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Kidney fibrosis molecular mechanisms Spp1 influences
fibroblast activity through transforming growth factor
beta smad signaling

Hao Ding,"” Zidu Xu,?’ Ying Lu,® Qi Yuan,* Jianzhong Li,>* and Qi Sun®8*

SUMMARY

Kidney fibrosis marks a critical phase in chronic kidney disease with its molecular intricacies yet to be
fully understood. This study’s deep dive into single-cell sequencing data of renal tissue during fibrosis
pinpoints the pivotal role of fibroblasts and myofibroblasts in the fibrotic transformation. Through iden-
tifying distinct cell populations and conducting transcriptomic analysis, Spp1 emerged as a key gene
associated with renal fibrosis. The study’s experimental findings further confirm Spp1’s vital function
in promoting fibroblast to myofibroblast differentiation via the TGF-B/Smad signaling pathway, under-
scoring its contribution to fibrosis progression. The suppression of Spp1 expression notably hindered
this differentiation process, spotlighting Spp1 as a promising therapeutic target for halting renal
fibrosis. This condensed summary encapsulates the essence and findings of the original research within
the specified word limit.

INTRODUCTION

Renal fibrosis is a late-stage pathological manifestation of chronic kidney disease, characterized predominantly by tubular atrophy, interstitial
fibrosis, and glomerulosclerosis.’ The emergence of renal damage is not solely attributed to intrinsic kidney factors but is intricately con-
nected to multiple elements, including inflammation, oxidative stress, and the excessive activation of growth factors.” Prolonged persistence
of renal fibrosis can result in the enduring degradation of kidney function, a key driver of the development of end-stage renal disease.® Man-
aging fibrosis poses formidable challenges due to the intricate engagement of numerous intricate cellular and molecular mechanisms in its
progression.” Current therapeutic approaches typically focus on slowing and advancing fibrosis rather than achieving complete reversal.”
Therefore, the presence of renal fibrosis often signifies an unfavorable prognosis, frequently necessitating long-term reliance on dialysis
or kidney transplantation.” Addressing this formidable enigma necessitates extensive research endeavors and the formulation of innovative
treatment strategies, both of which have emerged as critical priorities.”

The conversion of fibroblasts into myofibroblasts constitutes a pivotal occurrence in the development of renal fibrosis.? During this trans-
formation, fibroblasts undergo a profound alteration, shedding their original characteristics and adopting the attributes of myofibroblasts.
Consequently, they actively contribute to the progression of fibrosis.” Genes characteristic of fibroblasts, including a-SMA, vimentin, and
collagen |, exhibit heightened expression, signifying the commencement of the fibroblast-to-myofibroblast transition process. This process
serves as a crucial signal in the advancement of fibrosis.'” The increased expression of these genes in renal fibrosis is highly correlated with the
gradual deterioration of renal function.'’ Consequently, targeting the regulation of these marker genes offers innovative strategies and av-
enues for therapeutic intervention in renal fibrosis.'?

Leveraging state-of-the-art single-cell data analysis, this investigation embarks on a comprehensive examination of the specific genes intri-
cately involved in the intricate process of renal fibrosis."® The findings thrust Spp1 into the spotlight as a pivotal gene exhibiting a robust
connection with fibroblast behavior.' Since fibroblasts assume the mantle of primary effector cells in renal fibrosis, shifts in Spp1 expression,
emerge as a direct gauge of fibrosis progression.'> Subsequent analysis delves into the possibility that Spp1 wields its influence on renal
fibrosis by orchestrating the regulation of the TGF-B/Smad signaling pathway.'® Despite the undeniable significance of this signaling pathway
in fibrosis, the precise molecular mechanisms governing its control by Spp1 remain uncertain.'” To attain a more profound grasp of Spp1’s
role in renal fibrosis, additional experimental investigations become imperative to unravel its intricate interplay with the TGF-p/Smad
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Figure 1. Analysis of Cell Cluster Annotation
(A) Annotation of 16 cell clusters.
(B) Bubble plot showing the expression of marker genes in each cell cluster.

signaling pathway.'® This groundbreaking revelation promises to pave the way for the identification of novel therapeutic targets and the pio-
neering of innovative treatment strategies for renal fibrosis.'?

Considering the pivotal role of Spp1 in various diseases, the aim of this study is to deeply investigate the molecular mechanisms of Spp1in
renal fibrosis, elucidating its involvement in regulating fibroblast behavior and its relationship with the TGF-B/Smad signaling pathway during
the process of renal fibrosis. By gaining a thorough understanding of this process, we hope to provide novel targets for the treatment of renal
fibrosis and offer theoretical support for clinical therapy. Furthermore, this study will contribute to enhancing our overall comprehension of
fibrotic mechanisms, laying a solid foundation for future research on fibrosis treatment.

RESULTS

Single-cell RNA sequencing analysis reveals distinct cell clusters and their expression patterns in mouse kidney following
ischemia-reperfusion injury

We obtained the single-cell transcriptomic dataset GSE139107 related to acute kidney injury from the Gene Expression Omnibus (GEO). The
data were integrated using the Seurat package, and we examined the gene counts (nFeature_RNA), mRNA molecule counts (nCount_RNA),
and percentage of mitochondrial genes (percent.mt) for all cells in the scRNA-seq dataset. The analysis revealed that the majority of cells had
nFeature_RNA <1500, nCount_RNA <10000, and percent.mt < 1.5% (Figure S1A).

Low-quality cells were removed based on the criteria of nFeature_RNA >300, 300 < nCount_RNA <5000, and percent.mt < 3%. The cor-
relation analysis of sequencing depth revealed a coefficient of r = 0.12 between nCount_RNA and percent.mt and a coefficient of r = 0.73
between nCount_RNA and nFeature_RNA (Figure S1B). These results indicate that the filtered cell data exhibits good quality and can be
used for subsequent analysis.

The filtered cells were further analyzed by applying the “LogNormalize” function for data standardization. Subsequently, the top 2000
genes with high variability were selected for downstream analysis based on their variance (Figure S1C). The dimensionality reduction tech-
nique, PCA (Principal Component Analysis), was then employed on these selected genes, resulting in 40 principal components (PCs). The
first 20 PCs were chosen for subsequent t-SNE clustering and cell annotation (Figure S1D). The PCA analysis results for each cell in every sam-
ple are presented in Figure STE. The characteristic genes of the first two principal components are displayed in Figure S1F, and the expression
heatmap of these genes is shown in Figure S1G.

The above results indicate that the PCA principal component analysis result is relatively reliable and could be used for subsequent cell
clustering.

After the TSNE clustering analysis, we clustered all the cells into 16 clusters (Figure S2A). The distribution of each cell cluster in each sample
is shown in Figure S2B.

Next, the 16 cell populations were annotated based on known cell lineage-specific marker genes from the literature and using the online
database CellMarker (Figure 1A). The annotation results included the following cell types: PT-inj1 (injured proximal tubule type 1), PT-inj2
(injured proximal tubule type 2), TAL1 (ascending thin limb of Henle's loop type 1), Healthy-PT1 (healthy proximal tubule type 1), CPC (collect-
ing duct principal cells), Pod1 (podocyte type 1), MC (mesangial cells), Healthy-PT2 (healthy proximal tubule type 2), CDT (collecting duct
transient cells), TAL-inj (injured ascending thin limb of Henle's loop), DCT (distal convoluted tubule), TAL2 (ascending thin limb of Henle's
loop type 2), DCT-CNT (distal convoluted tubule and connecting tubule), VEC (vascular endothelial cells), Fib (fibroblasts), and Pod2
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(podocyte type 2). Figures 1B and 2 showed the expression patterns of marker genes in various cell clusters. Through the above analysis, we
have successfully annotated 16 cell types in the IRl single-cell sequencing dataset.

Characterization and evolutionary dynamics of fibroblast subpopulations in renal fibrosis

Fibroblasts play a critical role in kidney fibrosis. Their abnormal activation and proliferation lead to collagen deposition and fibrotic tissue
formation.”””' Research shows that fibroblasts exhibit heterogeneity and may exist in multiple subpopulations, each with different functions
during the process of fibrosis.”” Therefore, we performed sub-clustering of fibroblasts to uncover the regulatory mechanisms of renal fibrosis.

First, all cells related to Fib cell clusters were extracted from the entire experimental dataset. Then, these cells underwent preprocessing
steps, such as data standardization, feature selection for variability, and data scaling. Next, principal component analysis and clustering al-
gorithms were used to divide the cells into different subgroups based on their gene expression similarities. Finally, t-distributed stochastic
neighbor embedding (t-SNE) was employed to cluster all cells into nine subclusters (Figure 3A).

