young adults, with a higher incidence in Received: September 18, 2024
males.”'”"" The clinical presentation of IgAN varies widely, Revised:  April 10, 2025
encompassing a spectrum from asymptomatic microscopic Accepted:  April 14, 2025
hematuria to substantial proteinuria, and can include a rapid Published: April 24, 2025

decline in renal function.” At present, the diagnosis of IgAN is
dependent on histopathological analysis of renal biopsy samples,
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specimen es, LCM has significantly enhanced research
capabilities.'” In parallel, mass spectrometry-based proteomics
has evolved into a vital tool in both biological and medical
research.”** In recent years, data-independent acquisition
(DIA)-based sequential window acquisition of all theoretical
mass spectra (SWATH-MS), the next-generation proteomic
method, is an emerging strategy, which combines the deep
proteome coverage capability with a favorable quantitative
accuracy and reproducibility.”~*° SWATH-MS has also been
applied to the scientific research Projects such as plasma
proteomics,31 microbe proteomics,zg" * and tissue proteomics.33
For kidney diseases, it is turned out to be feasible and of great
clinical value to use LCM coupled with mass spectrometry-
based proteomics to investigate the potential biomarkers,”* ™’
classification of disease,*® glomerular components,39_41 and
pathogenic mechanisms.”” To date, the mechanisms of
occurrence and development of IgAN have not been fully
understood. In addition, kidney biopsy tissue is the sample
source of interest in the study of the disease. Therefore, in the
present investigation, we employed LCM combined with
SWATH-MS to identify the changed protein expression profiles
of the glomerulus, tubule, and interstitium in IgAN patients, and
then bioinformatic analyses were performed on these changed
proteins, which may play a positive role in our better
understanding of the disease.

2. RESULTS

2.1. Patient Characteristics. The clinical characteristics of
patients with IgAN (n = 18) and normal control kidney tissues
collected from the para-cancer tissue of the renal carcinoma
without pathological changes and invasion (NC) (n = 11) are
shown in Table 1. The detailed clinical information is provided
in Table SI.

Table 1. Clinical Characteristics of Patients”

IgAN NC
age (years) 36.17 +9.52 385+ 54
sex (female/male) 10/7 0/11
systolic blood pressure (mm Hg) 125.94 + 20.40 102.27 + 4.47
diastolic blood pressure (mm Hg)  80.06 + 14.49 72.36 + 8.17
blood urea (mmol/L) 6.88 £ 5.72 NA
serum creatinine (ymol/L) 94.44 + 56.89 97.14 + 21.43
blood uric acid (umol/L) 407.23 + 158.60  360.56 + 34.99
serum albumin (g/L) 37.39 + 5.48 30.46 + 5.45
total cholesterol (mmol/L) 5.13 + 1.56 5.15 +0.58
triglyceride (mmol/L) 1.46 + 0.49 1.60 + 0.33
24-h urinary protein quantity (g) 121+ 1.13 NA

“Data are presented as the mean + SD. NA — not available.

2.2. Proteomics Profiling from IgAN Patients versus
NC in the Glomerulus, Tubules, and Interstitium. The
initial mass spectrometry data collection was performed in the
data-dependent acquisition (DDA) mode. Our spectral library
encompassed 81,369 peptides and 8310 proteins. The DDA
results, including distributions of unique peptides, protein mass,
and coverage, are presented in Figure SIA. A total of 86 samples
provided (MS) data in DIA mode, leading to the quantitation of
50,894 peptides and 2982 proteins. Quantitative data of each
sample is summarized in Figure S1B. In this research, MSstats
software was utilized for correcting intrasystem errors and
normalizing each sample, and the Limma package in R was used
to identify differentially expressed proteins (DEPs). The

significance of DEPs was assessed based on predetermined
comparison groups and a linear mixed-effect model. We applied
two filtering criteria: a fold change greater than 1.5 and a p-value
less than 0.05 to identify significant DEPs. Following these
criteria, we identified 112 proteins as significantly upregulated
and 74 as significantly downregulated in the glomerulus of IgAN
patients compared to the control group (IgAN-G/CG-G), as
seen in Figure 1A. In the tubular region (IgAN-T/CG-T), there
were 266 proteins significantly upregulated and 126 down-
regulated, as depicted in Figure 1B. The interstitial area (IgAN-
I/CG-I) showed 231 DEPs, with 113 being upregulated and 118
downregulated, as illustrated in Figure 1C. DEPs of three
regions of the glomerulus, renal tubules, and renal interstitium
are presented in Tables S2—S4. Through the intersection of the
three groups of DEPs, surprisingly, only three proteins were
found to be shared in the three regions: FABP1, DYSF, and
HSPAIA. We also found 135 proteins that were unique to the
glomerulus, 311 proteins that were unique to the renal tubules,
and 164 proteins that were unique to the renal interstitium. This
thorough analysis sheds light on the specific protein expression
changes in IgAN and aids in understanding the molecular
underpinnings of the disease.

