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Abstract

Acute kidney injury (AKI) often leads to incomplete recovery of renal function, progressing to chronic kidney
disease (CKD). Key pathological features in the AKI-CKD transition include microvascular rarefaction and
fibrosis. However, the direct effects of activated fibroblasts on microvasculature and endothelial cells remain
unclear. We constructed a single-cell RNA sequencing (scRNA-seq) database from unilateral ischemia
reperfusion injury (ulRl) mouse model and identified five heterogeneous fibroblast subpopulations, with
C0-Sema3dhi fibroblasts significantly increasing post-injury and correlating with reduced endothelial cells.
Conditioned medium from Sema3dhi-NRK49F cells inhibited focal adhesion formation and induced cytoskeletal
collapse in human umbilical vein endothelial cells (HUVECs), preventing migration and angiogenesis.
Mechanistically, Sema3dhi fibroblasts secrete Sema3d, activating the endothelial Plexin D1 receptor, leading to
Arf6 activation and integrin 1 internalization, thus suppressing endothelial function. Systemic administration of
Sema3d-shRNA using adeno-associated virus serotype 9 (AAV9) effectively reduced Sema3d levels and
significantly alleviated renal fibrosis in mice. The presence of SEMA3D* fibroblasts was confirmed by analyzing
human scRNA-seq data and through immunofluorescence staining of kidney sections from patients with kidney
diseases. This study reveals new target for mitigating renal fibrosis and microvascular loss, suggesting that
targeting the Sema3d signaling pathway may provide a novel strategy for preventing AKI fibrotic progression.
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Introduction

Acute kidney injury (AKI) is a clinical syndrome
characterized by a rapid decline in kidney function
due to various etiologies, and it has emerged as a
significant global public health issue [1]. The most
common type of AKI is ischemic AKI, caused by
inadequate renal perfusion [2]. Early stages of AKI
often lack obvious symptoms, and patients frequently
present with complex clinical conditions, leading to
delayed diagnosis [3]. Furthermore, there is a lack of
effective treatments to mitigate renal tissue damage

and promote kidney recovery, resulting in limited
improvement in the prognosis of AKI patients [4].
Although the initial injury mechanisms of AKI vary
depending on the cause, studies have shown that
almost all types of AKI carry a risk of progression to
chronic kidney disease (CKD) [5].

After AKI, not only do renal tubular epithelial
cells initiate repair programs, but levels of
pro-angiogenic factors also rise within the kidney to
promote angiogenesis [6-8]. During this process,
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pericytes first detach from the vascular wall, followed
by matrix metalloproteinase (MMP)-mediated
degradation of the basement membrane, which
loosens connections between endothelial cells.
Integrins on the surface of endothelial cells mediate
migration of endothelial cells to the extracellular
matrix (ECM) surface, facilitating endothelial cells
exposure to angiogenic factors [9]. The expression of
the Notch ligand Delta-like protein 4 (DLL4) is
upregulated in endothelial cells, resulting in tip cell
formation that guides new vessel growth. Tip cells
activate the Notch signaling pathway in adjacent stalk
cells, promoting their proliferation, extension of
stalks, and lumen formation [10]. Myeloid bridge cells
facilitate the fusion of new vessels with other vascular
branches, initiating blood flow perfusion [9].

During the formation of new blood vessels,
constructing a proper vascular network is crucial for
their normal physiological function. Semaphorins act
as important environmental guidance molecules for
endothelial cells, defining the boundaries of specific
vascular regions [9, 11]. Semaphorins are a highly
conserved protein family, divided into seven classes.
In vertebrates, semaphorins (classes 3 to 7) are
typically secreted or transmembrane proteins that
bind to corresponding plexin or neurophilin
co-receptors [12, 13]. During the separation of the
primitive venous plexus in developing pulmonary
veins, the expression of Sema3d restricts the
migration of pulmonary vein endothelial cells.
Subsequently, Sema3d acts as an endothelial cell
repellent, guiding the correct connection of
pulmonary veins to the left atrium [11]. Additionally,
many semaphorins have been reported to inhibit
tumor angiogenesis during tumor formation [14-17].

