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Highlights
 • Machine learning algorithms identified VCAN as common in glomerular and tubular DKDs.
 • VCAN was highly expressed in glomerular and proximal tubular epithelial cells.
 • Mendelian randomization analysis showed serum VCAN protein as a risk factor for DKD.
 • VCAN showed strong diagnostic potential for eGFR and proteinuria in DKD.
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Background: Diabetic kidney disease (DKD) is recognized as a significant complication of diabetes mellitus and categorized into 
glomerular DKDs and tubular DKDs, each governed by distinct pathological mechanisms and biomarkers. 
Methods: Through the identification of common features observed in glomerular and tubular lesions in DKD, numerous differ-
entially expressed gene were identified by the machine learning, single-cell transcriptome and mendelian randomization. 
Results: The diagnostic markers versican (VCAN) was identified, offering supplementary options for clinical diagnosis. VCAN 
significantly highly expressed in glomerular parietal epithelial cell and proximal convoluted tubular cell. It was mainly involved in 
the up-regulation of immune genes and infiltration of immune cells like mast cell. Mendelian randomization analysis confirmed 
that serum VCAN protein levels were a risky factor for DKD, while there was no reverse association. It exhibited the good diag-
nostic potential for estimated glomerular filtration rate and proteinuria in DKD. 
Conclusion: VCAN showed the prospects into DKD pathology and clinical indicator.
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INTRODUCTION 

Diabetic kidney disease (DKD), a complication of diabetes 
mellitus, poses a significant public health challenge globally. 
With the prevalence of diabetes on the rise, particularly type 2 
diabetes mellitus which comprises the majority of cases, the 
burden of DKD has also surged [1]. According to the Interna-
tional Diabetes Federation (IDF) Diabetes Atlas (10th), 537 
million people worldwide have diabetes, and this number is 
projected to reach 643 million by 2030, and 783 million by 

2045 [2]. Up to 40% of people living with diabetes develop 
CKD. Among individuals with diabetes, DKD stands as one of 
the leading causes of end-stage renal disease, necessitating di-
alysis, or kidney transplantation for survival [3]. Early predic-
tion and assessment of the onset and progression of DKD are 
crucial for effective prevention and treatment strategies.

According to the anatomical differences of different parts of 
the human kidney, DKD is subdivided into glomerular diabet-
ic kidney diseases (GDKDs) and tubular diabetic kidney dis-
eases (TDKDs) [4]. GDKDs primarily involve structural and 
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functional abnormalities in the glomerulus, the filtering units 
of the kidney. In this subtype, there is a reduction in glomeru-
lar filtration capacity, often accompanied by thickening of the 
glomerular basement membrane and immune deposition, 
leading to proteinuria and eventual decline in kidney function 
[5,6]. In contrast, TDKDs predominantly affect the renal tu-
bules, which are responsible for re-absorption and secretion of 
various substances. In TDKDs, dysfunction of tubular trans-
porters and channels occurs, disrupting the normal handling 
of electrolytes, water, and other solutes by the tubular epithelial 
cells [7]. This dysfunction can result in abnormalities such as 
electrolyte imbalances, urinary concentrating defects, and im-
paired acid-base balance [8].

The typical progression of DKD is primarily based on the 
glomerulopathy, known as the glomerular hypothesis [9,10]. 
In recent years, with the emergence of the tubular hypothesis 
of nephron filtration [11,12], increasing evidence suggests that 
changes in tubular function may also play a significant role in 
the development of DKD. Based on different hypotheses re-
garding glomerular and tubular mechanisms, it is advisable to 
identify prognostic and diagnostic biomarkers to monitor the 
occurrence and progression of DKD, such as α1-microglobulin, 
kidney injury molecule 1 (proximal tubule markers), nephrin, 
and vascular endothelial growth factor (podocyte markers) 
[13,14]. However, there is currently limited research on shared 
biomarkers between tubules and glomerulus. 

We analyzed the gene expression profiles of TDKD (GSE30529, 
GSE104954) and GDKD (GSE96804, GSE30528) obtained 
from the National Center for Biotechnology Information-
Gene Expression Omnibus (NCBI-GEO) database. Based on 
the identification of differentially expressed genes (DEGs), we 
obtained a set of genes co-expressed in both tubules and glom-
erulus. Using comprehensive bioinformatics methods, we fur-
ther investigated the molecular factors driving the pathogene-
sis of DKD. The co-expressed gene was also utilized for single-
sample gene set enrichment analysis (ssGSEA) to explore the 
relationship between immune infiltration and DKD pathology. 
Finally, we performed the two-sample Mendelian randomiza-
tion (MR) and clinical data correlation analysis to certify the 
clinical significance of hub genes. 

