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the Gene expression omnibus (GEO) database. Key gene sets for
diabetic kidney disease (DKD) were selected by using weighted gene
co-expression network analysis (WGCNA). Biomarker candidates
were then identified using least absolute shrinkage and selection
operator (LASSO) logistic regression. The single-cell sequencing data
(GSE131882) was used to explore the biological functional differences
in glomerular endothelium between the control and DKD groups.
The diagnostic efficiency of the selected biomarker was tested in
the Receiver operating characteristic (ROC) curve. Moreover, we
used the single-sample gene set enrichment analysis (ssGSEA) to
compare immune cell infiltration between DKD and control groups.
RT-PCR was used to validate the selected gene expression in cultured
glomerular endothelial cells under high glucose stimulation.
Results. Phosphatase and actin regulator 4 (PHACTR4) was
ultimately selected as the key GEC-related biomarker in DKD.
Significantly downregulated PHACTR4 mRNA expression was
further validated in human glomerular endothelial cells (HGECs)
under high glucose stimulation by using RT-PCR. The decreased
PHACTR4 was found to be associated with abnormal endothelial
proliferation and neo-angiogenesis. Additionally, immune infiltration
analysis revealed that PHACTR4 was negatively associated with
inflammatory infiltration, especially pro-inflammatory cells including
activated CD4 and CD8 T cells, B cells, and Mast cells, indicating
PHACTR4 downregulation may exacerbate inflammatory reaction.
Conclusion. PHACTR4 is a potential diagnostic marker for DKD
and plays an essential role in aberrant glomerular endothelial
proliferation and inflammation in DKD.
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diabetic microvascular complications, leading to
Diabetic nephropathy (DN) or diabetic kidney approximately 50% of all end-stage kidney diseases
disease (DKD) is known as one of the most serious (ESKD) worldwide.! Globally, it is estimated that
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nearly 463 million individuals are suffering from
diabetes, among which two-fifths of them are likely
to develop DN.2 Clinically, DN is highly associated
with progressive kidney impairment characterized
by increased albumin permeability, declined
glomerular filtration rate (GFR), hypertension,
infections, cardiovascular, disease (CVD), and
ESKD, imposing a heavy burden on individuals
and the health care system.?

Glomerular endothelial cells (GECs) are key
components of the glomerular filtration barrier
(GFB). Unlike endothelial cells from conductive
large vessels, GECs possess transmembrane pores
of 50 to 80 nm and are covered with a thick
layer of the glycocalyx which helps to maintain
the negative charge of the barrier membrane.*
Glomerular endothelial dysfunction has been
increasingly identified as an early and detrimental
hallmark of DN, leading to GFB damage and
elevated albuminuria secretion.>® Reduced
thickness of glycocalyx and mean percentage of
fenestration in GECs have been observed in DN,
which was correlated with impaired glomerular
filtration rate and consequent albuminuria.”®
However, the primary drivers and underlying
mechanisms of GECs dysfunction in DN are still
uncertain.

Weighted gene co-expression network analysis
(WGCNA) is a powerful tool for exploring
essential pathological mechanisms and identifying
diagnostic and therapeutic biomarkers.’ The study
was performed to gain a deeper insight into the
underlying mechanism of DN by bioinformatic
analyses and explore potential diagnostic markers.
In the study, we first analyzed gene expressions
between DKD and control individuals and then
explored key genes of DKD by WGCNA combined
with the machine learning algorithm. In addition, the
differently expressed genes (DEGs) in glomerular
endothelial cells between the control and DKD group
were identified using single-cell RNA analysis.
The phosphatase and actin regulator 4 (PHACTR4)
was identified as a critical diagnostic biomarker
and its downregulation was further validated in
human GECs exposed to high glucose stimulation.
Inflammatory infiltration levels were assessed using
the single sample gene set enrichment analysis
(ssGSEA) method. Overall, we have unveiled a
potential GEC-related biomarker for the progression
of DKD, which may contribute to better prevention

and treatment of DKD.