Although angiogenic response is key to the
repair of capillary rarefaction, the renal
microvasculature is thought to have a limited capacity
for repair [18, 19]. One reason may stem from the
inherent properties of renal endothelial cells, such as
low proliferative capacity and susceptibility to
endothelial to mesenchymal transition (EndoMT),
another reason may due to the transformation of
pericytes into myofibroblasts, leading to disruption of
microvascular structure and stability [20-22].
Furthermore, fibroblasts become activated after
injury, undergo proliferation, migration, and
increased ECM synthesis, causing excessive ECM
deposition in the interstitium, consequently
compressing the capillaries and aggravating capillary
rarefaction [23]. However, whether the extensive
presence of fibroblasts in the interstitium directly
impacts the regeneration of renal microvasculature
during the AKI-CKD transition, inhibiting new blood
vessel formation, requires further investigation.

1284

In this study, we developed a mouse model of
AKI-CKD  induced by  unilateral kidney
ischemia-reperfusion (ulRI) and established a

single-cell RNA sequencing (scRNA-seq) database of
mouse whole kidney cells. By analyzing the
scRNA-seq data of the fibroblast population, we
identified a subgroup of fibroblasts that emerge after
injury, characterized by high expression of the Sema3d
gene, which is significantly different from classical
myofibroblasts. Further mechanistic exploration
revealed that Sema3d"i fibroblasts secrete Sema3d to
act on surrounding endothelial cells, inhibiting their
migration and thereby impeding angiogenesis,
exacerbating  microvascular  rarefaction, thus
promoting renal fibrosis. Systemic administration of
Sema3d-shRNA via adeno-associated virus serotype 9
(AAVY) effectively reduced Sema3d levels in the
kidneys, leading to a significant alleviation of renal
fibrosis following ulRI injury in mice. The presence of
SEMAZ3D" fibroblasts was also detected in human
scRNA-seq dataset and through immunofluorescence
staining of kidney sections from patients with kidney
diseases. Our study confirms the direct impact of
fibroblasts on endothelial cell migration and
angiogenesis post-AKI, providing a potential new
target for reducing microvascular loss and renal
fibrosis after AKL

Materials and Methods
Mice

Male C57BL/6] mice aged 10-12 weeks were
purchased from Beijing Sibeifu Co., Ltd. All animals
were housed in SPF level animal facilities under
controlled environmental conditions with a 12-hour
light/dark cycle. All animal procedures were
approved by the Animal Welfare and Ethics
Committee of Peking University First Hospital
(Approval Number: J2022125), and were conducted in
accordance with the guidelines for the care and use of
laboratory animals.

ulRIl model

Mice were anesthetized with isoflurane and
placed on a heating pad to maintain a body
temperature of 37°C. A left flank incision was made to
expose the left kidney. In the ulRI group, the left renal
pedicle was occluded with a microvascular clamp for
45 min, after which the clamp was removed to allow
reperfusion, indicated by the return of normal kidney
color. In the sham group, the same incision was made
without occlusion. The surgical site was closed in
layers, and postoperative monitoring was conducted
to assess recovery and detect potential complications.
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Preparation of whole kidney single cell
suspension for scRNA sequencing

For the control mice and those that post ulRI
surgery at various time points (1, 3, 5, 7, 10, 17 and 30
days, n=6 for each time points), the mice were
anesthetized, and 10 mL of phosphate-buffered saline
(PBS) was perfused through the left ventricle. The left
kidney was then harvested for the preparation of
single-cell ~ suspension  followed  previously
established protocols [24]. Briefly, the kidneys were
cut into 1 mm? fragments on ice and incubated in 5
mL of digestion buffer containing 0.25 mg/mL
Liberase™ TH  (Thermolysin High) (Roche,
Indianapolis, IN, USA) and 50 pg/mL DNase I (NEB,
Ipswich, MA, USA) at 37 °C for 30 min. After
digestion, the resulting cell suspension was filtered
through a 40 pm cell strainer, centrifuged at 400 x g at
4 °C for 5 min, and resuspended in 500 pL of
pre-chilled PBS containing 0.04% BSA. Dead cells
were removed using the Dead Cell Removal Kit
(Miltenyi Biotec, Germany, 130-090-101), and viable
cells were collected.