METHODS 

Data collection and merge
Gene expression datasets encompassing GSE96804, GSE30528, 

GSE30529, and GSE104954, wherein GSE96804 and GSE30528 
delineated glomerular disease, while GSE30529 and GSE104954 
characterized renal tubular lesions. Details regarding their plat-
forms and sample annotation were provided in Supplementary 
Table 1. The R software packages “limma” and “sva” were em-
ployed to merge the data queues corresponding to glomerulus 
and renal tubules, respectively [15]. The batch effect was miti-
gated using the ComBat function [16]. Genes exhibiting log2 
fold change >1 and P<0.05 were designated as DEGs [17].

Weighted gene co-expression network analysis
Weighted correlation network analysis (WGCNA) was uti-
lized for the identification of modules comprising closely cor-
related genes and their interactions with phenotypic traits 
[18,19]. Following module delineation, their correlation with 
disease grouping (e.g., DKD and control) was evaluated via 
correlation analysis, thereby facilitating the identification of 
gene modules that may manifest differential expression in the 
context of disease [20]. WGCNA was separately conducted on 
renal tubule and glomerular datasets by screening the top 25% 
genes of variables. After removing the outlier sample, the most 
significantly expressing genes were integrated into the DEG 
datasets.

Functional enrichment and protein-protein interaction 
network construction
The Gene Ontology (GO) annotation of genes sourced from 
the R software package “org.Hs.eg.db” was employed, encom-
passing categories pertaining to biological processes, cellular 
components, and molecular functions [21]. Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis was predicated 
upon the “enrichKEGG” function. Statistical significance was 
determined by considering a P<0.05 and a false discovery rate 
<0.2 [22]. Interaction networks among DEGs-encoded pro-
teins namely protein-protein interaction (PPI) were elucidated 
utilizing the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database [23]. A minimum required inter-
action score of 0.9 was stipulated, ensuring the absence of dis-
connected nodes within the network.

The filter of diagnostic biomarker based on machine 
learning
The PPI from the STRING database were imported into Cyto-
scape. With the aid of the “cytohubba” plug-in software, six 
kinds of algorithms including density of maximum neighbor-
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hood component, maximal clique centrality, degree, bottleneck, 
edge percolated component, and closeness were obtained to 
forecast key genes [24]. Then, the Least Absolute Shrinkage and 
Selection Operator (LASSO) regression and support vector 
machine-recursive feature elimination (SVM-RFE) were imple-
mented to discern genes significantly associated with DKD 
[25]. The receiver operating characteristic (ROC) analysis for 
these hub genes was executed. The area under the curve (AUC) 
values exceeding 0.65 in both the glomerular and tubular datas-
ets were deemed to exhibit commendable diagnostic efficacy 
[26]. The chosen hub-gene would undergo validation in an ex-
ternal dataset GSE99325 (tubular tissue) and GSE30122 (kid-
ney tissue). 

Immune infiltration analysis
The R packages GSEABase, gene set variation analysis (GSVA), 
tibble, and tidyverse were loaded to facilitate the analysis. A to-
tal of 28 immune cell gene expression matrix tables were im-
ported and linked with the glomerular and renal tubule datas-
ets [27], enabling the assessment of immune cell infiltration in 
specific tissues. The comparisons were made between immune 
infiltrations in glomerulus and tubules, elucidating common 
immune patterns across both tissue types. The correlation be-
tween hub genes and immune cells were also analyzed in con-
junction with ggcorrplot package.

Expression level of VCAN in single-cell transcriptome data
The expression level of versican (VCAN) in single-cell tran-
scriptome data would be conducted in two different platform. 
Firstly, the gene would be imported in the Kidney Integrative 
Transcriptomics (K.I.T.) platform (http://humphreyslab.com/
SingleCell/) based on the original data from human diabetic 
kidney [28]. Secondly, three signature DKD samples and three 
control samples from the GSE195460 dataset would be aggre-
gated and analyzed. The single-cell transcriptome data were 
pre-processed using the “Seurat” package [29]. The data stan-
dardization and principal component analysis (PCA) cluster-
ing were carried out before the cell annotation. The cell trajec-
tory analysis was conducted using the BiocGenerics and mon-
ocle packages to explore differentiation status and dynamic 
gene expression.