We annotated the cells based on existing literature and combined them with the online website CellMarker (Figure 3C). Cluster 0 is marked
by the genes Dapk2 (Figures 3B and 3D) and annotated as "fibroblast type 1" (fib1); Cluster 1 is marked by the genes Sdc4 and Spp1
(Figures 3B and 3D-3F) and annotated as "fibroblast type 2" (fib2); Both cluster 2 and cluster 7 are marked by the genes Col1al and
Col1a2 (Figures 3L and 3M) and therefore respectively annotated as "muscle fibroblast type 1" (mFib1) and "muscle fibroblast type 3"
(mFib3); Cluster 3 is marked by the genes Kend2 (Figure 3G) and Bmpr1b (Figure 3H) and annotated as "fibroblast type 3" (fib3). The cluster
4 marker gene is Ank3 (Figures 3B and 3l), annotated as "cortical cells." Cluster 5 is marked by the gene Myh11 (Figures 3B and 3J) and an-
notated as "smooth muscle cells"; Cluster 6 is marked by the gene GPX3 (Figures 3B and 3K) and annotated as "myofibroblast type 2"
(mFib2); Cluster 8 is marked by the gene Vcan (Figures 3B and 3N) and annotated as "fibroblast type 5" (fib5).

The above results indicate that the 9 cell clusters obtained through sub-clustering include different types of fibroblasts, smooth muscle
cells, and cortical cells. The expression of marker genes and functional differences in these cell clusters reflect the heterogeneity of fibroblasts
in the renal fibrosis process.

To gain a deeper understanding of the functional characteristics of these nine cell clusters, we performed gene ontology (GO) and KEGG
pathway enrichment analysis on the marker genes of each cluster. Each cluster exhibited specific functional traits, such as cell adhesion, signal
transduction, glomerular development, and muscular system development, revealing their significant roles in cell morphology, migration,
signal transduction, and extracellular matrix formation. In cluster O, we observed that its marker genes are primarily involved in biological pro-
cesses such as cell-matrix adhesion, Ras protein signaling, and glomerular development, as well as enrichment in cellular components such as
cell leading edge, leading edge membrane, and plasma membrane rafts. Additionally, these genes play roles in key signaling pathways,
including focal adhesion, the cGMP-PKG signaling pathway, and ECM-receptor interaction (Figure 4A). These enrichment results suggest
that cells in cluster O may play essential roles in cell adhesion, signal transduction, renal glomerular development, and the formation and func-
tion of the extracellular matrix.

In cluster 1, the marker genes are primarily enriched in biological processes such as cell-matrix adhesion, fibroblast migration, and the
formation and functionality of the extracellular matrix. Additionally, these genes also exhibit involvement in key pathways, including ECM-re-
ceptor interaction, focal adhesion, and the PI3K-Akt signaling pathway (Figure 4B). These enrichment results revealed that cells in cluster 1
may play a key role in regulating cell adhesion, fibroblast migration, and the formation and function of extracellular matrix.

In cluster 2, the marker genes are primarily enriched in biological processes such as the organization of the cell cytoskeleton, the organi-
zation of the extracellular matrix, and the organization of collagen fibers. Additionally, these genes also exhibit involvement in key pathways
including protein digestion and absorption, ECM-receptor interaction, and the PI3K-Akt signaling pathway (Figure 4C). These enrichment
results suggest that cells in cluster 2 play essential roles in processes such as the organization of the cytoskeleton, the organization of the
extracellular matrix, and the organization of collagen fibers.

In cluster 3, the marker genes are primarily involved in processes related to regulating cell component movement and cell migration, as
well as being enriched in the Wnt signaling pathway. Additionally, these genes are expressed in cell components such as collagen-containing
extracellular matrix, collagen trimers, and interstitial matrix. These genes are also closely associated with molecular functions such as beta-
catenin binding and SMAD binding. Moreover, these genes play a role in biological pathways such as Gap junction and protein digestion and
absorption (Figure 4D). These enrichment results indicate that cells in cluster 3 may play a critical role in regulating processes such as cell
migration, the Wnt signaling pathway, and the organization of the extracellular matrix.

In cluster 4, the marker genes are primarily enriched in critical biological processes such as kidney development, the Wnt signaling
pathway, and mesenchymal development. They also participate in the formation of cellular structures like the cell cortex and adherens junc-
tions. Additionally, these genes show involvement in important biological pathways including resistance to EGFR tyrosine kinase inhibitors,
the PI3K-Akt signaling pathway, and the MAPK signaling pathway (Figure 4E). These enrichment results reveal the potentially important roles
of these cells in the development and signaling of the renal system.

For cluster 5, its marker genes are primarily enriched in critical biological processes such as muscle system process, cell development, and
migration. They also form muscle cell structures, such as muscle fibers and myotubes. In addition, these genes also exhibit critical biological
pathways such as vascular smooth muscle contraction, the cGMP-PKG signaling pathway, and the Apelin signaling pathway (Figure 4F). These
enrichment results suggest that these cells may play an essential role in the development and function of the muscular system.

For cluster 6, we note that its marker genes are mainly enriched in biological processes such as the positive regulation of cellular protrusion
organization, the integrin-mediated signaling pathway, and regulation of cell morphogenesis involved in differentiation. At the same time,
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(A=S) Cluster scatterplots showing the expression of marker genes in each cell cluster, with a darker blue color indicating higher average expression levels.

these genes also play a role in the composition of the synaptic membrane, especially in the intrinsic components of the glutamatergic syn-
apses and synaptic membranes (Figure 4G). These enrichment results suggest that cells in cluster 6 may play essential roles in regulating cell

morphology, signal transduction, and synaptic function.

For cluster 7, its signature genes are mainly enriched in biological processes such as mitotic nuclear division, extracellular matrix organi-
zation, and fibroblast migration. At the same time, these genes are also expressed in chromosomal regions, spindles, collagen trimers, and
other cellular components. In addition, these genes also play a role in some critical signaling pathways, such as protein digestion and
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Figure 3. Analysis of Marker Gene Expression in Cell Clusters

(A) t-SNE cluster analysis classifying cells into 9 subclusters.

(B) Bubble plot showing the expression of hub genes in each cell cluster.

(C) Annotation of the 9 subclusters.

(D-N) Scatterplots (left) showing the expression of marker genes in each cell cluster, with darker blue color indicating higher average expression levels, and violin
plots (right) showing the expression of marker genes in each cell cluster.
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Figure 5. Identification of Temporal Changes in Cell Subpopulations
(A and B) Pseudotime analysis of fibroblast subpopulation.

absorption, regulation of actin cytoskeleton, and ECM-receptor interaction (Figure 4H). These enrichment results suggest that cells in cluster 7
may play a critical role in cell division, formation and function of the extracellular matrix, and migration of fibroblasts.

For cluster 8, we observed that its marker genes mainly involve critical biological processes such as collagen-activated tyrosine kinase re-
ceptor signaling pathway, Ras and Rho protein signal transduction, as well as functions in collagen trimer complex and collagen-containing
extracellular matrix cellular components (Figure 41). In addition, these genes are also involved in critical signaling pathways such as ECM-re-
ceptor interaction, PI3K-Akt signaling pathway, and phospholipase D signaling pathway. These enrichment results reveal the crucial roles of
cluster 8 cells in cellular signal transduction, formation and function of extracellular matrix, and cell adhesion.

We conducted a pseudo-time analysis to investigate the dynamic changes and functional evolution of fibroblast subpopulations during
renal fibrosis. As shown in Figures 5 and 9 cellular subpopulations were mapped to a standard "root" and three distinct branches. We found
that clusters 0 and 1 are located at the starting end of the "root," indicating they may be the earliest formed cell subgroups. Subsequently,
clusters 0 and 1 differentiated into other subgroups, forming clusters 5, 6, and 8 in the upper branch, clusters 2 and 7 in the upper branch, and
clusters 3 and 4 on the right branch. Clusters 2 and 7 have formed in later stages.

The above results indicate that clusters 0 and 1 may play crucial roles in the early fibrosis stages and further differentiate into other subtypes
of fibroblasts during the subsequent process. On the contrary, clusters 2 and 7 may play a dominant role in the later fibrosis stages.