scRNA-Seq by 10xGenomics, data processing
and quality control

ScRNA-seq by 10xGenomics was performed as
previously described [25]. Briefly, whole kidney cells
were resuspended to a final cell concentration of
700~1200 cells/pL with more than 85% viability, as
determined by Countess™ II (Thermo Fisher
Scientific, Waltham, MA, USA). 8000 to 12000 cells
were captured in droplets (10X Genomics Chromium
Single Cell 3' Reagent Kits;10x Genomics, Pleasanton,
CA, USA). After the reverse transcription, fifty
nanograms of amplified ¢cDNA was fragmented,
end-repaired, and sequenced on an Illumina platform
(Ilumina, San Diego, CA, USA) using 150 paired-end
reads at a coverage of 40000 mean reads per cell. Raw
sequencing reads were processed using Cell Ranger
(v6.0.1, 10x Genomics) with the mouse reference
genome (mm10). Quality control metrics were applied
to filter low-quality cells and genes. Cells with fewer
than 200 or more than 5,000 detected genes, and those
with mitochondrial gene expression exceeding 50%
were excluded from analysis. Genes expressed in
fewer than 3 cells were also filtered out. Doublets
were identified and removed using DoubletFinder
(v2.0.3).

Data normalization and dimensionality
reduction

Filtered gene expression matrices were
normalized using the SCTransform method
implemented in Seurat (v4.1.0). Principal component

analysis (PCA) was performed on the top 3,000 highly
variable genes. The first 30 principal components
were used for downstream analysis. Uniform
Manifold Approximation and Projection (UMAP) was
applied for two-dimensional visualization of the data.

Cell clustering and annotation

Unsupervised clustering was performed using
the shared nearest neighbor (SNN) graph-based
clustering algorithm implemented in Seurat. A
k-nearest neighbor (KNN) graph was first constructed
using the top 30 principal components, followed by
SNN graph construction with default parameters.
Clusters were then identified wusing the SNN
modularity optimization algorithm with a resolution
parameter of 0.3. Cell type annotation was conducted
based on the expression of canonical marker genes
and comparison with published single-cell kidney
atlases. Manual curation was performed to ensure
accurate cell type assignment.

Hierarchical sub-clustering analysis

To dissect the heterogeneity within stromal cell
populations, we performed hierarchical
sub-clustering analysis. First, mesenchymal cells
identified in the initial clustering were extracted and
subjected to sub-clustering analysis using SNN
graph-based clustering with a resolution of 0.3,
revealing distinct mesenchymal subpopulations.
Subsequently, fibroblast populations identified within
the mesenchymal sub-clusters were further extracted
and re-clustered independently with a resolution of
0.4 to characterize fibroblast subtypes. Each level of
sub-clustering involved re-normalization, scaling,
principal ~component analysis, and UMAP
visualization to ensure optimal resolution of cellular
heterogeneity.

Differential gene expression analysis

Differential gene expression analysis between
cell types and experimental conditions was performed
using the Wilcoxon rank-sum test implemented in
Seurat. Genes with an adjusted p-value < 0.05 and log
fold change > 0.25 were considered significantly
differentially expressed. Multiple testing correction
was applied using the Bonferroni method.

Heatmap generation and visualization

Differential gene expression heatmaps were
generated using the ComplexHeatmap package in R.
Genes with significant differential expression
(adjusted p-value < 0.05 and log, fold change > 0.5)
across cell types were selected for visualization.
Expression values were z-score normalized and
hierarchically clustered using Euclidean distance and
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complete linkage. Color scales were applied to
represent expression levels from low (blue) to high
(red).