The clinical traits and gene expression profiling
of microarray data GSE30528 were downloaded
from Gene Expression Omnibus (GEO) database
(https:/ /www.ncbi.nlm.nih.gov/geo/), which
contains glomerular tissues from 13 non-DKD
individuals and 9 patients with Human Diabetic
Kidney Disease. All data were processed using the
R project (version 4.0.2) and normalized with the
“limma” package (version).!? Differently expressed
genes (DEGs) were selected based on the threshold
of | log2FoldChange | greater than 1 and adjusted
P value less than .05.

GO function annotation and KEGG pathway
enrichment analysis were performed using the
“enrichGO” and “enrichKEGG” functions in the
“clusterProfiler” package (version “3.10.17)!
to better understand the underlying molecular
mechanism of diabetic nephrology.

Correlation networks are increasingly being used
to analyze large, high-dimensional data sets. In
the gene expression profiling of GSE30528, a total
of 12,644 genes were identified from control and
DKD glomeruli samples. And the top 5,000 genes
with the greatest standard deviation were selected
for subsequent weighted correlation network
analysis using the “WGCNA” R package.’ Gene
co-expression similarity between genes i and j (5ij)
was defined by Pearson’s correlation coefficient
cor (i, j). A further power function was used to
correlate the adjacency of genes: Amn = power (Smn,
B). The optimal soft threshold B was screened out
using a gradient method (p ranging from 1 to 20)
to acquire the scale-free network with a degree of
independence greater than 0.85. Additionally, the
adjacency matrix was transformed into a topological
overlap matrix, modules detection was conducted
by hierarchical average linkage clustering analysis
as previously described. Finally, modules with a
correlation of above 0.75 were merged.
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Module eigengene (ME) is considered a
representative of the gene expression profiles in each
module. After the construction of gene modules,
we summarized and used them for the component
analysis of the corresponding module. Module-
trait relationships were assessed by the association
between MEs and clinical traits. Coexpression
modules with the highest correlation coefficient
among all modules indicate the important clinical
significance and are defined as the key module for
further analysis.

The machine learning algorithm least absolute
shrinkage and selection operator (LASSO) logistic
regression was used to construct the DKD genetic
classification models and identify the optimal
feature genes. LASSO is a regression analysis
method that implements both variable selection and
regularization to enhance the prediction accuracy
and interpretability of the resulting statistical
model. In this study, LASSO classification models
were constructed using the “glmnet” package. The
efficacy of the biomarker was further evaluated by
the receiver operating characteristic (ROC) curve.

The online single-cell sequencing data
(GSE131882) were processed as previously
described.!? Since our study mainly focused
on diabetic glomerulopathy, only glomerular
endothelial cells, podocytes, inflammatory cells,
and mesangial cells were selected for further
analysis. DEGs in GECs between the control and
DKD groups were identified by a P value < .01.

The immune infiltration landscape of microarray
data (GSE30528) was analyzed by the single-sample
gene set enrichment analysis (ssGSEA) score
using the Gene Set Variation Analysis (GSVA)
R package. Marker genes for immune cell types
were obtained from Bindea’s study.!® Further
two-dimensional principal component analysis
(PCA) was performed to investigate the differences
in the immune filtration landscape between the
control and DKD group using “FactoMineR” and
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“factoextra” packages. “corrplot” R package was
used to assess the association of key genes with
immune cell infiltration and other genes involved
in the pathogenesis of DKD.

Human Glomerular Endothelial Cells (HGECs)
were purchased from ScienCell, America. Cells were
grown in humidified air (5% CO, at 37 °C). High
glucose (44.4 mM) and isotonic control mannitol
(44.4 mM) were administrated for 3 days and cells
were harvested for further mRNA detection.

PHACTR4 mRNA expression in control and
high-glucose-treated HGECs was evaluated by RT-
PCR. Cellular RNA was obtained by Trizol regents
(Takara Bio Inc, Shiga, Japan), followed by reverse
transcribed to cDNA using PrimeScript RT Master
Mix (Takara Bio Inc, Shiga, Japan). cDNA aliquots
were amplified with primers specific for PHACTR4
and housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) in a QuantStudio 5 Dx
Real-Time PCR System (Applied Biosystems Life
Technologies, Foster City, Calif).