2.3. Function Analysis Patterns Characterized by
Different Regions of the Kidney. To elucidate the roles of
DEPs (including both upregulated and downregulated proteins)
in IgAN versus NC, we conducted Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analyses. These analyses focused on DEPs across three
distinct renal regions: the glomerulus, renal tubules, and renal
interstitium. GO enrichment results revealed specific pathway
enrichments in each region. The glomerulus predominantly
exhibited enrichment in the energy and metabolic pathways
(Figure 2A), whereas the renal tubules showed a significant
enrichment in the immunity and inflammation pathways (Figure
2B). The renal interstitium was primarily enriched in the
adherence and extracellular matrix (ECM) interaction pathways
(Figure 2C). In parallel, KEGG enrichment analysis provided
insights into unique pathway involvements. By the KEGG
enrichment analysis, we found that three regions of the kidney
mainly showed metabolic disorders (Tables S5—S7). Addition-
ally, we found that both the glomerulus and the renal tubules
were involved in fatty acid metabolism disorders, but this was
not found in the renal interstitium. We also found that immune-
related pathways were enriched in the renal tubules and
interstitium but not significantly enriched in the glomerulus.
We took a heatmap of these pathways; the glomerulus uniquely
showed involvement in the fatty acid biosynthesis and fat
digestion and absorption pathways. Meanwhile, the tubules
uniquely exhibited involvement in the phagosome and comple-
ment and coagulation cascade pathways (Figure 2D). These
results suggest that abnormal fatty acid biosynthesis was more
prominent in the glomerulus than in other regions, while
complement and coagulation cascades were more prominent in
the renal tubules. We did not find a specific signaling pathway for
its expression in the renal interstitium, but we found that the
ECM-—receptor interaction pathway is particularly enriched.
Studies had shown that ECM accumulation was a key feature of
renal interstitial fibrosis, and the inhibition of ECM—receptor
interactions could reduce collagen deposition and thus inhibit
interstitial fibrosis.*>** Therefore, we believe that the
ECM-—receptor interaction may be an important influencing
factor of IgAN renal interstitial fibrosis. Further, we conducted a
gene set enrichment analysis (GSEA) on these pathways of
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Figure 1. Analysis of DEPs in different regions of the kidney. Volcano plots from different kidney compartments: (A) glomerulus, (B) tubules, and (C)

interstitium.

interest. This analysis revealed that the fatty acid elongation
pathway was activated in the glomerulus (Figure 2E), the
complement and coagulation cascade pathways were notably
activated in the tubules (Figure 2F), and the ECM—receptor
interaction pathway showed significant activation in the renal
interstitium (Figure 2G). In addition, in a proteomics study of
IgAN urine, the complement and coagulation cascade and
ECM-—receptor interaction pathway played an important role in
the pathogenesis of IgAN." This also suggests that these two
pathways may be related to the pathogenesis of IgAN. These
findings provide a deeper understanding of the molecular
mechanisms and pathway involvement in different regions of the
kidney in IgAN.

2.4. ldentification of Co-Expression Protein Modules
and Screening of Diagnostic Biomarkers in the Glomer-
ulus. In the glomerular dataset, we used WGCNA to identify
protein modules co-expressed by numerous proteins. First, we
considered the sample type as a clinical trait: the IgAN group (n
= 18) and the normal group (n = 11). Then, based on a scale
independence of >0.9, we selected 10 as the soft threshold power
 to ensure a biologically significant scale-free network (Figure
3A). Through hierarchical clustering analysis and the dynamic
tree cut method of gene dendrograms, proteins were grouped
into nine modules, as shown in Figure 3B, with the blue, brown,
and turquoise modules showing significant association with
IgAN, which were selected for further analysis. A total of 340
proteins were significantly associated with the IgAN protein
significance and module membership. By utilizing a Venn
diagram to compare the overlapping regions of DEGs and key
module proteins, we identified 81 overlapping protein regions
(Figure 3C). We used two machine-learning algorithms to
identify feature genes: SVM-RFE selected 19 predicted proteins
(Figure 3D) and LASSO regression analysis selected 8 predicted
proteins from among the statistically significant univariate
variables (Figure 3E). Both algorithms identified ATP1BI,
CALBI, and COX4I1 as overlapping proteins (Figure 3F). In
the glomerulus, the expression of ATP1B1, CALBI, and
COX4I1 was considerably higher in the IgAN group than in
the control group (Figure 3G). The receiver operating
characteristic (ROC) curves for ATP1B1, CALBI, and
COX4I1, with AUCs of 0.778, 0.838, and 0.780, respectively,

17210

indicated that these biological markers have high predictive
accuracy (Figure 3H).