Two-sample Mendelian randomization
The phenotype-related single nucleotide polymorphisms 
(SNPs), as instrumental variables (IVs) derived from the ge-

nome-wide association study catalog, formed the basis of MR 
analysis. The data of VCAN originated from the whole-ge-
nome sequencing analysis of the metabolic proteome (ebi-a-
GCST90010358); thus, existed as plasma protein exposure 
rather than mRNA. The data of DKD rooted in a cross-popu-
lation atlas of genetic associations for 220 human phenotypes 
(ebi-a-GCST90018832). The flow chart of analysis was shown 
in Supplementary Fig. 1. The fundamental three assumptions 
could be accomplished by several methods as illustrated in 
Supplementary Fig. 2 [30]. The inverse variance weighting 
(IVW) served as the primary method for estimating causal ef-
fects, with a significance threshold of P<1.03×10−4 (after Bon-
ferroni correction) denoting causality and P<0.05 indicating 
potential risk factors [31].

Clinical correlation
Correlations between the expression levels of hub genes and 
clinical indicators among patients diagnosed with DKD were 
investigated using Nephroseq (http://v5.nephroseq.org). Clini-
cal indicators encompassed glomerular filtration rate (GFR) 
estimated by Modification of Diet in Renal Disease (MDRD) 
equation, proteinuria levels, blood glucose concentrations, and 
serum creatinine levels. The data of hub-gene originated from 
the affymetrix expression arrays from the diabetic kidney sam-
ples and expressed as serum mRNA. Clinical data from diverse 
origins were integrated following necessary corrections. 

RESULTS

Screening of common DEGs in the glomerulus and tubules
The merging procedure of glomerulus or tubules dataset were il-
lustrated in Supplementary Fig. 3. The differential expression 
was shown in Fig. 1. The volcano plot of glomerulus datasets 
showed 66 up-regulated genes and 148 down-regulated genes 
(Fig. 1A), while there were 221 up-regulated genes and 72 down-
regulated genes in tubule dataset (Fig. 1B). A total of 38 up-regu-
lated and 26 down-regulated genes were obtained (Fig. 1C). 

Recognize of key gene dataset by WGCNA and functional 
enrichment
The WGCNA from glomerulus merge data distinguished four 
distinct clusters denoted as module (ME) blue (613 genes), ME 
brown (385 genes), ME turquoise (684 genes), and ME grey 
(1,235 genes) (Fig. 2A-C). The ME brown cluster exhibited the 
most robust negative association with the DKD group (F= 
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Fig. 1. Identification of differentially expressed genes in the two merge datasets. (A) Glomerulus datasets. (B) Tubule datasets. (C) 
The Venn plot of intersected gene between glomerulus and tubule. FC, fold change. 
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–0.66, P=2e-11) (Fig. 2D). In the tubule merge data, five dis-
tinct clusters were identified. They were namely ME turquoise 
(506 genes), ME yellow (342 genes), ME blue (447 genes), ME 
brown (344 genes), and ME grey (1,337 genes)(Fig. 2E-G).The 
ME grey cluster exhibited the strongest positive association 
with the DKD group (F=0.83, P=2e-11) (Fig. 2H). An inter-
section was computed between the dataset from glomerulus 

and tubule and merged with the preliminary DEGs originated 
from differential expression analysis, resulting in the formation 
of a new DEGs dataset. The GO and KEGG enrichment analy-
sis were depicted in Supplementary Fig. 4, which revealed that 
the primary pathological pathways encompassed extracellular 
matrix (ECM)-receptor interaction, focal adhesion, phos-
phoinositide 3-kinase (PI3K)-Akt signaling pathway and oth-
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Fig. 2. Identification of key expressed genes by weighted correlation network analysis. (A, B, C, D) The glomerulus merge data. 
(E, F, G, H) The tubule merge data. ME, module.
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Fig. 3. The immune infiltration pattern of glomerulus and tubules. (A, B) The immune infiltration of glomerular tissue. (C, D) 
The immune infiltration of tubular tissue. ssGSEA, single-sample gene set enrichment analysis.
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ers. The top five representative enriched terms in GO and 
KEGG analysis were shown in Supplementary Table 2.

Common immune infiltration pattern of glomerulus and 
tubules
The immune infiltration analysis revealed that DEGs were pri-
marily enriched in central memory CD4 T-cells and plasmacy-
toid dendritic cells in the glomerulus dataset (Fig. 3A). When 
compared to the control group, DKD patients exhibited signifi-
cant activation in activated CD4 T-cells (P<0.001), regulatory 
T-cells (P<0.001), memory B-cells (P<0.001), and mast cells 
(P<0.001) (Fig. 3B). In the tubule dataset, DEGs were predom-
inantly concentrated in immature dendritic cells, CD56dim 
natural killer cells, central memory CD4 T-cells, and plasma-
cytoid dendritic cells (Fig. 3C). In DKD patients compared to 
the control group, natural killer cells (P<0.001), effector mem-

ory CD8 T-cells (P<0.001), activated dendritic cells (P<0.001), 
and mast cells (P<0.001) showed significant activation (Fig. 
3D). Thus, the mast cells participated in the common immune 
infiltration mode in both glomerulus and renal tubules.