Data from the experimental part were compared
with the one-way ANOVA method, followed by
Tukey post hoc testing for pairwise comparison.
P < .05 was taken to indicate a statistically significant
difference.

Weighted correlation network analysis, also
known as weighted gene co-expression network
analysis (WGCNA), is a widely used data mining
method especially for studying biological networks
based on pairwise correlations between variables.
While it can be applied to most high-dimensional
data sets, it has been most widely used in genomic
applications. It allows one to define modules
(clusters), intramodular hubs, and network nodes
with regard to module membership, to study the
relationships between co-expression modules,
and to compare the network topology of different
networks (differential network analysis). The
network construction gives highly robust results
with respect to different choices of the soft threshold.
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In our study, the optimal soft threshold is 10.

We initially explored the molecular pathogenesis
of DKD, 12644 genes from the GSE30528 dataset
were analyzed in DKD and control glomerular
samples. A total of 461 DEGs were observed between
the control and DKD groups, with 119 upregulated
genes and 342 downregulated genes (Figure 1A
and B). Furthermore, the potential function of
these screened DEGs was identified by utilizing
GO and KEGG enrichment analysis. GO analysis
revealed that these DEGs are mainly enriched
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in the biological process including urogenital
system development, kidney development, renal
system development, cell-substrate adhesion, and
nephron development (Figure 1C), and KEGG
analysis showed that these DEGs were highly
relevant to pathways including PI3K-AKT, cell
adhesion, complement, and coagulation cascades
were significantly enriched (Figure 1D).

WGCNA was performed to elucidate critical gene
clusters associated with DKD. In the present study,
10 were selected as the optimal soft threshold by
the “pickSoft Threshold” function (Figure 2A, B).

= 1, §o
— oKD
— 1
e N
= -
—— | &
-3
Focal adhesion 1 .
PIZK-AR signakng pathway .
Protecglycans in cancer @
lation of
Regulation of actn . Count
® s
Rag! signaling pattwary [ ] ® -
o
Complement and coaguialion
cascades a . 20
ECM-receplor interackion | [ ]
padjust
Cell adhesion molecules ® 004
0.03
Fyperiraphic cardomyopaltry | ® a0z
0.01
Dilated cardiomyopathy { [ ]
Adnerens junction{ @
Pertussis{ @
 Arhythmagene right | g
wentricular cardiomyapathy
0.05 007 0.09 011

GaneRatio

Figure 1. Different Expression Genes (DEGs) Analysis Between DKD and Control [(A) Volcano plots and (B) Heatmap of DEGs in DKD
compared to control; (C) GO biological process (BP), cellular component (CC), and molecular function (MF) enrichment analysis. (D)

KEGG pathway analysis results]
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Subsequently, the co-expression modules were
plotted in the clustering dendrograms and 18
modules were identified (Figure 2C, D). As shown
in Figure 3 A and B, the MEblack module was the
most relevant module related to DKD traits, which
was selected as the pivotal module for further
analysis. A close correlation was also observed
between genes in the MEblack module and gene
significance for DKD (Figure 3C). 279 overlapped
genes were obtained from the MEblack module
and DEGs (Figure 3D).