2.5. Identification of Co-Expression Protein Modules
and Screening of Diagnostic Biomarkers in the Tubules.
Similarly, in the renal tubule dataset, we used WGCNA to
identify protein modules co-expressed by numerous proteins.
First, we considered the sample type as a clinical trait: the IgAN
group (n = 18) and the normal group (n = 11). Based on a scale
independence of >0.9, we selected 6 as the soft threshold power
J to ensure a biologically significant scale-free network (Figure
4A). Through hierarchical clustering analysis and the dynamic
tree cut method of gene dendrograms, proteins were grouped
into eight modules, as shown in Figure 4B, with the purple
module showing significant associations with IgAN, which were
selected for further analysis. A total of 175 proteins were
significantly associated with the IgAN protein significance and
module membership. Using a Venn diagram to compare the
overlapping regions of DEGs and key module proteins, we
identified 20 overlapping protein regions (Figure 4C). Two
machine-learning algorithms were employed to identify feature
genes: SVM-RFE selected 13 predicted proteins (Figure 4D)
and LASSO regression analysis identified 7 predicted proteins
from among the statistically significant univariate variables
(Figure 4E). Both algorithms identified CCAR1, FMOGP,
NUDT12, SLC22A13, TECR, and WASF2 as overlapping
proteins (Figure 4F). In the tubules, the expression levels of
CCARI1, FMO6P, NUDT?2, SLC22A13, TECR, and WASF2
were considerably higher in the IgAN group compared to the
control group (Figure 4G). The ROC curves for CCARI,
FMO6P, NUDT12, SLC22A13, TECR, and WASF2 with AUCs
of 0.831, 0.965, 0.864, 0.894, 0.904, and 0.909, respectively,
indicated that these biological markers have high predictive
accuracy (Figure 4H).

2.6. Validation of Diagnostic Markers. To validate the
accuracy of the diagnostic biomarkers, we assessed the
diagnostic effectiveness of two proteins in the glomerulus
using the validation dataset. The AUC values for the biomarkers
ATP1B1 and COX4I1 were found to be 0.761 and 0.821,
respectively (Figure SA). Similarly, in the tubules, we verified the
diagnostic effectiveness of one protein in the validation dataset,
discovering that the AUC value for the biomarker SLC22A13
was 0.917 (Figure SB).
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Figure 2. Function analysis in different regions of the kidney. The GO enrichment analysis in DEPs of different kidney compartments: (A) glomerulus,
(B) tubules, and (C) interstitium. The x-axis represents the enrichment factor (RichFactor), which was calculated by dividing the number of DEPs
annotated to each pathway by the total number of identified proteins annotated to that specific pathway. A higher RichFactor indicated a greater
proportion of DEPs associated with the pathway. (D) Comparison of KEGG pathways of DEPs from the renal glomerulus, tubules, and interstitium.

The light gray color indicates not available (N/

A). (E) GSEA enrichment plots of the fatty acid degradation pathway in the glomerulus. (F) GSEA

enrichment plots of complement and coagulation cascade pathways in tubules. (G) GSEA enrichment plots of the ECM—receptor interaction pathway

in the interstitium.

2.7. Molecular Functions of Key

Glomerular and Tubular Tissues as Revealed by GSVA
Correlation Analysis. To further elucidate the molecular

functions of key proteins, we conducted

analysis (GSVA) to assess correlations with key proteins in the
glomerular and tubular tissues. The results showed that in the