Screening of hub genes by machine learning and network 
analysis
The PPI network diagram was shown in Supplementary Fig. 5. 
After comprehensive calculation of Cytoscape, 15 core genes, 
namely fibronectin 1 (FN1), collagen type I alpha 2 chain (CO-
L1A2), decorin (DCN), collagen type III alpha 1 chain (CO-
L3A1), lumican (LUM), CD44, VCAN, collagen type VI alpha 
3 chain (COL6A3), integrin subunit alpha V (ITGAV), galectin 
3 (LGALS3), cartilage oligomeric matrix protein (COMP), ne-
phrosis 1 (NPHS1), nephrosis 2 (NPHS2), synaptopodin 
(SYNPO), podocalyxin like (PODXL) were subjected to LAS-
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SO regression and SVM-RFE analysis, as shown in Supple-
mentary Fig. 6. By intersecting the hub genes screened in both 
LASSO and SVM algorithm, the hub-gene co-expressed in 
glomerulus and tubule in patients with DKD could be deter-
mined (Supplementary Fig. 7). They were namely VCAN and 
FN1.

Validation and the immune infiltration pattern of the hub-
gene
The ROC analysis revealed that in the glomerulus dataset, 
VCAN and FN1 both exhibited high diagnostic accuracy, with 
the AUC values exceeding 0.7 (Supplementary Fig. 8A). In the 
tubule dataset, VCAN and FN1 also demonstrated high diag-
nostic accuracy, with all AUC values surpassing 0.9. They 
showed significant up-regulation in DKD patients (Supple-
mentary Fig. 8B). In the test dataset 1 (GSE99325, tubule) and 
dataset 2 (GSE30122, glomerulus+tubule). VCAN both showed 
significant up-regulation in DKD patients (Supplementary Fig. 
8C and D). The associations between VCAN and immune cells 
were shown in Supplementary Fig. 9. The immune cells infil-
trating both glomerulus and tubules mediated by VCAN pri-
marily comprisedw the mast cells, regulatory T-cells and acti-
vated CD4 T-cells, with neutrophils being the principal sup-
pressive cells.

Expression level of VCAN in single-cell transcriptome data
The quality control results of the GSE195460 dataset were 
shown in Supplementary Fig. 10, with low inter-sample hetero-
geneity and no significant batch effect. The elbow plot showed 
that the curve reached a plateau when principal component 
(PC) arrived at about 15–20 (Fig. 4A). Within the diabetic ne-
phropathy (DN) group, the merged data could be effectively 
reduced to 16 clusters (Fig. 4B) and into 13 types of cells (Fig. 
4C), they were namely mesenchymal cell (MES), glomerular 
parietal epithelial cell (PEC), proximal convoluted tubular cell 
(PCT), loop of Henle cell (LOH), distal convoluted tubular cell 
(DCT), convoluted tubular cell (CT), collecting duct-principal 
cell (CD-PC), collecting duct-intercalated cell type A (CD-
ICA), collecting duct-intercalated cell type B (CD-ICB), endo-
thelial cell (ENDO), and leukocyte (LEUK) and epithelial cells. 
Fig. 4D showed the correlation between cell markers and clus-
ters. In the DN group, VCAN expression was significantly en-
riched in PEC and PCT cells (Fig. 4E and F). while in the con-
trol group, it was not significant (Fig. 4G and H).

The K.I.T. database showed that cell types were annotated as 

follows: MES, PEC, PCT, LOH, DCT, CT, CD-PC, CD-ICA, 
CD-ICB, ENDO, and LEUK (Fig. 4I). In the control group, 
VCAN expression was detected in CD-ICB and PEC cells (Fig. 
4J). While in the DN group, VCAN exhibited significantly 
heightened expression levels primarily within PEC and MES 
cell populations (Fig. 4K-M).

The pseudotime analysis of PEC and PCT cells were shown 
in Supplementary Fig. 11. The expression of VCAN peaked in 
intermediate PEC cells and was lowest in immature PEC cells, 
indicating an enrichment pattern associated with cell differen-
tiation. The PCT cells experienced a trajectory through two 
pivotal branching points. VCAN expressed highest in interme-
diate PCT cells and lowest in mature PCT cells. The immune 
score was shown in Supplementary Fig. 12. ENDO and LEUK 
were the principal cell types involved in the immune response, 
while PEC and PCT were moderately involved in the immune 
response. Most of the cells participated in the immune up-reg-
ulation reaction, and VCAN also mainly mediated the infiltra-
tion of immune cells rather than inhibition.