We further performed GO and KEGG
enrichment analyses to better understand the

biological significance of overlapped genes. The
bubble plot shows the functional features of the
MEblack module with an adjusted P value < .05.
As shown in the GO enrichment (Supplementary
Figure 1A), those genes were mainly enriched
in terms like cell-substrate adhesion, urogenital
system development, kidney development, renal
system development, and nephron development.
Furthermore, KEGG analysis showed overlapped
genes were highly related to pathways including
PI3K-AKT signaling, focal adhesion, complement
and coagulation cascades, and cell adhesion
molecules (Supplementary Figure 1B). Twenty genes
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Figure 2. Sale-free Networks Construction and Genes Clustering by WGCNA [(A) Sample dendrogram and trait heatmap used for
detecting outliers; (B) Scale independence and mean connectivity for each power value between 1 to 20; (C) Dendrogram of clustered
genes based on selected soft threshold power; and (D) Hierarchical module clustering and the eigengene adjacencies heat map plot]
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Figure 3. Gene Modules Mining Based on WGCNA [(A) Correlation and P values between different modules and DKD; (B) The positive
and negative correlation of each module with DKD; (C) Scatter plot of the relationship between eigengene in black module and clinical
traits of DKD; (D) Overlapped genes between MEblack module and DEGs; and (E, F) LASSO penalized model was used to screen
potential DKD Biomarkers]
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of potential diagnostic markers were obtained by
using the LASSO regression algorithm (Figure 3E,
F), namely ANXA2, NME?7, MED4, SOBP, NFE2L3,
PHACTR4, CEL, CD200, CMAHP, SERPINE?2,
RETREG1, WT1-AS, DPYSL3, HRG, NPHSI,
GOL1M4, HS3ST3A1, DACH1, LRRC2 and IGF1.

We previously identified 15 types of cells in
the single-cell sequencing dataset (GSE131882).12
Glomerular endothelial cells, podocytes,
inflammatory cells, and mesangial cells were
selected to explore the crosstalk inside glomeruli.
The t-SNE plot of glomerular cells was shown
in Figure 4A. In addition, there is no significant
difference in the cell percentages of podocytes,
GECs, macrophage 0, and macrophage 1 between
the control and DKD groups. Of note, Macrophage
0 and 1 are the clusters we annotated in this scRNA
analysis. However, the DKD group exhibited a
significant increase in cell percentages of T cells,
monocyte, B cells, and plasma cells. Since GECs
play a crucial role in the pathogenesis of diabetic
nephrology, further analysis was performed to
explore the biological function differences of
GECs between groups. DEGs in GECs between
the control and DKD group were identified by P
value < .01. GO term analysis showed the DEGs

320

of GECs between groups were mainly enriched
in cell migration, proliferation, and adhesion
(Figure 4C). And KEGG analysis revealed these
DEGs were highly related to pathways including
MAPK signaling pathway, focal adhesion, and
Rapl signaling pathway.

PHACTR4 was ultimately identified based on
the results from the LASSO regression algorithm
and DEGs of GECs between groups. The ROC
curve analysis further indicated the high
diagnostic efficacy of PHACTR4 with an AUC of
0.974 (95% CI: 0.924 to 1.000, Figure 5A). Since
accumulating evidence highlighted the involvement
of inflammation in the development of DKD, we
further explored the correlation between PHACTR4
and inflammation infiltration in DKD. The immune
infiltration landscape in the control and DKD
groups was analyzed by ssGESA (Figure 5B). And
a great abundance of immune infiltration was
observed in the DKD group, especially activated
B cells, activated CD4 T cells, activated CD8 T
cells, central memory CD8 T cell, T follicular
helper cell, and mast cell (Figure 5C), indicating
the activation of inflammation in DKD process.
PCA analysis indicated a significant difference in
immune infiltration between groups (Figure 5D).
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Figure 4. Functional Differences of GECs in the DKD Group [(A) t-SNE diagram of major glomerular cell clusters which was annotated
using marker expression. GEC, glomerular endothelial cells; MCO and MC1, two subgroups of macrophages; MONC, monocytes;
PLASMC, plasma cell; POD, podocytes; TC, T cells; BC, B cells; (B) Cell fraction of each cell type in healthy and DKD patients (left),
and cell numbers of each cell type in total samples (right); (C) GO; and (D) KEGG analysis results of different expressed genes in GECs

between the control and DKD groups]

In addition, the expression of PHACTR4 was
significantly downregulated in the DKD group
(Figure 5E). Subsequently, we investigated the
association between PHACTR4 and the infiltration
levels of pro-inflammatory cells. As shown in
Figure 6E, PHACTR4 showed a negative association
with most inflammatory cells (Figure 5F). And
the significant downregulation of PHACTR4 was
further verified in high glucose-administrated
HGECs (Figure 6).