Proteins in the glomerulus, ATP1B1 and COX4I1 were significantly positively
correlated with fatty acid metabolism, adipogenesis, and
oxidative phosphorylation. Notably, ATP1B1 was also positively
correlated with the glycolysis pathway (Figure 6A), suggesting
that ATPIB1 and COX4I1 played important roles in the

metabolic processes of the glomerulus. In the tubules,

a gene set variation
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Figure 3. Screening of diagnostic markers by WGCNA and machine learning in the glomerulus. (A) Analysis of the network topology for various soft
threshold values. (B) Relationship between modules and clinical traits. The colors represent the correlation coefficient. (C) Venn diagram of key
module proteins and DEPs. (D) Screening of biomarkers using the SVM-RFE algorithm. (E) LASSO logistic regression algorithm to identify
diagnostic markers. (F) Venn diagram showing the overlap of diagnostic markers identified by both algorithms. (G) Boxplot illustrating the expression
levels of hub genes between the IgAN group and the control group. *p < 0.05, **p < 0.01, ***p < 0.001. (H) ROC curve with AUC and 95%CI

demonstrating the diagnostic efficacy of the identified biomarkers.

SLC22A13 was negatively correlated to PI3K/AKT signaling
and TNF-a/NF-kB signaling pathways. This suggested that
SLC22A13 probably played an important role in the
proliferation and differentiation of renal tubular cells. At the
same time, we also found a positive correlation between
SLC22A13 and the complement and inflammation response

pathways, but it was not statistically significant.
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2.8. Alterations in Proteomics Linked to the Exacer-
bation of Disease in Patients with IgAN. To elucidate the
variations in protein expression associated with the exacerbation
of IgAN, we employed the short-time-series expression miner
(STEM) analysis. This approach was applied to NC, as well as
IgAN stages II, III, and IV, to derive distinct profiles
characterizing the behavior of protein expression. We discerned
four distinct protein profiles exhibiting varied expression
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Figure 4. Screening of diagnostic markers by WGCNA and machine learning in tubules. (A) Analysis of the network topology for various soft threshold
values. (B) Relationship between modules and clinical traits. The colors represent the correlation coefficients. (C) Venn diagram of key module
proteins and DEPs. (D) Screening of biomarkers using the SVM-RFE algorithm. (E) LASSO logistic regression algorithm to identify diagnostic
markers. (F) Venn diagram showing the overlap of diagnostic markers identified by both algorithms. (G) Boxplot illustrating the expression levels of
hub genes between the IgAN group and the control group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (H) ROC curve with AUC and 95%CI

demonstrating the diagnostic efficacy of the identified biomarkers.

behaviors across the NC, IgAN II, IgAN III, and IgAN IV groups
in the renal tubules. These profiles are identified as numbers 8,
11, 23, and 25 in Figure 7A. We also identified four significant
protein profiles with different expression behaviors across the
NC, IgAN II, IgAN III and IgAN IV groups in the interstitium,
including profiles 15, 21, 24, and 25 in Figure 7B. Subsequently,

by employing a Venn diagram, we compared the overlapping
elements of profile 25 in both the tubular and interstitial regions
(Figure 7C), and we were able to screen 41 overlapping proteins
that increased with an increase in Lee's pathological grades,
suggesting a positive correlation. To investigate the association
between protein expression levels and clinical features, we
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conducted a correlation analysis. This analysis focused on the
characteristics of protein expression and the key clinical features
of proteinuria in IgAN patients. We found a total of 2 proteins
(APEX1 and C4A) that were positively correlated to proteinuria
(Figure 7D). The proteins in profile 25 were significantly
enriched in ECM organizatin, actin filament-base movement,
and coronavirus disease-COVID-19 on the Metascape platform
in Figure7E.

3. DISCUSSION

In previous studies of renal proteomics, the focus was primarily
on the analysis of whole tissues. However, these approaches
provide limited insights into the specific dysfunctions affecting
different compartments of the kidney. Considering that different
compartments in IgAN may be associated with the activation of
distinct signaling pathways, a more detailed understanding is
necessary but has been lacking in prior research.

In our study comparing IgAN groups with control groups, we
identified several DEPs: a total of 112 proteins were upregulated
and 74 were downregulated in the glomerulus. In the renal
tubules, 266 proteins were upregulated and 126 were down-
regulated, whereas in the renal interstitium, 113 proteins were
upregulated and 118 were downregulated. Interestingly, we
found that only three DEPs existed in the three regions of
kidney, which was the molecular basis for the different
pathological mechanisms of each substructure. In the sub-