Two-sample bidirectional Mendelian randomization
There were 60 SNPs and 98 SNPs included in terms of VCAN-
DKD and DKD-VCAN. The mean F-statistic was 19.14 and 
18.71, respectively, indicating the robustness of IVs used in 
MR analysis. The MR calculations of VCAN-DKD and its re-
verse correlation were shown in the Supplementary Table 3. In 
the VCAN-DKD association analysis, the results based on 
IVW showed that odds ratio 1.088 (95% confidence interval, 
0.151 to 1.017; P=0.014 <0.05), and the beta direction of the 
five analysis methods was consistent, suggesting that VCAN-
DKD had potential causal association. Serum VCAN protein 
was a risky factor for DKD. In the DKD-VCAN analysis, the 
beta direction of the five calculation methods was inconsistent, 
suggesting that there was no reverse causal association be-
tween them. 

The scatter plot, funnel plot and leave-one-out plot were 
shown in Fig. 5. Sensitivity analysis was shown in Supplemen-
tary Table 4. There was positive causal association from VCAN 
to DKD (Fig. 5A). The funnel plot showed bilateral symmetry 
of SNPS, indicating no significant bias (Fig. 5B). The leave-
one-out plot showed that all SNPS were located on one side of 
the equivalent line, indicating no significant heterogeneity in 
MR analysis (Fig. 5C). There was no reverse causality between 
VCAN and DKD (Fig. 5D-F). 



Jiang L, et al.

414 Diabetes Metab J 2025;49:407-420  https://e-dmj.org

Fig. 4. Expression level of versican (VCAN) in single cell transcriptome data. (A) The elbow plot before annotation. (B) The pri-
mary cluster plot. (C) The cluster plot with manual annotation: mesenchymal cell (MES), glomerular parietal epithelial cell 
(PEC), proximal convoluted tubular cell (PCT), loop of Henle cell (LOH), distal convoluted tubular cell (DCT), convoluted tubu-
lar cell (CT), collecting duct-principal cell (CD-PC), collecting duct-intercalated cell type A (CD-ICA), collecting duct-intercalat-
ed cell type B (CD-ICB), endothelia cell (ENDO), leukocyte (LEUK). (D) The correlation between cell markers and clusters. (E) 
The distribution of VCAN in kidney cells of diabetic nephropathy (DN) group. (F) The expression of VCAN in DN group. (G) 
The distribution of VCAN in kidney cells of control group. (H) The expression of VCAN in control group. (I) The cluster plot 
with default annotation in Kidney Integrative Transcriptomics (K.I.T.) database. (J) The distribution of VCAN in the control 
group. (K) The distribution of VCAN in DN group. (L) The violin plot of VCAN expression. (M) The dot plot of VCAN expres-
sion. PODO, podocyte. � (Continued to the next page)
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Expression level of hub genes in clinical DKD patients 
It was observed that the expression levels of VCAN in serum 
RNA of DKD patients were notably up-regulated, exhibiting 
significant negative correlations with GFR (Fig. 6A). Further-
more, VCAN demonstrated a positive correlation with urinary 
protein levels, while FN1 showed no significant correlation 
(Fig. 6B).

DISCUSSION

This study was aimed to identify the shared biomarkers be-
tween tubules and glomerulus in DKD patients. The differen-
tial analysis yielded 66 up-regulated genes and 148 down-reg-
ulated genes from the glomerular dataset, and 221 up-regulat-
ed genes and 72 down-regulated genes from the renal tubule 
dataset. The intersection of these datasets resulted in the iden-
tification of the initial set of DEG. The WGCNA led to the sec-
ond part of DEGs, contributing to the following functional an-
notation.

The GO analysis of the study showed that the common gene 
targets were most enriched in the ECM, extracellular structure 
and other related pathways. The significance of ECM in the 
pathogenesis of DKD has already been elucidated by recent re-
search in pathology and molecular biology [32]. This dysregu-

lated ECM turnover leads to glomerular and tubular fibrosis, 
impairing renal function and promoting the development of 
DKD-associated complications such as albuminuria and glo-
merulosclerosis. Additionally, the PI3K-Akt signaling pathway 
played a significant role in the progression and evolution of 
DKD by exerting deleterious effects on both the glomerulus 
and tubules. In the glomerulus, increased activation of Akt 
leads to glomerular hypertrophy and hyperfiltration, resulting 
in increased intraglomerular pressure and subsequent damage 
to the glomerular filtration barrier [33]. In the renal tubules, 
enhanced Akt signaling promoted tubular epithelial cell hy-
pertrophy and dedifferentiation, leading to tubular epithelial 
cell dysfunction and impaired re-absorption of filtered pro-
teins and electrolytes [34].