Differential gene expression in ischemia-reperfusion injury mouse model reveals Spp1 as a potential biomarker for renal
fibrosis progression

We established an ischemia-reperfusion injury (IRI) mouse model to investigate the effects of kidney damage. Total RNA was extracted from
mouse kidneys 2 days after the IRI procedure and subjected to RNA-seq analysis. After data quality control and batch effect removal, differ-
ential gene expression analysis was performed using R software. Genes with |logFC| > 2 and p < 0.05 were considered differentially expressed
genes (DEGs). 328 DEGs were identified, including 246 upregulated genes and 82 downregulated genes (Figure 6A). The expression of dif-
ferential genes is shown as a heatmap in Figure 6B, demonstrating a difference in gene expression between the IRl and the Sham groups.

To further explore the potential functions and roles of differentially expressed genes (DEGs), we conducted GO and KEGG enrichment
analyses. GO enrichment analysis of DEGs revealed their involvement in various biological processes including nuclear division, cell-matrix
adhesion, and collagen fibril organization. Additionally, they were associated with cellular components such as kinetochore, collagen-con-
taining extracellular matrix, collagen trimer, and extracellular matrix structural constituents. Furthermore, the molecular functions of these
DEGs included microtubule binding and cellular skeletal movement activity (Figure 6C). KEGG enrichment analysis further revealed their
involvement in key pathways such as cell cycle, ECM-receptor interaction, and focal adhesion.

The results of the Metascape enrichment analysis revealed the potential roles of these 328 genes in numerous critical biological processes
and signaling pathways. These genes are involved in regulating the cell cycle, tissue organization of the extracellular matrix, and the structure
of collagen fibers, as well as the positive regulation of cell migration and matrix adhesion. Furthermore, they are also implicated in specific
biological processes such as hemostasis, actin cytoskeleton organization, kinetochore organization, and supramolecular fiber assembly (Fig-
ure 6D). The interaction between the biological processes and signaling pathways enriched by DEGs is shown in Figure 6E.

Based on the enrichment analysis results from GO, KEGG, and Metascape, these factors are likely involved in regulating the cell cycle,
organizing collagen fibers, integrating the structure of the extracellular matrix, and finely controlling cell migration and adhesion.”***

We performed ElasticNet and LASSO regression analyses (Figures 7A and 7B) on these 328 differentially expressed genes (DEGs) and
selected disease-related signature genes to identify critical genes impacting renal fibrosis. The prospective time series analysis revealed
that cluster 0 and cluster 1 fibroblast subgroups may further differentiate into other fibroblast subgroups in kidney fibrosis formation. To
screen for disease-associated genes expressed in fibroblasts, we took the intersection of the genes identified by ElasticNet and LASSO
regression analysis with the marker genes for fibroblast subgroups cluster O or cluster 1.
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Figure 6. Functional Enrichment Analysis of Differentially Expressed Genes

(A) Volcano plot showing the differential gene expression of RNA-seq data, with blue dots representing downregulated genes, red dots representing
upregulated genes, and black dots representing genes with no difference. The comparison is between 7 sham renal samples and 7 renal samples 2 days

after IRl surgery.

(B) Heatmap showing the clustering of the top 30 differentially expressed genes.

(C) Bar plots showing GO and KEGG pathway enrichment analysis of DEGs at the Biological Process, Cellular Component, and Molecular Function levels.
(D and E) Metascape enrichment analysis results of DEGs and their corresponding interaction networks.
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Figure 7. ldentification of Kidney Fibrosis Feature Genes using Machine Learning Algorithms

(A and B) ElasticNet and LASSO coefficient selection plots.

(C and D) Venn diagrams showing the intersection analysis of feature genes selected by ElasticNet and LASSO regression analysis with cluster 0 and cluster 1
marker genes of fibroblast subpopulations.

(E) Boxplots showing the expression of Spp1 in the merged dataset.

(F) ROC curve plot showing the predictive value of Spp1 in kidney fibrosis diagnosis based on the merged dataset, with the Area Under the ROC Curve (AUC)
ranging from O to 1, where a higher value indicates higher accuracy of the biomarker. Cl represents the confidence interval of AUC. In all graphs, * represents
p < 0.05, ** represents p < 0.01, and *** represents p < 0.001.

Intersection analysis results show no disease-associated genes in the marker genes of cluster O (Figure 7C), whereas the highly expressed
gene Spp1 in cluster 1 is a disease-associated gene (Figure 7D). After investigating the expression of Spp1 in the merged dataset, we found
that the expression level of Spp1 increased in the renal IRl group (Figure 7E). Further receiver operating characteristic (ROC) curve analysis
showed a high correlation between Spp1 and renal fibrosis disease (AUC = 1.000, 95%CI = 1.000-1.000) (Figure 7F), suggesting that Spp1
might be a highly promising biomarker for effectively distinguishing renal fibrosis disease from a healthy state. Based on the above results,
Spp1, as a highly expressed gene in cluster 1, may be associated with the early differentiation and activation of fibroblasts.

Spp1 potentiates renal fibrosis via the activation of the transforming growth factor-B/Smad signaling pathway in ischemia-
reperfusion injury-Induced acute kidney injury model

A mouse model of acute kidney injury was established through ischemia-reperfusion injury (IRl) surgery. On the 2nd day and 1st week
following the IRI surgery, blood samples of 6-8 mL were collected from the inferior vena cava, and the levels of creatinine (Cr) and blood
urea nitrogen (BUN) were measured.””?’ The levels of creatinine and blood urea nitrogen were significantly increased in the IRI_2d and
IRI_Tw groups of mice compared to the Sham group (Figures 8A and 8B). This result clearly demonstrated that ischemia-reperfusion surgery
leads to kidney function impairment.

Secondly, we evaluated the impact of ischemia-reperfusion surgery on renal fibrosis using the Masson staining method. On the second day
post-surgery, there was an increase in collagen fiber deposition in the renal tissue. By the seventh day post-surgery, this fibrotic change
became even more pronounced (Figure 8l). These results indicate that ischemia-reperfusion surgery could induce renal fibrosis.

During the process of fibroblast-to-myofibroblast transition, the activation of the TGF-B/Smad signaling pathway is considered a crucial
driving factor.”®?? Therefore, we used the ELISA technique to measure the expression levels of critical components of the TGF-B/Smad
signaling pathway and Spp1 in renal tissue.
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Figure 8. The impact of IRl surgery on renal physiological function and the expression levels of renal fibrosis-related factors in kidney tissue

(A and B) The effect of IRI surgery on renal function, where A shows the creatinine levels in the blood of mice in the Sham, IRI_2d, and IRI_1w groups; B shows the
blood urea nitrogen levels in the blood of mice in the Sham, IRI_2d, and IRI_1w groups.

(C—H) Expression of Spp1, TGF-B, Smad2/3, P-Smad2/3, Collal, and a-SMA in kidney tissues using ELISA.

(I and J) Expression of Spp1, TGF-B, Smad2/3, P-Smad2/3, Collal, and a-SMA in kidney tissues using immunohistochemistry. In all the images, compared to the
Sham group, * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001; the bar in the image equals 750 um.

The results revealed that on the second day following IRI surgery, there was a sustained increase in the expression levels of Spp1 and key
components of the TGF-B/Smad signaling pathway, including TGF-B and P-Smad?2/3. Simultaneously, there was a noticeable upregulation in
the expression levels of critical markers involved in the fibroblast-to-myofibroblast differentiation process, such as Col1a1 (indicative of the
degree of fibrosis) and a-SMA (reflecting the activation state of fibroblasts) (Figures 8C-8H). The results of immunohistochemistry also
confirmed this point (Figures 8l and 8J).

In summary, our research findings indicate that Spp1 may influence fibroblast behavior and further impact the occurrence and develop-
ment of renal fibrosis by participating in the activation of the TGF-B/Smad signaling pathway.”***

Spp1 modulates fibroblast migration, proliferation, and differentiation in kidney interstitial cells

In order to obtain a purer population of fibroblasts, interstitial cells were isolated from the kidney and subsequently cultivated in vitro (Fig-
ure S3A). The effects of Spp1 knockdown and overexpression were evaluated using gPCR and western blot analyses (Figures S3B-S3D). The
results showed that the Spp1 mRNA and protein levels in Spp1 knockdown fibroblasts (sh-Spp1-1 and sh-Spp1-2) were decreased. Among

10 iScience 27, 109839, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

B
100
% 80— K%
3 60
E e
;° 40 [o
* 20 | |
0 T T T
$ & F
sh_NC sh-Spp1 & ‘.}\9 & o'?"%
¢ 3 ' 4 D B 400-
& *k
[}
8 300 !'
b= v
) *k
o 200
S T 1
o o
£ 100 r”l
=
g 1
2 o0 T T T
=
O N O N
R = R
N ? N
P =) & z,%
o
o
E F i
¢ oe-NC
1.5 o v *k
2.5
-+ o0e-NC Z *k -
- *kk 8
£ = 2.0 I L =
c T o v
S 1.0 - g 2z
HF: T ok 3G 15 *x
3 + T g r
S 0.5 & ;/f-/*i* E % 1.0 )
8 = = = ] € c
e 3 <
= : £ 0.5
o]
o s [
-0 T T T T T S 0.0- .
0 12 24 36 48 = Colla1 a-SMA

hour

Figure 9. Investigation into the impact of Spp1 on fibroblast behavior

(A and B) Scratch experiment to evaluate the effect of Spp1 on fibroblast migration.