sequent KEGG functional analysis, we found that there were
significant metabolic disorders in all three regions of the kidney,
which may be the main pathological mechanism of IgAN.
However, we found significant differences in the three
substructures; for example, we found almost no immune
dysfunction in the glomeruli and no fatty acid metabolism
disorder in the renal interstitium. However, compared with
other regions, the fatty acid synthesis in the glomeruli was its
unique pathway, and the complement and coagulation cascades
in the renal tubules were its unique pathway. However, since our
subsequent analysis was based on DEPs screened for FC 1.5, we
can only assume that fatty acid synthesis is more prominent in
the pathological mechanism of the glomerulus than other
substructures. Activation of complement and coagulation
cascades is more pronounced in renal tubules. Based on these
DEPs, we employed WGCNA and machine learning to screen
for and identify diagnostic biomarkers for IgAN. Ultimately, we
identified and validated two biomarkers in the glomerulus:
ATP1B1 and COX4I1. Similarly, we identified and validated one
biomarker in the renal tubules: SLC22A13. Furthermore, we
utilized STEM to select biomarkers correlated with the severity
of IgAN and found that C4A and APEX1 levels increased with
the elevation of proteinuria.

Changes in lipid metabolism have been identified as a risk
factor for the progression of CKD.* Fatty acids are established
as a source of energy for various cells, including cardiac and
muscular cells, and are known to facilitate cell proliferation and
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inflammation. The accumulation of lipids can induce inflam-
matory responses through the activation of unfolded proteins in
the endoplasmic reticulum (ER), leading to ER stress and
maladaptive responses. Furthermore, the activation of the
unfolded protein response in the ER itself can trigger
inflammation.””*® Experiments have shown that markers of
ER stress have been detected in the glomerular endothelial cells
or podocytes of both human and mouse models with IgAN.*
ATP1BI1 is the main subunit of Na*-K*-ATPase, which works in
conjunction with Ca?*-ATPase genes in Ca®* cycling.”’
Research indicates that increased intracellular Ca®* can
stimulate lipolysis and thermogenesis in cells by triggering
cAMP-mediated pathways.”' Therefore, we speculate that in
glomerular cells, the activation of Na/K-ATPase increases
extracellular sodium ions, promoting Na"—Ca*" exchange along
the concentration gradient, thereby reducing the intracellular
calcium ion concentration. This reduction in calcium ions
inhibits cAMP-mediated pathways, leading to lipid accumu-
lation. Enzymes involved in fatty acid metabolism produce
crotonyl-CoA to facilitate lysine crotonylation; however, the
absence of this modification can impair the expression of

17215

Cox4il, leading to cellular dysfunction and promoting kidney
damage and apoptosis.>*

Currently, the prevailing explanation for the immunopatho-
genesis of [gAN is the “multi-hit” hypothesis.”*** Both genetic
and environmental factors play a significant role.”* Specifically,
the immunopathogenesis of IgAN under the “multi-hit”
hypothesis can be described as follows: The first hit involves
the production of abnormally glycosylated IgA1l. The second hit
occurs when antibodies in circulation recognize these self-
antigens. The third hit is the formation of pathogenic immune
complexes containing IgAl through the immune recognition.
The fourth hit involves the deposition of these immune
complexes in the glomerular mesangial areas, which then
activates mesangial cells, stimulates cytokine secretion, and
activates the complement system, leading to kidney damage.”>*
IgAN is classified as an autoimmune disorder, where
dysregulation and activation of the complement system are
believed to be crucial factors contributing to renal injury in IgAN
cases.”> Our study found that the complement and coagulation
pathways were abnormally activated in the renal tubules. Studies
suggest that proximal tubular epithelial cells inherently exhibit
characteristics of innate immunity, and these cells are capable of
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producing pro-inflammatory factors, chemokines, and comple-
ment components.”® SLC22A13, solute carrier family 22
member 13, a highly expressed transporter protein in renal
tubules, can be used as a diagnostic and prognostic marker for
identifying cell renal cell carcinoma.””* SLC22A13 is involved
in the transport and elimination of tyrosine derivatives, such as
catecholamines and histamines.”” In the immune system,
histamine is mainly involved in allergic and inflammatory
responses and immune regulation and actively interferes with
peripheral immune tolerance induced by regulatory T cells
through H2R and H4R.®’ Histamine is regulated and the
immunosuppressive function of Treg cells is improved by
destroying SLC22A13.>”

In renal tissue, the interstitium refers to the areas between the
tubules outside of the glomerulus and blood vessels. It contains
various cells, such as fibroblast-like cells, and components of the
ECM.°"®* The ECM in these regions provides a physical
microenvironment for cell survival, assists in cell anchoring, acts
as a tissue scaffold, and also transmits signals from the
surrounding environment to the cells.* Chronic progressive
kidney damage is associated with changes in the renal
interstitium, commonly referred to as interstitial fibrosis. This
fibrosis is mainly caused by the accumulation of ECM, the
proliferation of fibroblasts that can produce ECM, and the
aggregation of monocytes.’' Fibrosis involves the formation and
accumulation of ECM and is closely associated with tissue
regeneration and inflammation.’* Interstitial fibrosis is asso-
ciated with the extensive accumulation of ECM components in
the interstitium and is directly related to the progression of
kidney diseases.”” This indicates that ECM—receptor inter-
actions are a major factor in the renal interstitial lesions of IgAN.