Leveraging various machine learning techniques, we ulti-
mately pinpointed the VCAN as the most significant diagnos-
tic biomarker. VCAN, also known as chondroitin sulfate pro-
teoglycan 2 (CSPG2), is a large ECM proteoglycan involved in 
the pathological processes of DKD [35]. It consists of multiple 
domains, including a central hyaluronic acid-binding domain 
and chondroitin sulfate attachment sites, thus promoting ECM 
remodeling and inflammation reaction [36]. It can also modu-
late the activity of matrix metalloproteinases and tissue inhibi-
tors of metalloproteinases, thereby regulating ECM turnover 
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and fibrosis. In renal tubules, VCAN contributes to ECM de-
position and fibroblast activation, resulting in tubular fibrosis 
and dysfunction. In glomerulus, VCAN promotes ECM accu-
mulation, thickening of the glomerular basement membrane, 
leading to impaired filtration function and structural damage 
[37,38]. It has been considered as the essential biomarker of 
ECM in DKD [39]. 

The result of immune infiltration showed that the VCAN 
might cause immune damage to the glomerulus and renal tu-
bules by mediating mast cell recruitment. Mast cell-derived 
cytokines stimulate resident renal cells, such as mesangial cells, 
endothelial cells, and tubular epithelial cells, to produce addi-
tional inflammatory mediators, perpetuating renal inflamma-
tion and tissue damage. It also contributes to renal fibrosis by 
releasing profibrotic factors, such as transforming growth 
factor-β, fibroblast growth factor, and platelet-derived growth 
factor [40]. 

The single-cell transcriptome results further showed that 

VCAN was significantly enriched in glomerular PEC and PCT 
cells, which were the typical cells of glomerulus and renal tu-
bules participated in the DKD pathology. The expression of 
VCAN peaked in intermediate PEC cells and intermediate 
PCT cells, which has been found as the key cell subsets or stag-
es in the progression of kidney disease [41,42]. The immune 
score showed that VCAN mainly mediated the infiltration of 
immune cells rather than inhibition, which was consistent with 
the result of ssGSEA, further suggesting the role of VCAN as a 
biomolecule in renal immune injury. Two-sample bidirection-
al MR showed the serum VCAN protein was a potential risk 
factor for DKD. Clinical association analyses further reinforce 
this impression. It was observed that the expression levels of 
VCAN in serum RNA of DKD patients were notably up-regu-
lated, exhibiting significant negative correlations with GFR 
and positive correlation with urinary protein levels.

Previous studies have confirmed the correlation between 
VCAN and DKD progression. Xu et al. [43], Wang et al. [44], 

Fig. 6. Clinical correlation of hub-gene. (A) Serum versican (VCAN) mRNA levels in diabetic kidney disease (DKD) patients. (B) 
Serum fibronectin 1 (FN1) mRNA level in DKD patients. DN, diabetic nephropathy; GFR, glomerular filtration rate; MDRD, 
Modification of Diet in Renal Disease. aP<0.0001 (unpaired t-test). 
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and Gao et al. [39] all identified VCAN as a key hub-gene by 
bioinformatics, which was up-regulated in human diabetic 
kidney tissues. However, they applied fewer datasets and di-
rectly integrated the transcriptome expression profiling by ar-
ray from tubular and glomerular tissues, which lacked the 
quantitative and locative analysis of genes at the single-cell lev-
el. In this study, the transcriptome data of tubular and glomer-
ular tissues were merged separately, and the co-expressed 
genes of glomerular and tubular tissues were obtained by inter-
secting them through multiple machine learning algorithms. 
Through the single-cell transcriptomics and MR, we deepened 
the role of VCAN in glomerular PEC and PCT cells in DKD 
patients. We also found that VCAN acted as a risk exposure 
factor for DKD rather than DKD triggering the changes of 
VCAN. As a clinical biomarker, it showed a significant positive 
correlation with proteinuria, which was also consistent with 
previous observation [45].