DISCUSSION
In the present study, gene expression profiles

Iranian Journal of Kidney Diseases | Volume 17 | Number 6 | November 2023

from both control and DKD samples (GSE30528)
were analyzed by using WGCNA methods to
identify critical biomarkers for diagnosis and
treatment of DKD. MEblack modules were found
to be highly correlated with DKD and overlapped
genes from MEblack modules and DEGs were
selected for further analysis. Afterward, the
LASSO regression algorithm was used to identify
the characteristic genes for DKD. DEGs in GECs
between groups were analyzed using single-cell
sequencing data (GSE131882). PHACTR4 was
ultimately identified as the key biomarker after
overlapping the LASSO results and endothelial
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Figure 5. PHACTRA4 is associated with inflammation [(A) Venn diagram of the intersecting genes from the Lasso algorithm model
and DEGs of GECs between groups; (B) The landscape of twenty-eight immune cells infiltration between healthy and DKD samples;
(C) Different proportions of immune cells between DKD and control; (D) PCA analysis of immune cell infiltration of DKD and control
samples; (E) Different expression of PHACTR4 in DKD compared with control; and (F) Correlation between PHACTR4 and immune
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Abbreviations: ns, not significant (P > .05; *P < .05; **P < .01)

DEGs, and RT-PCR analysis found PHACTR4 PHACTR4 was also highly related to immune cell

mRNA expression was significantly suppressed infiltration in DKD, which indicated the clinical
in high glucose-stimulated HGECs. In addition, significance of PHACTR4 in the diagnosis and
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Figure 6. PHACTR4 mRNA expression is highly suppressed

in HGECs with high glucose stimulation. Expression levels of
PHACTR4 mRNA in high glucose (44.4mM) and osmotic control
mannitol (44.4 mM) and control (5.5 mM).

Abbreviations: ns, not significant (P> .05; ***P < .0001)

treatment of DN.

While metabolism and hemodynamics have
been considered the primary factors contributing
to DKD, a growing body of research has revealed
that DKD is marked by chronic inflammation
infiltration, which further worsens renal damage
and proteinuria.'* Our results showed that 461
DEGs between the control and DKD groups were
highly related to pathways including PI3K-AKT,
cell adhesion, complement, and coagulation
cascades (Figure 1D). Weighted gene co-expression
network analysis (WGCNA) is a powerful tool for
exploring essential pathological mechanisms and
identifying diagnostic and therapeutic biomarkers.
Consistent with the above results, KEGG analysis
displayed that overlapped genes in the MEblack
module and DEGs were also mainly enriched in
pathways including PI3K-AKT signaling, focal
adhesion, complement and coagulation cascades
and cell adhesion molecules, which highlights the
role of chronic inflammation in the pathogenesis
of diabetic nephropathy.

Immune cells and inflammatory regulatory
factors play key roles in the development and
progression of DKD. Recent evidence has revealed
that pro-inflammatory cytokines were significantly
increased in blood samples from DKD patients
compared with healthy control,’® and immune

cells including macrophages, T cells, B cells,
dendritic cells, and mast cells were abundantly
infiltrated in renal biopsy of DKD.!¢-!® Likewise,
our results from the single-cell sequencing data
also showed a significant increase in inflammatory
cells in the DKD group (Figure 4B). In addition,
the single-sample gene set enrichment analysis
(ssGSEA) was used for characterizing and
quantifying immune cell infiltration in DKD.
Compared with the healthy control group, DKD
glomeruli were more abundant in various immune
cells including T cells (activated CD4+ T cell,
activated CD8+ T cells, central memory CD8 T
cell, T follicular helper cell, regulatory T cell, and
Typel T helper cell), B cells (Activated B cells,
memory B cell), activated dendritic cell, mast cell
and myeloid-derived suppressor cells (MDSC).
These results were supported by prior studies that
activated CD4+ and CD8+ T cells were infiltrated
in the kidney of both diabetic patients and DKD
mice, %2 while suppressor of T cells activation
significantly reduced albuminuria levels.?! A
marked increase in B cells and mast cells was
found in the interstitium of DKD patients, and
the greater abundance of B cells and mast cells
infiltrating the interstitium was significantly
associated with increased albuminuria.??223
The highly fenestrated characteristics combined
with covered glycocalyx endow the GECs
sieving property, which could function as the
glomerular filtration barrier and support renal
vasculature.?#?® In addition, the endothelial
protective mechanism (especially angiogenesis)
could be initiated when exposed to different
stimuli (including inflammatory cells or pro-
inflammatory cytokines), followed by endothelial
phenotypic switching and renal dysfunction.?®
Accumulating evidence has revealed aberrant
glomerular angiogenesis and impaired endothelial
fenestration in both human and mouse diabetic
nephropathy.?”"? Lai et al. reported that TGF-B
could cause diabetic glomerulopathy by activating
endothelial pro-inflammatory and proliferative
signaling pathways.?” However, the underlying
mechanism of endothelial cell proliferation
and neo-angiogenesis remains a moot point. In
our study, we analyzed the online single-cell
sequencing data to identify DEGs in glomerular
endothelium between the control and DKD
groups. GO term analysis showed endothelial
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DEGs were mainly enriched in cell proliferation
and adhesion (Figure 4C). In addition, KEGG
analysis revealed that these DEGs were highly
related to pathways including MAPK signaling
and focal adhesion, which also emphasizes the
pro-inflammatory and pro-proliferative signaling
pathways in glomerular endothelium.