We further identified C4A and APEXI1 as biomarkers
associated with the severity of proteinuria. These biomarkers
may serve as important indicators for assessing the prognosis of
IgAN patients and have a potential clinical application value.
Complement C4-A (C4A) represents a pivotal molecule within
the complement system and is a major constituent of the innate
immune response. It possesses the ability to rapidly identify and
neutralize invading microbes, thereby playing an essential role in
the operation of the classical (CP) and lectin (LP) complement
pathways.® In cases of IgAN, the presence of C4A is correlated
with the severity of proteinuria.”” This is consistent with our
research findings. APEX1 plays a pivotal role in regulating
cellular responses to oxidative stress, controlling the pace of cell
proliferation, and preserving genomic stability.”® Evidence
indicates that the aberrant expression, post-translational
modification, and subcellular relocation of the APE1 protein
within renal tubular epithelial cells can initiate intracellular
generation of reactive oxygen species (ROS) and apoptotic
processes.”” Although there is no direct evidence linking APEX1
to proteinuria, the detrimental effects of APEX1 in renal tubules
may be a critical factor influencing the prognosis of the disease.

This study reveals the activation of distinct tissue-specific
pathways and their key proteins in IgAN, providing important
insights into the mechanisms of the disease and potential new
therapeutic targets.

However, here, we need to specifically emphasize that we
performed principal component analysis (PCA) to evaluate the
overall variability among different compartments (glomeruli,
tubules, and interstitium) in IgAN and healthy control samples.
There was significant overlap between groups, with the total
explained variance of the first two principal components being
less than 15%. This result suggests a relatively low intergroup

variability. However, this phenomenon may not fully reflect the
underlying biological characteristics but could be influenced by
other factors. Additionally, we calculated the coeflicient of
variation (CV) for each compartment and condition. The CV
values indicate higher variability within certain groups, such as
IgAN tubules and the interstitium. This increased variability is
likely due to our samples being submitted for analysis in multiple
batches, which could be the main reason for the elevated
intragroup variability. High CV values suggest substantial
variability among samples within the same group. Such
intragroup variations may obscure intergroup differences,
making it challenging for PCA to effectively differentiate
between groups. Although the PCA results indicate low
intergroup differences, this outcome could result from a
combination of biological characteristics and technical factors.
To further explore intergroup differences, we integrated CV
analysis with subsequent differential expression analysis,
focusing on identifying DEPs that remain consistent despite
the high CV background. This approach effectively reduces the
impact of technical variability and facilitates the identification of
key proteins with potential biological significance.

In this study, we used transcriptomic datasets (GSE141295
and GSE180395) to validate key biomarkers identified through
proteomic analysis. Although the correlation between mRNA
and protein levels may be influenced by post-transcriptional
regulation, translation efficiency, and protein degradation,
transcriptomic data remain a common strategy for supporting
findings from proteomic studies. Previous research has shown
that while mRNA and protein levels do not always exhibit a one-
to-one correlation, transcriptional changes in key disease-related
genes can often reflect trends in protein expression. Therefore,
in the absence of paired proteomic data, cross-validation using
transcriptomic data can still provide some support for the
reliability of potential biomarkers. Future studies will validate
these biomarkers at the protein level in independent patient
cohorts. Additionally, experimental validation methods such as
Western blot or ELISA could further confirm their roles in the
disease.

4. METHODS

4.1. Patients. This study included a cohort of 18 patients
who were newly diagnosed with IgAN based on renal biopsy
pathology conducted at the First Affiliated Hospital of Jinan
University in Guangzhou, China. According to the grading
system proposed by Lee et al,, five patients were cate$orized as
Grade II, eight as Grade III, and five as Grade IV.”%’T None of
these patients exhibited clinical or serological indications of
autoimmune disorders, Henoch—Schonlein purpura, liver
disease, or malignancy. In addition, 11 patients whose para-
carcinoma tissue showed normal renal biopsy findings under
light microscopy were selected as control subjects. A
representative histopathological image of the kidney biopsy in
the IgAN group is shown in Figure S2A, and that in the control
group is shown in Figure S2B. Every participant signed informed
consent before being included in the study. The study received
approval from the ethics committee of the First Affiliated
Hospital of Jinan University in Guangzhou, China (Reference
no. KY-2020-034), which was carried out in accordance with the
most recent edition of the Declaration of Helsinki.