(C and D) Transwell chamber experiment to assess the effect of Spp1 on fibroblast migration.
(E) CCK8 experiment to measure the effect of Spp1 on fibroblast proliferation.

(F) gRT-PCR to detect the expression levels of Col1a1 and a-SMA in fibroblasts. In all the images, compared to the sh-NC or oe-NC groups, * represents p < 0.05,

** represents p < 0.01, and *** represents p < 0.001; bar in the image equals 750 um or 500 pm; each experiment was conducted three times with six replicates
each time.

them, the knockdown effect was more in sh-Spp1-1, so it was chosen as the sample for subsequent experiments. Similarly, in fibroblasts over-
expressing Spp1 (oe-Spp1), both Spp1 MRNA and protein levels were upregulated, making it the choice for subsequent experiments.

The impact of Spp1 on fibroblast migration ability was assessed using scratch assays and Transwell chamber experiments. The findings
revealed that knockdown of Spp1 decreased fibroblast migration capability, while the overexpression of Spp1 significantly enhanced fibro-
blast migration ability (Figures 9A-9D). Next, the impact of Spp1 on the proliferation capacity of fibroblasts was measured using CCK8 ex-
periments. The results indicate that knockdown of Spp1 inhibits fibroblast proliferation, while the overexpression of Spp1 significantly en-
hances fibroblast proliferation (Figure 9E). Finally, the influence of Spp1 on the differentiation capacity of fibroblasts was assessed. The
findings demonstrate that knockdown of Spp1 suppresses the expression of Col1al and ¢-SMA, whereas the overexpression of Spp1 pro-
motes the expression of Col1al and a-SMA (Figure 9F).

The above experimental results indicate that Spp1 plays a vital role in regulating fibroblast behavior, including migration, proliferation, and
differentiation.”*?*3%:%1
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Figure 10. Molecular mechanism of Spp1 in regulating fibroblast behavior

(A) Western blot analysis of the effects of knocking down or overexpressing Spp1 on the expression of Smad2/3, Col1al, and a-SMA under TGF-B induced
conditions.

(B-D) Protein expression grayscale analysis to compare the expression and phosphorylation differences of the proteins.

(E-H) Double immunofluorescence staining of P-Smad2/3 (red) and Col1al (green) or a-SMA (green) to validate whether Spp1 regulates Col1al and a-SMA
expression through the phosphorylation of Smad2/3. Blue represents cell nuclei stained with DAPI. In all the images, compared to the sh-NC or oe-NC
groups, * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001; bar equals 20 pm; each experiment was conducted three times with six
replicates each time.

Spp1 regulates renal fibrosis through the modulation of transforming growth factor-f/Smad signaling in fibroblasts

We speculate that Spp1 may affect the behavior of fibroblasts and contribute to the occurrence and development of renal fibrosis, possibly
through the activation of the TGF-B/Smad signaling pathway. To validate this hypothesis, we analyzed the effects of Spp1 knockdown/over-
expression on the key components (Smad2/3) of the TGF-B/Smad signaling pathway under TGF-B-induced conditions. Western Blot results
showed that knockdown of Spp1 inhibited the activation of Smad2/3 and decreased the expression levels of Col1al and a-SMA, markers of
fibroblast differentiation, under TGF-B-induced conditions. In contrast, the overexpression of Spp1 promoted the phosphorylation of Smad2/
3 and increased the expression of Col1al and a-SMA (Figures 10A-10D).

The results of immunofluorescence staining revealed that under TGF-B-induced conditions, knockdown of Spp1 decreased the number of
P-Smad2/3+Col1al+ and P-Smad2/3+a-SMA+ cells, while the overexpression of Sppl increased the abundance of these cells
(Figures T0E-10H).

Furthermore, we treated fibroblasts overexpressing Spp1 under TGF-B-induced conditions with A83-01, an inhibitor of Smad2/3 phos-
phorylation.*” The experimental results showed that A83-01 significantly suppressed the elevated levels of Smad2/3 phosphorylation induced
by Spp1 overexpression, as well as the upregulation of Col1al and a-SMA expression caused by Spp1 overexpression (Figure 11).

In conclusion, the influence of Spp1 on fibroblast behavior and its promotion of renal fibrosis have significant implications for renal phys-
iological function. These effects are mediated through the regulation of Smad2/3 phosphorylation, a crucial factor in the TGF-B/Smad

signaling pathway..”*?%3%71

Reduction of fibrosis degree in Spp1 knockout mice after renal ischemia reperfusion injury

The degree of fibrosis in Spp1 knockout mice is reduced after renal ischemia-reperfusion injury. To further verify the role of Spp1 in promoting
renal fibrosis and affecting renal physiological function through the regulation of TGF-B/Smad signaling pathway key factor, Smad2/3 phos-
phorylation, we conducted in vivo validation experiments using Spp1—/— mice. Firstly, an acute kidney injury mouse model was successfully
established through ischemia-reperfusion surgery (IRl). One week after the IRl surgery, we collected 6-8 mL of blood from the inferior vena
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Figure 11. The effect of adding A83-01 inhibitor under TGF-B-induced conditions on fibroblast behavior

Note: (A) Western blot analysis of the effects of overexpressing Spp1 under TGF-B-induced conditions with or without adding A83-01 inhibitor on the expression
of Smad2/3, P-Smad2/3, Col1al, and a-SMA.

(B-D) Protein expression grayscale analysis to compare the expression and phosphorylation differences of the proteins. In all the images, * represents p < 0.05, **
represents p < 0.01, and *** represents p < 0.001; each experiment was conducted three times with six replicates each time.

cava and measured the levels of creatinine (Cr) and blood urea nitrogen (BUN) in the blood. Compared to the Spp1*/* surgery group, the

Spp1—/— surgery group of mice showed a significant decrease in the levels of creatinine and blood urea nitrogen (Figures 12A and 12B).
This result clearly indicates that knocking down Spp1 mitigates the damage to renal function caused by ischemia-reperfusion surgery.

We determined the expression levels of key components of the TGF-B/Smad signaling pathway as well as Spp1 in renal tissue using ELISA.
The results showed that compared to the Spp1*/* group, the Spp1—/— group of mice had significantly reduced expression levels of Spp1 and
key components of the TGF-B/Smad signaling pathway, including TGF-B and P-Smad2/3. At the same time, the expression levels of key
markers for fibroblast differentiation into myofibroblasts, Col1a1 (indicative of the degree of fibrosis) and a-SMA (indicative of the activated
state of fibroblasts), were also significantly decreased (Figures 12C-12H).

Next, we used Masson's staining to evaluate the impact of ischemia-reperfusion surgery on renal fibrosis. In Spp mice, significant renal
fibrosis changes were observed one week after surgery (Figure 121). On the other hand, the degree of renal fibrosis in the Spp1—/— surgery
group of mice was milder. These results indicate that knocking down Spp1 can alleviate renal fibrosis induced by ischemia-reperfusion sur-
gery. Immunohistochemistry was also conducted to detect the expression levels of key components of the TGF-B/Smad signaling pathway as
well as Spp1 in renal tissue, yielding consistent results with ELISA (Figures 121 and 12J).

In summary, the results of our in vivo experiments demonstrate that Spp1, through its involvement in the activation of the TGF-B/Smad
signaling pathway, influences the behavior of fibroblasts, thus further affecting the occurrence and development of renal fibrosis.