 In summary, through the identification of common features 
observed in glomerular and tubular lesions in DKD, numerous 
distinct genes were identified, emphasizing roles in ECM for-
mation and inflammatory pathways. Additionally, the diag-
nostic markers VCAN was identified, offering supplementary 
options for clinical diagnosis. VCAN significantly highly ex-
pressed in glomerular PEC and PCT cell. It was mainly in-
volved in the up-regulation of immune genes and infiltration 
of immune cells like mast cell. MR analysis confirmed that se-
rum VCAN protein levels were a risk factor for DKD, while 
there was no reverse association. It exhibited the good diag-
nostic potential for estimated GFR and proteinuria in DKD, 
thereby offering novel insights into DKD pathology and po-
tentially diagnostic marker for DKD.
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Supplementary Table 1. Characteristic of dataset included in the analysis

Dataset Database Platform Sample Tissue

GSE96804 GEO GPL17586 41 Cases of DKD, 20 cases of control Glomerulus

GSE30528 GEO GPL571 9 Cases of DKD, 13 cases of control Glomerulus

GSE30529 GEO GPL571 10 Cases of DKD, 12 cases of control Tubules 

GSE104954 GEO GPL24120 7 Cases of DKD, 18 cases of control Tubules

GEO, Gene Expression Omnibus; DKD, diabetic kidney disease.
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Supplementary Table 2. Top five representative enriched terms in GO and KEGG analysis

GO Description Count % P value q value

BP Extracellular matrix organization 13 8.13 3.33E-06 0.002157498

Extracellular structure organization 13 8.13 3.45E-06 0.002157498

External encapsulating structure organization 13 8.13 3.69E-06 0.002157498

Negative regulation of locomotion 15 9.38 4.34E-06 0.002157498

Negative regulation of cell migration 14 8.75 4.59E-06 0.002157498

CC Collagen-containing extracellular matrix 22 13.10 1.03E-11 2.17E-09

Basement membrane 7 4.17 8.02E-06 0.000843834

Endoplasmic reticulum lumen 12 7.14 1.72E-05 0.001210251

Complex of collagen trimers 4 2.40 2.83E-05 0.001445218

Lamellipodium membrane 4 2.40 3.43E-05 0.001445218

MF Extracellular matrix structural constituent 13 7.80 3.14E-09 1.02E-06

Glycosaminoglycan binding 14 8.59 2.03E-08 3.31E-06

Enzyme inhibitor activity 15 7.36 7.58E-07 8.24E-05

Peptidase regulator activity 12 6.13 1.02E-06 8.36E-05

Endopeptidase inhibitor activity 10 6.13 3.37E-06 0.000220041

KEGG ECM-receptor interacti on 9 9.90 3.30E-07 5.27E-05

Focal adhesion 10 11.1 4.68E-05 0.002495322

AGE-RAGE signaling pathway in diabetic complications 7 7.70 8.04E-05 0.002764122

PI3K-Akt signaling pathway 13 14.30 8.64E-05 0.002764122

Human papillomavirus infection 11 12.10 0.00065257 0.016334073

GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular func-
tion; ECM, extracellular matrix; AGE-RAGE, advanced glycation end-products-receptor for advanced glycation end-products; PI3K, phos-
phoinositide 3-kinase.
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Supplementary Table 3. Two-sample bidirectional Mendelian randomization between VCAN and DKD

Exposure Outcome Method SNPs Beta Standard error P value OR (95% CI)

VCAN DKD MR Egger 60 0.045 0.067 0.502 1.046 (0.176–0.918)

Weighted median 60 0.084 0.049 0.085 1.087 (0.179–0.989)

Inverse variance weighted 60 0.084 0.034 0.014 1.088 (0.151–1.017)

Simple mode 60 0.096 0.095 0.313 1.101 (0.281–0.915)

Weighted mode 60 0.090 0.070 0.200 1.095 (0.227–0.955)

DKD VCAN MR Egger 98 0.020 0.024 0.412

Weighted median 98 –0.001 0.026 0.960

Inverse variance weighted 98 0.015 0.016 0.338

Simple mode 98 0.008 0.054 0.884

Weighted mode 98 0.001 0.025 0.983

VCAN, versican; DKD, diabetic kidney disease; SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval.
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Supplementary Table 4. Sensitivity analysis