4.2. Specimen Preparation and LCM. Each formalin-
fixed, paraffin-embedded kidney tissue sample was sectioned by
using a pathological slicer, resulting in tissue slices with a
thickness of 10 ym. Subsequently, these slices were transferred
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onto specially prepared frame film glass slides (PET frameslides,
No. 11505190, Leica Microsystems, Germany) designated for
LCM. The process then involved dewaxing, drying, and
performing LCMs on the prepared tissue sections. A total of
86 renal substructure samples were obtained from the IgAN
group and the NC group, including 18 glomerulus, 18 tubules,
and 18 interstitium samples in the IgAN group, and 11
glomerulus, 11 tubules, and 10 interstitium samples in the
normal group. The representative images of renal tissue regions
(the glomerulus, tubules, and renal interstitium) before and after
microincision on the frame film slide are shown in Figure S3A.

4.3. Data Acquisition. We proceeded to extract protein
from the tissue slices followed by enzymatic digestion and
desalting. The specific process for protein extraction was as
follows:” The sample tubes containing an appropriate amount of
tissue samples were placed in a centrifuge and centrifuged for 10
min.” 20 uL of a 10 mM DTT solution was added to S0 mM
ammonium bicarbonate.’ The reaction was carried out in a 95°C
metal bath for 30 min." After the temperature returned to room
temperature, IAM was immediately added to a final concen-
tration of 50 mM, and the mixture was left in the dark at room
temperature for 30 min.> Finally, the sample tubes were placed
in an ultrasonic instrument and sonicated for 20 min.
Subsequently, the peptides separated by the liquid-phase system
were transferred to a series of mass spectrometers for detection
in the DDA and DIA modes. The DDA data were processed and
identified by using MaxQuant software (version 1.5.3.30). For
the analysis of DIA data, we utilized Spectronaut (version 12),
employing indexed retention time (iRT) peptides for the
calibration of retention time.””

4.4, |dentification of Differential Protein Expression.
After processing with MSstats software (Version 4.0), the
protein scale was generated, and then it was used for Quantile
normalization. PCA is a dimensionality reduction method and
an orthogonal transformation of correlated variables into a set of
linearly uncorrelated variables. It is primarily used to observe
separation trends between groups and identify outliers,
reflecting intergroup and intragroup variability based on the
original data. The intragroup CV and PCA for this study are
shown in Figure S4. Following this, we utilized the Limma
package (Version 3.56.2) in R to identify proteins that exhibited
significantly altered expression levels between the IgAN and
control groups. These DEPs were defined by a statistical
significance threshold of P < 0.05 and a fold change greater than
1.S.

4.5. Enrichment Analysis. DEPs (including upregulated
and downregulated) were analyzed using GO and KEGG
analyses, facilitated by the clusterProfiler package (Version
4.8.3) in R.”® A cutoff criterion of p < 0.05 was used to indicate
significant differences in the GO and KEGG pathways. In our
study, we performed GSEA to identify the most significant
functional items between IgAN and controls. For the analysis,
we selected the gene set “c2.cp.kegg.v7.0.symbols.gmt” from the
Molecular Signatures Database (MSigDB) as the reference gene
set. We considered gene sets with a net enrichment score (NES)
INESI > 1.5 and a p-value < 0.0S as significantly enriched, which
was our threshold for identifying key pathways involved in IgAN.

4.6. WGCNA to Identify Networks of Co-Expressed
DEPs. Utilizing the WGCNA package (Version 1.72_1) in R,
proteins were grouped into distinct modules. In summary, this
process involved the identification and weighting of connections
between protein pairs, which was determined by their correlated
expression levels across multiple samples. Subsequently, we

transformed the adjacency matrix into a topological overlap
matrix (TOM) to evaluate the connectivity among genes within
the network. Hierarchical clustering was then applied to detect
clusters (modules) of genes that exhibited high interconnected-
ness based on their connectivity and covariance coefficients. The
minimum size for the gene dendrogram was set at 25. We
selected an appropriate soft-thresholding power to define a
substantial positive correlation among genes within each
module. Furthermore, we gathered relevant proteomic
information related to the selected module to facilitate a
subsequent in-depth analysis.