1+/+

DISCUSSION

Renal fibrosis represents a multifaceted pathological process characterized by cellular and molecular interactions.® A pivotal determinant in
this intricate dance is the transformation of fibroblasts into myofibroblasts, as myofibroblasts undertake the central role of primary cellular
effectors driving the relentless march of fibrosis.** The present study embarked on a molecular exploration of kidney fibrosis, employing
the precision of single-cell data analysis to adeptly anticipate marker genes intricately entwined with fibroblasts.*® Notably, the Spp1
gene has assumed a spotlight, garnering substantial attention for its potential significance in orchestrating the behavior and fibrogenic
voyage of fibroblasts.*

Spp1, also known as osteopontin, is a protein encoded by the OPN gene in humans. It is located on chromosome 4921 and belongs to
the SIBLING (Small Integrin-Binding Ligand N-linked Glycoprotein) family.”” Osteopontin, the product of the Sppl gene, is a
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Figure 12. The impact of Spp1—/— mice on alleviating the effects of IRl surgery on renal physiological function and the expression levels of kidney
fibrosis-related factors in their tissues

(A and B) The impact of IRl surgery on renal function. Panel A shows the creatinine levels in the blood of mice in each group. Panel B shows the urea nitrogen levels
in the blood of mice in each group.

(C-H) Expression levels of Spp1, TGF-B, Smad2/3, P-Smad2/3, Col1a1, and a-SMA in kidney tissues using ELISA technique.

(I'and J) Expression levels of Spp1, TGF-B, Smad2/3, P-Smad2/3, Col1al, and a-SMA in kidney tissues using immunohistochemistry technique. In all the panels
above, * represents p < 0.05 when comparing the two groups, ** represents p < 0.01, and *** represents p < 0.001; the bar in the figure equals 50 um.

phosphoglycoprotein that participates in various physiological processes such as osteoclast attachment to mineralized bone matrix, wound
healing, immune response, and tissue remodeling.”®*? Spp1 is associated with fibrosis in several organs including idiopathic pulmonary
fibrosis,”” atrial fibrosis,"' and non-alcoholic steatohepatitis fibrosis.”” Dong and Ma conducted a study where they exposed wild-type
mice and Spp1 gene knockout mice to a carbon nanotube environment, revealing the role of Spp1 protein in pulmonary fibrosis at varying
degrees.”” In our research, we performed an in-depth analysis of mouse kidney single-cell sequencing to analyze and interpret 16 cell types
present in renal tissue. We further conducted a subclustering analysis focusing on significantly proportioned fibroblast cells to identify the key
factor Spp1. Validation of the bioinformatics analysis was carried out using a mouse IRl model, providing the first evidence of fibroblast
involvement in the mouse kidney model. Additionally, we explained the role of Spp1 in promoting fibroblast differentiation into myofibro-
blasts by regulating the TGF-B/Smad signaling pathway through the isolation of mouse kidney fibroblast cells, thus driving renal fibrosis.
This study contributes to the existing knowledge by exploring how Spp1 regulates fibroblast differentiation into myofibroblasts, thereby
driving the process of renal fibrosis and providing new insights into the molecular mechanisms of renal fibrosis. Through single-cell transcrip-
tome sequencing, this research delves into cellular heterogeneity in renal fibrosis tissue, revealing the roles of different cell subpopulations in
the fibrotic process and offering possibilities for personalized treatment.*® We identified Spp1 as a potential therapeutic target that plays a
key role in the TGF-B/Smad signaling pathway. Targeting Spp1 as a drug may bring new treatment strategies for patients with renal fibrosis.

The TGF-p/Smad signaling pathway assumes a paramount role in the realm of cellular biology, specifically in the orchestration of funda-
mental cellular phenomena encompassing cell proliferation, differentiation, and migration.** Within the intricate landscape of renal fibrosis,
this signaling pathway emerges as a linchpin, as it directly governs the metamorphosis of fibroblasts into myofibroblasts, thereby instigating
the inexorable march of fibrosis.”® The empirical evidence gleaned from this investigative endeavor unequivocally substantiates the central
role of Spp1 within this intricate narrative. Notably, the expression of Spp1 substantially accentuates the phosphorylation of pivotal actors,
specifically Smad2/3, within the TGF-B/Smad signaling pathway, thereby setting the pathway into dynamic motion. These revelatory findings
undeniably allude to the intricate nexus connecting Spp1 with renal fibrosis, as well as its potentiation of fibrotic advancement through the
conduit of the TGF-B/Smad signaling pathway. Evidently, Spp1 assumes a pivotal mantle throughout the entire spectrum of the fibrotic
process.'®

In vitro cellular experiments provide an intricately controlled and intuitive platform for biomedical exploration, affording researchers the
precision to assess molecular and cellular functionalities. In this study, an exhaustive examination of fibroblast behavior was conducted,
accomplished by manipulating Spp1 expression through both knockdown and overexpression techniques. Importantly, the attenuation of
Smad2/3 phosphorylation, achieved through the administration of the A83-01 inhibitor, substantially impeded fibroblast differentiation.
This critical observation offers robust evidence for the central role of Spp1 in modulating the TGF-B/Smad signaling pathway. Intriguingly,
the experimental findings underscore the profound impact of manipulating Spp1 expression—whether by diminishing or enhancing it—
on fibroblast behavior. Furthermore, mechanistic investigations have unveiled that Spp1’s primary mode of action centers on the facilitation
of Smad?2/3, pivotal factors within the TGF-B/Smad signaling cascade, through phosphorylation. The TGF-/Smad pathway is renowned for its
pivotal involvement in various biological processes, particularly the onset of fibrosis.*® Notably, the outcomes reveal that following Spp1 over-
expression, the introduction of the Smad2/3 phosphorylation inhibitor, A83-01, efficaciously retards fibroblast differentiation. This compelling
outcome incontrovertibly underscores Spp1's role in expediting the transformation of fibroblasts into myofibroblasts by regulating the TGF-
B/Smad signaling pathway. In sum, Spp1 not only emerges as intricately interwoven with fibroblast behavior but also as a promoter of renal
fibrosis through its modulation of the TGF-B/Smad signaling pathway. Consequently, Spp1 looms as a promising target for prospective ther-
apeutic strategies in renal fibrosis, heralding innovative approaches to patient care.'®

However, fibrosis plays a crucial role in the tissue repair process. Upon tissue injury, cell factors such as interleukin (IL)-10, transforming
growth factor (TGF)-B1, and osteopontin (Spp1) are extensively secreted, stimulating fibroblast proliferation and new matrix formation.” It
can be argued that the initial fibrotic response is essential for tissue repair and organ integrity preservation.”” However, chronic repetitive
organ damage can lead to excessive fibrosis and continuous extracellular matrix (ECM) deposition, resulting in maladaptive remodeling
and organ dysfunction.'® Examples include cardiac fibrosis, pulmonary fibrosis, and hepatic fibrosis. Therefore, maintaining appropriate
levels of fibrosis is highly important. Our study provides clues for myofibroblast differentiation, suggesting that targeting Spp1 could be a
potential strategy to inhibit fibrogenesis. In daily living, adopting healthy habits and reducing the occurrence of chronic inflammation can
minimize tissue and organ damage, thus lowering the risk of excessive fibrosis.

This study utilized single-cell sequencing technology to elucidate the cellular cluster characteristics in fibrotic renal tissue. We identified
nine distinct subpopulations of fibroblasts, each with unique functional properties. These subpopulations play critical roles in extracellular
matrix formation, signal transduction, glomerular development, and muscle system development, suggesting that fibroblasts may collectively
drive the progression of renal fibrosis through complex interplay within a network of relationships.*® Although current technological limita-
tions prevent direct analysis of the communication network between these subpopulations, these findings provide important clues for future
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Figure 13. Molecular mechanism diagram illustrating how Spp1 regulates the TGF-f/Smad signaling pathway to promote fibroblast differentiation into
myofibroblasts and drive renal fibrosis

research and hold promise for the development of new strategies for the treatment of renal fibrosis. Based on these results, we tentatively
conclude that Spp1 regulates the TGF-B/Smad signaling pathway to promote fibroblast-to-myofibroblast differentiation, thereby driving
renal fibrosis (Figure 13). Overall, our study not only provides new insights into the molecular mechanisms underlying renal fibrosis but
also offers valuable clues for future therapeutic investigations. We hope that these findings will pave the way for more effective treatment
methods for patients suffering from renal fibrosis.