MR analysis 
causal estimate SD T-stat Main MR results

 P value Global test Global test
 P value

MR-presso

   VCAN-DKD   0.084 0.034 2.458 0.017 68.506 0.275 

   DKD-VCAN   0.015 0.016 0.957 0.341 112.609 0.143 

Heierogeneity Method Q Q_df Q_P value

   VCAN-DKD IVW 66.525 59.000 0.234 

   DKD-VCAN IVW         110.433   97.000 0.166 

Plciotropy Egger_intercept SE P value

   VCAN-DKD   0.013 0.019 0.499 

   DKD-VCAN –0.003 0.010 0.807 

MR, Mendelian randomization; SD, standard deviation; VCAN, versican; DKD, diabetic kidney disease; Q, Cochran’s q statistic; df, degrees of 
freedom; IVW, inverse variance weighting; SE, standard error.
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Supplementary Fig. 1. Flow chart of Mendelian randomization. BMI, body mass index; SNP, single nucleotide polymorphism; 
VCAN, versican; DKD, diabetic kidney disease.
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Supplementary Fig. 2. Hypotheses-test method. MR, Mendelian randomization; IV, instrumental variable; SNP, single nucleo-
tide polymorphism; GWAS, genome-wide association study.
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Supplementary Fig. 3. The merge data after removing the batch effect. (A) Glomerulus merge data consist of GSE96804 (red) 
and GSE30528 (blue) in total of 61 diabetic kidney disease (DKD) samples and 22 healthy samples. (B) Tubules merge data con-
sist of GSE30529 (red) and GSE104954 (blue) in total of 22 DKD samples and 25 healthy samples.
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Supplementary Fig. 4. Functional enrichment by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis. (A, B) GO analysis based on biological process (BP), cellular component (CC), and molecular function (MF). (C, D) 
KEGG analysis. PI3K, phosphoinositide 3-kinase; ECM, extracellular matrix; AGE-RAGE, advanced glycation end-products-re-
ceptor for advanced glycation end-products.
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Supplementary Fig. 5. Protein-protein interaction (PPI) network and hub-gene network. (A) PPI network: The nodes with a de-
gree value greater than 0.9 which were interrelated have been selected. (B) Hub-gene network: 15 hub-gene were determined with 
the aid of the “cytohubba” package in Cytoscape. The darker the color, the larger the node, and the greater the probability that the 
node occupies the first place in the six algorithms.
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Supplementary Fig. 6. Least Absolute Shrinkage and Selection Operator (LASSO) regression and support vector machine 
(SVM). (A, B, E, F) LASSO regression. (C, D, G, H) The SVM-recursive feature elimination (RFE) analysis. 
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Supplementary Fig. 7. Intersection of the hub genes. Versican (VCAN) and fibronectin 1 (FN1) were the co-expressed genes in 
glomerulus and tubule in patients with diabetic kidney disease. LASSO, Least Absolute Shrinkage and Selection Operator; SVM, 
support vector machine.
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Supplementary Fig. 8. Receiver operating characteristic curve. (A, B) Internal dataset. (C, D) External test dataset. VCAN, versi-
can; FN1, fibronectin 1; NS, not significant. aP<0.0001, bP<0.001, unpaired t-test.
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Supplementary Fig. 9. The immune infiltration pattern of versican (VCAN) in glomerulus and tubule. aP<0.0001, bP<0.001, un-
paired t-test.
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Supplementary Fig. 10. Quality control of single-cell transcriptome dataset. (A) After mitochondrial and ribosome genes were 
filtered in the three samples of diabetic nephropathy (DN), the DN feature performed well. (B) After mitochondrial and ribosome 
genes were filtered in the three samples of control, the control feature performed well. (C) Batch effect was eliminated after stan-
dardization in the DN and control groups. There were no significant differences between the samples. (D) The top 2,000 highly 
variable genes were shown. PC, principal component.
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Supplementary Fig. 11. The pseudotime analysis. (A, B, C) Parietal epithelial cell (PEC) cells. (D, E, F) Proximal convoluted tu-
bular (PCT) cells. VCAN, versican; FN1, fibronectin 1.
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Supplementary Fig. 12. The immune score. (A) The immunity-participated degree of each cell cluster. The darker the color, the 
more involved in the immune reaction of diabetic kidney disease. (B) Endothelial cell (ENDO) and leukocyte (LEUK) were the 
principal cell types involved in the immune response, while parietal epithelial cell (PEC) and proximal convoluted tubular cell 
(PCT) were moderately involved in the immune response. (C) The differentiation of cell cluster involved in the immune direc-
tions. The red indicated that it was involved in the up-regulation of immune genes and the infiltration of immune cells. Blue rep-
resented involvement in the down-regulation of immune genes and suppression of immune cells. (D) Versican (VCAN) was 
mainly involved in the up-regulation of immune genes and the infiltration of immune cells. LOH, loop of Henle cell; CT, convo-
luted tubular cell; MES, mesenchymal cell; CD-ICB, collecting duct-intercalated cell type B; CD-ICA, collecting duct-intercalated 
cell type A; DCT, distal convoluted tubular cell; PODO, podocyte; CD-PC, collecting duct-principal cell; tSNE, t-distributed sto-
chastic neighbor embedding.