4.7. Identification of Diagnostic Markers. To screen for
potential diagnostic markers for IgAN, we utilized two advanced
algorithms: Least Absolute Shrinkage and Selection Operator
(LASSO) logistic regression and Support Vector Machine-
Recursive Feature Elimination (SVM-RFE). The LASSO
logistic regression, implemented using the “glmnet” R package
(ver. 4.1_8), is a regularization method that enhances the
prediction accuracy and interpretability of the statistical model it
creates. By applying a penalty proportional to the absolute value
of the coefficients, LASSO effectively shrinks some coeflicients
to zero, thereby performing variable selection and identifying
the most relevant diagnostic markers. On the other hand, SVM-
RFE is a powerful feature selection technique that recursively
eliminates the least significant features, ensuring that the optimal
set of variables is retained for the model. This method ranks
features based on their importance to the support the
classification performance of the vector machine and iteratively
removes the least important features to refine the model. By
combining the outputs of these two algorithms, we selected the
candidate diagnostic markers for further investigation.

4.8. Verification of the Diagnostic Markers. The
uniformly expressed matrix files for IgAN glomeruli and renal
tubule protein samples were downloaded from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/), specifically
GSE141295 (glomeruli: 14 IgAN cases, 10 healthy controls)
and GSE180395 (renal tubules: 4 IgAN cases, 9 healthy
controls) as validation sets. To evaluate the diagnostic
performance of the candidate markers, ROC curves were
plotted based on the validation datasets.

4.9. GSVA and Pearson Correlation Analysis. Initially,
the raw expression matrix was standardized to ensure data
quality. Subsequently, pathway enrichment analysis was
conducted using the “GSVA” package (ver. 4.48.3), which
identifies functionally related biological pathways by assessing
variations in gene set expressions. Following this, Pearson
correlation analysis was performed using the “corr.test()”
function from the “psych” package (ver. 4.4.6.26) to evaluate
the relationships between key proteins and pathway enrichment
scores. Throughout this process, a p-value of less than 0.05 was
used as the criterion for determining significant correlations.

4.10. Short Time-Series Expression Minor Analysis. To
identify molecular signatures associated with the progression of
IgAN, we utilized the STEM analysis (http: //sb.cs.cmu.edu/
stem) to classify protein expression profiles derived from healthy
controls and IgAN stages II, III, and IV. Prior to analysis, the
expression data were subjected to normalization, and the STEM
clustering method was applied. We established a minimum
absolute expression change of 0.5 as a filter for molecular
selection and limited the correlation threshold between any two
model profiles to 0.9. Profiles with a p-value < 0.05, determined
based on the number of clustered genes, were considered as
significantly enriched clusters.
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4.11. Functional Enrichment Analysis for Profile 25 by
Metascape. To analyze the proteins within profile 25 from
both the tubules and interstitium, we conducted pathway
enrichment analysis using Metascape (https://metascape.org).
For this analysis, we configured specific parameters, including a
minimum overlap of 3 and a p-value cutoft of 0.0S.

4.12. Statistical Analyses. All statistical analyses in our
study were performed by using R software (version 4.3.1). The
collected clinical data were expressed by mean + standard
deviation. We defined proteins as differentially expressed if they
met the criteria of a p-value less than 0.05 and an FC greater than
1.5 or less than 0.67. The relationships between clinical
parameters and proteins were quantified using Spearman’s
correlation. To assess statistical significance, we employed a
range of tests selected based on their appropriateness for the
specific data characteristics: unpaired two-tailed Student’s t-test,
Mann—Whitney U test, moderated t-test, permutation test,
likelihood-ratio test, or Wilcoxon rank-sum test. The choice of
test was determined by the distribution and properties of the
data being analyzed.

5. CONCLUSIONS

This study revealed the activation of tissue-specific pathways
and key proteins in IgAN, providing important insights into the
mechanisms of the disease and the therapeutic potential.
Additionally, diagnostic biomarkers were identified through
machine-learning methods, offering valuable perspectives for the
future noninvasive diagnosis of IgAN. However, this study has
several limitations. First, the sample size was not large enough.
Furthermore, the validation of potential biomarkers was
performed solely using database-based data. For a deeper
understanding of the pathogenic mechanisms in different IgAN
substructures, developing a method to calculate their scores
within specific pathogenic mechanisms would more intuitively
reflect the focus of different substructures on certain disease
processes.
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