Limitations of the study

While this study unveils significant insights into the molecular mechanisms driving kidney fibrosis, particularly through Spp1 and the TGF-p/
Smad signaling pathway, it embodies inherent limitations. First, the reliance on animal models, predominantly mice, to infer human disease
mechanisms might not fully encapsulate the complexity of renal fibrosis in humans. Secondly, although single-cell sequencing profoundly
enriches our understanding of cellular heterogeneity and dynamics within fibrotic kidney tissue, the translational potential of these findings
to clinical treatments requires further validation. Additionally, the study focuses on the Spp1 gene and its role within a specific signaling
pathway, potentially overlooking other critical pathways and interactions that contribute to fibrosis. Future research should aim to explore
these alternative mechanisms and verify the therapeutic implications of targeting Spp1 in diverse patient populations and in conjunction
with other treatment strategies.
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Table 2. RT-qPCR primer sequence

Gene Primer sequence
Spp1 (mouse) F 5-TCCCTCGATGTCATCCCTGT-3'

R 5'-ATCACATCCGACTGATCGGC-3’
GAPDH (mouse) F 5'- CATCACTGCCACCCAGAAGACTG -3’

R 5'- ATGCCAGTGAGCTTCCCGTTCAG -3’

F, forward; R, reverse.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-Spp1 antibody Solarbio, China K200110M
Anti-Col1a1 antibody Thermo Fisher, USA PA5-29569
Anti-a-SMA antibody Abcam, Cambridge, UK ab5694
Anti-TGF-B1 antibody Abcam, Cambridge, UK ab215715
Anti-P-Smad2/3 antibody Affbiotech, China AF3367
Anti-Smad2/3 antibody Affbiotech, China AF6367
Anti-B-actin antibody Abcam, UK ab8226
Anti-P-Smad2/3 antibody Cell Signaling, USA 8828
Anti-Smad2/3 antibody Cell Signaling, USA 8685
Goat Anti-Rabbit Secondary Antibody Beyotime, China A0277
Alexa Fluor 647 Goat Anti-Rabbit Antibody Solarbio, China K0034G-AF647
FITC Goat Anti-Rat Secondary Antibody GeneTex, USA GTCX73
Custom Anti-P-Smad2/3 antibody (Rat, AbioCenter, China Custom
reactive with Mouse)
Chemicals, peptides, and recombinant proteins
Masson Trichrome Staining Kit Solarbio, China G1340
A83-01 ApexBio, USA A3133
CCK-8 Assay Kit Abcam, USA ab228554
Penicillin Solarbio, China YZ-130437
Streptomycin Solarbio, China SS8800
Fetal Bovine Serum (FBS) Solarbio, China 11011-8611
a-FGF Abcam, UK ab212160
Gentamycin Solarbio, China G8170
DMEM Solarbio, China 31600
ELISA Kit for Spp1 ElAab, China E0899m
ELISA Kit for TGF-B1 Solarbio, China SEKM-0035
ELISA Kit for Smad2/3 Cell Signaling, USA 12000
ELISA Kit for P-Smad2/3 Cell Signaling, USA 12001
ELISA Kit for Col1a1 Cell Signaling, USA 38499
ELISA Kit for a-SMA SPBio, China SP14458
BUN Assay Kit (Urease method) Nanjing Jiancheng, China C013-2-1
Creatinine Assay Kit Nanjing Jiancheng, China C011-2-1
TGF-p1 Cell Signaling, USA 5231LF
RESOURCE AVAILABILITY

Lead contact

For further information and requests for resources and reagents, please contact [Qi Sun] at [sungi@njmu.edu.cn].

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.
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Data and code availability

The single-cell sequencing dataset GSE139107, pertaining to renal ischemia-reperfusion injury (IRl), was procured from the GEO (Gene
Expression Omnibus) repository (http://www.ncbi.nlm.nih.gov/geo/). All data and code supporting the findings of this study are available
from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Animals

C57BL/6N mice (10-12 weeks old, Spp1*'* wild-type; cs-005, Liaoning Changsheng Biotechnology, Liaoning, China) and Spp1—/— [C57BL/
6N-Spp1em1C/Cya, strain number S-KO-04472, Cyagen Biosciences].

Cell lines

Fibroblasts used in the experiments were derived from renal interstitial fibroblasts isolated from C57BL/6N mice. These fibroblasts were self-
isolated from mouse kidneys and cultured in DMEM supplemented with 20% fetal bovine serum (FBS), 2 ng/mL fibroblast growth factor
(a-FGF), 100 pg/mL gentamycin, 100 IU/mL penicillin, and 100 pg/mL streptomycin. Additionally, 293T cells (CRL-3216, ATCC, USA) were
used for lentivirus packaging and were cultured under standard conditions.

METHOD DETAILS

Single-cell RNA sequencing analysis

The single-cell sequencing dataset GSE139107, pertaining to renal ischemia-reperfusion injury (IRl), was procured from the GEO (Gene
Expression Omnibus) repository (http://www.ncbi.nlm.nih.gov/geo/). This dataset encompasses data derived from 24 kidney tissue samples
obtained from C57BL/6J mice. The sample distribution is as follows: 4 samples in the sham group, 3 samples in the IRI_4 h group (4 h post IRI),
4 samples inthe IRI_12 h group (12 h post IRI), 5 samples in the IRI_2d group (2 days post IRI), 4 samples in the IRI_14d group (14 days post IRI),
and 4 samples in the IRI_éw group (6 weeks post [RI).

To effectively reduce the dimensionality of the scRNA-Seq dataset, we applied principal component analysis (PCA) utilizing the top 2000
highly variable genes, selected based on their variance. Subsequently, we conducted downstream analysis by identifying the top 20 principal
components, determined via the Elbowplot function within the Seurat package. Major cell subpopulations were discerned using the
FindClusters function provided by Seurat, with the default resolution parameter set to 0.5. We further harnessed the t-SNE algorithm for
nonlinear dimension reduction of the scRNA-seq data. Marker genes characteristic of distinct cell subpopulations were identified through
the Seurat package. To enhance cell annotation, we leveraged known cell lineage-specific marker genes and the CellMarker online
platform.*’

Characterization and evolutionary dynamics of fibroblast subpopulations

Eight-week-old healthy C57BL/6N mice were euthanized through cervical dislocation. Subsequently, the kidneys were swiftly excised under
aseptic conditions and rinsed with 1xPBS (lacking Ca’* and Mgz+), which included 200,000 IU/L penicillin (YZ-130437, Solarbio, Beijing, China)
and 200 mg/L streptomycin (558800, Solarbio, Beijing, China). The renal capsule was carefully removed, and the renal cortex was sliced into
thin strips measuring 2-3 mm in thickness. These strips were gently ground on a 100-mesh stainless steel wire mesh and rinsed with PBS to
gather the filtrate. The filtrate underwent further filtration using a 150-mesh sieve, focusing on collecting interstitial fragments rich in renal
tubules. Examination of the collected stromal fragments under an inverted microscope was conducted. If any glomeruli were detected within
the collected fragments, additional washing on a 150-mesh sieve was performed until the purity of the renal tubules reached 98% or higher.
The suspended renal tubule segments were subsequently placed into culture vials coated with 0.1% gelatin and incubated in a 37°C, 5% CO,
incubator. The culture medium was refreshed every 4-5 days. Once the cells had proliferated to cover the surface of the vial, they were
passaged by trypsin digestion. Passaging was typically carried out every 4-5 days, and generally, by the third generation, relatively pure fi-
broblasts could be obtained.”’

Differential gene expression analysis in IRl mouse model

In this study, a total of 7 mice underwent sham surgery, while another 7 mice underwent IRl surgery. On the second day following the surgeries,
the mice were anesthetized and humanely euthanized, and both of their kidneys were harvested. To extract RNA from these kidney samples,
we utilized Trizol reagent (16096020, Thermo, USA).

The RNA samples were then subjected to assessments to determine their concentration, purity, and integrity. Specifically, we employed
the Qubit RNA Analysis Kit (HKR2106-01, Shanghai Bioji Biotechnology Co., Ltd., Shanghai, China) along with the Qubit 2.0 Fluorometer
(Q33216, Life Technologies, USA), the Nanometer Spectrophotometer (IMPLEN, USA), and the RNA Nano 6000 Analysis Kit (5067-1511, Agi-
lent, USA) in conjunction with the Bioanalyzer 2100 system. Each sample contained a total of 3 ng of RNA, serving as the input material for RNA
sample preparation.
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To generate cDNA libraries, we followed the manufacturer’'s recommendations and employed the NEBNext UltraTM RNA Library Prep-
aration Kit (E7435L, NEB, Beijing, China), which is compatible with lllumina (USA) sequencing technology. Subsequently, the quality of these
cDNA libraries was assessed using the Agilent Bioanalyzer 2100 system.