We further screened the key gene for diabetic
nephropathy and endothelial dysfunction, and
the overlapped gene PHACTR4 was identified in
endothelial DEGs and LASSO results. PHACTR4,
a member of the PHACTR family, is known
as one of the suppressors of tumorigenesis
and/or proliferation genes. with functions in
protein phosphatase 1 (PP1) localization and Rb
dephosphorylation,®® PHACTR4 plays a role in PP1
localization and Rb dephosphorylation, inhibiting
cellular proliferation and transformation. Studies
reported that a defect in the PHACTR4 gene
disrupts the interaction between PHACTR4 with
PP1, resulting in the inhibitory phosphorylation
of PP1 and enhanced cellular proliferation.3!
The defect and mutation in PHACTR4 have
been described in multiple tumor subtypes.3!3
Moreover, tumor cell lines with PHACTR4 defect
show suppressor hypersensitivity with PHACTR4
supplement.’® Whether PHACTRA4 is involved in
diabetic nephrology, however, remains unknown.
A prior study discovered PHACTR4 served as
a novel circulating immune biomarker in lupus
nephritis using immunoproteomics.® In our study,
the considerable downregulation of PHACTR4
was observed in glomerular tissue in diabetic
nephrology. The ROC curve analysis further
indicated the high diagnostic efficacy of PHACTR4
with an AUC of 0.974 (95% CI: 0.924 to 1.000,
Figure 5A). Consistently, we found a markedly
decreased expression of PHACTR4 in glomerular
endothelium in the DKD group compared with
the control group. These results indicated the
PHACTR4 defect in glomerular endothelium may
induce abnormal endothelial proliferation and
promote neo-angiogenesis, indicating PHACTR4
may be a potential biomarker for the diagnosis
and treatment of DKD.

Further analysis revealed that the downregulation
of PHACTR4 transcript was highly related to the
abundance of infiltrated immune cells including
activated CD4 and CD8 T cells, activated B cells, and
Mast cells. These findings indicate that PHACTR4
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may promote the initiation and development of
DKD by regulating the inflammatory reaction,
and thus targeting PHACTR4 may be a novel
therapeutic approach to attenuate the progression
of DKD.

The main limitations of this study were as follows:
(1) our research mainly relied on bioinformatical
mining which lacks clinical validation. (2) We
focused on exploring genes on mRNA levels without
conducting the non-coding RNA. Therefore, large
clinical cohorts are needed to validate our results
in the future.

In conclusion, we identified that PHACTR4
is a potential diagnostic marker for diagnosis
of DKD by using WGCNA, machine learning
algorithm, and single-cell sequencing analysis.
In addition, PHACTR4 is shown to correlate
with both abnormal endothelial proliferation and
immune cell infiltration. Our findings provide a
potential candidate for diagnosing DKD, inspiring
researchers for clinical validation, and developing
new biomarkers in DKD.
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