Following the manufacturer’s guidelines, we performed clustering of index-encoded samples using the TruSeq PE Cluster Kit v3 cBot HS
(lumina) (PE-401-3001, lllumina, USA) on the cBot cluster generation system. Subsequently, after cluster generation, library preparation was
subjected to paired-end sequencing with read lengths of 125 bp/150 bp on the lllumina HiSeq 550 platform."

To assess the quality of paired-end reads in the raw sequencing data, we utilized FastQC software v0.11.8. Subsequently, the raw data
underwent preprocessing with Cutadapt software version 1.18, which involved the removal of lllumina sequencing adapters and poly(A)
tail sequences. Additionally, we eliminated reads with an N content exceeding 5% using a Perl script.

Following these initial steps, we selected sequences with a base quality score of at least 20, which accounted for 70% of the total bases.
These high-quality, filtered paired-end sequences were then aligned to the human reference genome using hisat2 software (version 0.7.12).

In the next phase of the analysis, the R language limma package was employed to identify differentially expressed genes (DEGs) using
criteria of |logFC| > 2 and p < 0.05 as the threshold. Heat maps were generated using the Xiantao Academic Online Analysis Tool. Further-
more, gene ontology (GO) and KEGG pathway enrichment analyses of the DEGs were performed utilizing Xiantao Scholar, Metascape, and
other relevant tools.”*>?

Lasso regression analysis is a mathematical modeling technique aimed at elucidating the connection between a dependent variable and
one or more independent variables. It involves constructing a quantitative equation that represents this relationship. To build such a model,
we can employ the ‘glmnet()’ function package within the R Studio software. This package enables the loading of a candidate gene matrix and
facilitates the selection of an appropriate A value. For internal validation and the identification of the optimal model, a 10-fold cross-validation
approach is applied, especially when a is set to 1.>

ElasticNet regression is a statistical analysis technique that combines elements from both Lasso and Ridge regression methods. It is partic-
ularly effective in addressing issues related to feature selection and multicollinearity. During the implementation of ElasticNet regression, two
crucial parameters are configured using the ‘glmnet()’ function. These parameters are A, which represents the regularization parameter
responsible for controlling model complexity and preventing overfitting, and o, which serves as the mixing parameter, determining the bal-
ance between Lasso and Ridge regularization techniques. The optimal values for A and a are determined through the use of cross-validation
techniques.™

ROC curves based on candidate gene expression values were generated using the pROC package in the R language, employing both
training and validation datasets. These curves served as an assessment of the accuracy of gene expression in determining the disease status
of the samples.”>*

Immunohistochemical staining and ELISA assays

Following the harvest of mouse renal tissue, it was fixed overnight using 4% paraformaldehyde (BL539A, Biosharp, USA). Subsequently, tissue
sections were cut to a thickness of 4 um, deparaffinized using xylene (YS176723, Solarbio, Beijing, China), and subjected to a gradient alcohol
hydration process (3 min each in anhydrous ethanol, 95% ethanol, and 75% ethanol).

The samples were then immersed in a 0.01 M citrate buffer (SC9350, Solarbio, Beijing, China) and boiled for 15-20 min to facilitate antigen
retrieval. Afterward, they were left to incubate at room temperature for 30 min, and 3% H202 was employed to deactivate endogenous perox-
idase. Following this step, a goat serum-blocking solution was added, allowed to sit at room temperature for 20 min, and excess liquid was
removed. The primary antibodies Spp1 (K200110M, Solarbio, Beijing, China), Col1al (PA5-29569, Thermo Fisher, USA), a-SMA (ab5694, Ab-
cam, UK), TGF-B1 (ab215715, Abcam, UK), P-Smad2/3 (AF3367, aff biotech, Jiangsu, China), and Smad2/3 (AF6367, aff biotech, Jiangsu,
China) were applied at a dilution ratio of 1:200.

Following the 1-h incubation at room temperature, the sample was washed with PBS. Subsequently, the secondary antibody 1gG (ab6702,
Abcam, USA) was applied at a dilution ratio of 1:500 and incubated at 37°C for 20 min. After another PBS wash, SP drops (Streptavidin-perox-
idase) were added, and the sample was incubated at 37°C for 30 min. Following another PBS wash, DAB (P0202, Beyotime, Shanghai, China)
was utilized for coloration for 5-10 min, and a 10-min water wash was performed to halt the reaction. The slides were then counterstained with
hematoxylin (C0107, Beyotime, Shanghai, China) for 2 min. Subsequently, they were subjected to differentiation in hydrochloric acid alcohol,
rinsed with water for 10 min, and dehydrated with a graded alcohol series using xylene as a clearing agent. Finally, 2-3 drops of neutral resin
sealant were added. Using an upright microscope, the following results were observed and recorded: 5 high-power fields of view were
randomly selected from each slide, 100 cells were counted in each field of view, and the positivity rate of the cells was recorded.”’

Total protein was extracted from mouse renal tissues, and ELISA kits were employed to assess the protein levels of various molecules
including Spp1 (E0899m, ElAab, Wuhan, China), TGF-B1 (SEKM-0035, Solarbio, Beijing, China), Smad2/3 (12000, cell signal, USA),
P-Smad?2/3 (12001, cell signal, USA), Col1al (38499, cell signal, USA), and a-SMA (SP14458, spbio, Wuhan, China) in these renal tissues.”’

Isolation and cultivation of renal interstitial fibroblasts

Eight-week-old healthy C57BL/6N mice were euthanized through cervical dislocation. Subsequently, the kidneys were swiftly excised under
aseptic conditions and rinsed with 1xPBS (lacking Ca2+ and Mg2+), which included 200,000 IU/L penicillin (YZ-130437, Solarbio, Beijing,
China) and 200 mg/L streptomycin (558800, Solarbio, Beijing, China). The renal capsule was carefully removed, and the renal cortex was sliced
into thin strips measuring 2-3 mm in thickness. These strips were gently ground on a 100-mesh stainless steel wire mesh and rinsed with PBS to
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gather the filtrate. The filtrate underwent further filtration using a 150-mesh sieve, focusing on collecting interstitial fragments rich in renal
tubules. Examination of the collected stromal fragments under an inverted microscope was conducted. If any glomeruli were detected within
the collected fragments, additional washing on a 150-mesh sieve was performed until the purity of the renal tubules reached 98% or higher.
The suspended renal tubule segments were subsequently placed into culture vials coated with 0.1% gelatin and incubated in a 37°C, 5% CO2
incubator. The culture medium was refreshed every 4-5 days. Once the cells had proliferated to cover the surface of the vial, they were
passaged by trypsin digestion. Passaging was typically carried out every 4-5 days, and generally, by the third generation, relatively pure fi-
broblasts could be obtained.”’

Cell transfection

Fibroblasts with Spp1 knockdown and Spp1 overexpression were generated through lentivirus transfection, utilizing the knockdown
sequence specified in Table 1. Plasmid construction and lentivirus packaging services were provided by TransGen Biotech (Shanghai, China).
The plasmids, which carried the firefly luciferase reporter gene and the helper plasmid, were co-transfected into 293T cells (CRL-3216, ATCC,
USA). Validation, amplification, and purification steps were performed to obtain the packaged lentivirus. For cell transfection mediated by
lentivirus, 5 X 105 cells were seeded in a 6-well plate. When the cell confluency reached 70-90%, an appropriate volume of the packaged
lentivirus (MOI = 10, working titer approximately 5 X 106 TU/mL) and 5 pg/mL polybrene (Merck, TR-1003, USA) were added to the culture
medium. After 4 h of transfection, an equal volume of culture medium with diluted polybrene was introduced. Following 24 h of transfection,
the fresh culture medium replaced the existing medium. After 48 h of transfection, the transfection efficiency was assessed through luciferase
reporter gene analysis, and stably transfected cell lines were selected by applying 1 pg/mL puromycin (Thermo Fisher, A1113803, USA) for
resistance screening.

The in vitro cell validation experiments were divided into the sh-NC group, sh-Spp1 group, oe-NC group, and oe-Spp1 group. The cell
experiments were repeated three times.”'

RT-qPCR, CCK-8, and western blot

To extract total cellular RNA, cell lysis was performed using Trizol reagent (RO011, anytime, Shanghai, China), followed by RNA quality and
concentration assessment using a UV-visible spectrophotometer (ND-1000, Nanodrop, USA). For the detection of mRNA expression levels,
reverse transcription was carried out using the PrimeScript RT-gPCR Kit (RR014, TaKaRa, USA). Real-time quantitative reverse transcription
polymerase chain reaction (RT-gPCR) was conducted with the SYBR Premix Ex TagTM (RR820, TaKaRa, USA) on the LightCycler 480 system
(Roche Diagnostics, Pleasanton, CA, USA). GAPDH served as the internal control for mRNA quantification, ensuring precise relative expres-
sion measurements. Please refer to Table 2 for primer sequences. Relative fold changes in target gene expression between the experimental
and control groups were determined using the 2-AACt method, where AACt equals ACt in the experimental group minus ACt in the control
group. Here, ACt represents the Ct value of the target gene minus the Ct value of the reference gene.”’

Cell viability was assessed following the protocol provided by the CCK-8 assay kit (ab228554, Abcam, USA). Cells from each group were
seeded into a 96-well plate, with 2500 cells per well, and cultured for different time intervals: 12, 24, 36, and 48 h. At each specified time point,
10 pL of CCK-8 solution was added to each well. After a 2-h incubation period, the absorbance at a wavelength of 450 nm was measured using
an enzyme-linked immunosorbent assay (ELISA) reader, specifically the Tecan M1000 PRO reader.”

The cultured cells were first digested and collected using trypsin, and then cell lysis buffer (P0013, Beyotime, Shanghai, China) was em-
ployed to lyse the cells. The protein concentration was determined using the BCA protein quantification kit (P0010, Beyotime, Shanghai,
China).

Next, SDS-PAGE was used to separate the proteins, which were subsequently transferred onto a PVDF membrane. The membrane was
blocked with 5% BSA at room temperature for 1 h. Primary antibodies, including Spp1 (K002763P, solarbio, Beijing, China), Collal (PA5-
29569, Thermo Fisher, USA), GAPDH (ab8245, Abcam, UK), a-SMA (ab5694, Abcam, UK), P-Smad2/3 (8828, Cell Signaling Technology,
USA), and Smad2/3 (8685, Cell Signaling Technology, USA), were diluted and added separately. This was followed by overnight incubation
at 4°C. The membrane was then washed three times with PBST (each wash lasting 5 min) and subsequently incubated at room temperature
with a goat anti-rabbit secondary antibody (Catalog number A0277, anytime, Shanghai, China) for 1 h. After three additional PBST washes
(each lasting 5 min), excess PBST was removed, and an appropriate amount of ECL working solution (P0018S, anytime, Shanghai, China)
was added. The transfer membrane was then incubated at room temperature for 1 min. Excess ECL reagent was removed, the membrane
was sealed with plastic wrap, and it was placed in a dark box for 5-10 min of X-ray film exposure, followed by development and fixing.
The quantification of bands in Western blot images from different groups was performed using ImageJ analysis software, with GAPDH serving

as the internal ref. °7°,

Wound healing and transwell assays

To prepare single-cell suspensions for each cell group exhibiting robust growth, the aforementioned method was employed. The cell count
was determined for each group, and the cell suspension was then inoculated into a six-well plate containing 2 mL of culture medium, with a
cell density of 8% 10° cells/mL. These plates were subsequently placed in a 37°C incubator with 5% CO», and cells were cultured until reaching
a cell density of 90%-100%. Using a 200 pL pipette tip, a vertical "—"-shaped scratch was gently created along the surface of the plate. Af-
terward, the plate was washed twice with PBS to eliminate any suspended cells, and serum-free RPMI 1640 medium was added. The cells were
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further incubated for 24 h, and images were captured to calculate the scratch healing rate. The formula used to determine the scratch healing
rate is as follows: (initial scratch width - final scratch width)/initial scratch width x 100%.°" This experiment was repeated three times.

A transwell culture chamber with an 8 um pore size (SBM07797, Solelybio, Beijing, China) was utilized to assess the impact of Spp1 on cell
migratory capability. Initially, fibroblast cells from the P3 passage were resuspended at a concentration of 5 x 104 cells per well, and 200 pL of
this cell suspension was seeded into the upper chamber of the Transwell. Subsequently, the Transwell system was incubated at 37°C in a CO,
incubator for a duration of 24 h. Following the incubation period, the culture medium in the lower chamber of the Transwell was aspirated, the
chamber was washed twice with PBS buffer, and the cells were fixed with 4% polyformaldehyde (PFA) at room temperature for 30 min. After
fixation, any remaining fibroblasts on the upper surface of the Transwell were gently removed using a cotton swab. Subsequently, the Trans-
well was immersed in a 0.1% crystal violet staining solution (G1063, Solarbio) for 20 min in the lower chamber. Finally, the stained fibroblast

cells were examined under an optical microscope.®*¢®

Immunofluorescent staining
The slides containing cells underwent fixation in 4% PFA (G2130, Solarbio, Beijing, China) for a duration of 30 min. Subsequently, they were
subjected to permeabilization and blocking using a combination of 0.3% Triton X-100 (T8200, Solarbio, Beijing, China) and 5% BSA (SA8130,
Solarbio, Beijing, China) for 1 h.

For single staining antibody methods, primary antibodies, namely Col1a1 (KO02759P, Solarbio, Beijing, China) and a-SMA (YT680, Beyo-
time, Beijing, China), were diluted at a ratio of 1:300. The slides with cells were incubated in a diluted primary antibody solution at 4°C over-
night. Afterward, they were washed three times with PBS and subsequently incubated with Alexa Fluor 647 goat anti-rabbit antibody (catalog
number: KO034G-AF647, Solarbio, Beijing, China) at room temperature for 1 h. The dilution ratio for the secondary antibody was 1:500. For
double staining antibody methods, the primary antibody for P-Smad2/3 (host: rat, reactivity: mouse) was custom-made by Abcam (Beijing,
China) and was also diluted at a ratio of 1:500. The antibodies were diluted according to the recommended dilution ratios and then mixed
with another primary antibody in a 1:1 volume ratio. The slides with cells were incubated in a diluted primary antibody solution at 4°C over-
night. After washing three times with PBS, a mixture of Alexa Fluor 647 goat anti-rabbit antibody (K0034G-AFé47, Solarbio, Beijing, China) and
FITC-labeled goat anti-rat antibody (GTCX73, GeneTex, USA) in a 1:1 volume ratio was applied. The mixed secondary antibodies were incu-
bated for 1 h. The dilution ratio for the secondary antibodies was 1:500. Finally, the slides or tissue sections were washed three times with PBS.
Positive cell counting for markers in each field of view was conducted using confocal laser scanning microscopy (880, Carl Zeiss AG, Germany).
Five random fields were evaluated in each group of each slide or tissue section. Statistical analysis of fluorescence intensity was performed
using ImageJ (V1.8.0) software.**

TGF-B1 treatments

Fibroblasts were cultured for 48 h in serum-free conditions, a state of cellular starvation. Subsequently, a solution of TGF-B1 (10 ng/mL)
(5231LF, cellsignal, UK) was added to the starved cells, and the culture was continued for an additional 24 h. Afterward, cell samples were
collected from the culture dish, and the expression levels of myofibroblast markers (Col1al and a-SMA) were analyzed using Western blot
and immunofluorescence techniques.”® When employing A83-01 (A3133, Apex Bio, USA) to treat fibroblasts, the dosage used was 1 uM,
and the treatment duration lasted for 1 h

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell data quantification

Obtained the single-cell RNA sequencing (scRNA-seq) dataset GSE139107 related to acute kidney injury caused by ischemia-reperfusion
injury (IRl) from the Gene Expression Omnibus (GEO) database, including 24 kidney tissue samples from mice. Analyzed the data using
the Seurat package in R. Initial quality control involved examining the number of genes (nFeature_RNA), the number of mRNA molecules
(nCount_RNA), and the percentage of mitochondrial genes (percent.mt) in all cells of the scRNA-seq data. Excluded low-quality cells based
on the criteria of nFeature_RNA >300, 300 < nCount_RNA <5000, and percent.mt < 3%. Normalized the experimental data using the "Log-
Normalize" function, selecting the top 2000 highly variable genes based on gene expression variance for downstream analysis. Performed
principal component analysis (PCA) on the 2000 genes for dimensionality reduction, enabling subsequent TSNE clustering of the cells.
Selected the top 20 principal components (PCs) for TSNE clustering and cell annotation.

Statistical analysis in experimental studies

Statistical analysis was conducted using SPSS software (version 21.0, IBM, USA). Measurement data are presented as mean values with cor-
responding standard deviations. To compare two groups, a non-paired t-test was employed, while a one-way analysis of variance (ANOVA)
was utilized for comparisons involving multiple groups. Statistical significance was determined at the conventional threshold of p < 0.05.%°
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