Violin plot analysis

Violin plots were generated using the VInPlot
function in Seurat to visualize gene expression
distributions across cell populations. Each violin plot
displays the kernel density estimation of gene
expression levels, with the width of the violin
representing the density of cells at each expression
level. Median expression values are indicated by
horizontal lines within each violin.

Cluster proportion analysis

Cluster composition analysis was performed to
assess the relative abundance of each cell cluster
across different experimental conditions. Cell counts
for each cluster were calculated and converted to
percentages of the total cell population. Stacked bar
charts were generated using ggplot2 to visualize the
proportional changes in cluster composition.

Gene ontology enrichment analysis and
visualization

Functional enrichment analysis was performed
using the clusterProfiler package (v4.0.5) in R. For
each cluster, differentially expressed genes (adjusted
p-value < 0.05 and log, fold change > 0.25) were
identified and subjected to GO enrichment analysis
for biological processes. The enrichGO function was
used with the org.Mm.eg.db annotation database for
mouse. Enriched GO terms with adjusted p-value <
0.05  (Benjamini-Hochberg  correction) = were
considered statistically significant. Results were
visualized using violin plots generated with the
ggplot2 package (v3.3.5), where the width of each
violin represents the density distribution of
enrichment scores across different clusters, allowing
for comparison of GO term enrichment patterns
between cell populations.

Trajectory analysis and pseudotime ordering

Pseudotime analysis was conducted using
Monocle3 (v1.0.0) to reconstruct developmental
trajectories and infer cell state transitions. Single-cell
expression data were converted to a cell _data_set
object, and the top 1,000 most variable genes were
selected for trajectory construction. Dimensionality
reduction was performed using UMAP, followed by
graph-based clustering and trajectory learning using
the learn_graph function. Pseudotime values were
calculated using the order_cells function, with the
root of the trajectory manually selected based on
biological knowledge. Cells were ordered along the

inferred trajectory, and the results were visualized
with cells colored by cluster identity to reveal
differentiation pathways.

Ligand-receptor interaction analysis

Cell-cell communication analysis was performed
using CellChat v1.1.3. Ligand-receptor pairs were
identified from the CellChatDB database, which
contains manually curated interactions from literature
and public databases. For each cell type pair, the
number of significant ligand-receptor interactions was
calculated based on expression criteria (=10% of cells
expressing the gene with average log-normalized
expression >0.1) and statistical significance (p<0.05,
permutation test with 100 iterations).

Communication probabilities between cell types
were computed using the CellChat algorithm, which
integrates expression levels, cell population sizes, and
interaction confidence scores. The interaction strength
was calculated as the product of average ligand
expression in sender cells and average receptor
expression in receiver cells, weighted by the
proportion of expressing cells in each population.
Heatmap visualization was generated using the
ComplexHeatmap package v2.8.0, with hierarchical
clustering applied using Euclidean distance and
complete linkage method.

For detailed ligand-receptor network
visualization, dot plots were created using the DotPlot
function in Seurat v4.0.3, where dot size represents
the percentage of cells expressing each gene within
each cell type, and color intensity indicates the scaled
average expression level. Only ligand-receptor pairs
with significant communication probabilities (p<0.05)
were included in the final analysis. Statistical
significance was assessed using permutation tests
implemented in CellChat, comparing observed
interaction strengths to null distributions generated
by randomly permuting cell type labels.

Immunofluorescence staining

Mouse kidney samples were fixed in 10%
formalin at room temperature for 24 hours, followed
by dehydration, clearing, paraffin infiltration, and
embedding.  Paraffin  sections (2um) were
deparaffinized in xylene and then hydrated through a
gradient of ethanol (100%, 95%, 80%) and washed
three times with PBS for 3 min each time. Antigen
retrieval was performed by high-pressure heating in
EDTA buffer (pH 9.0), followed by natural cooling to
room temperature. The sections were blocked at room
temperature with blocking solution for 30 min, then
incubated overnight at 4°C with primary antibodies,
including Sema3d (MG749917S, Abmart, China),
Cd31 (#77699T, Cell Signaling Technology, USA),
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Pdgfra (AF1062, R&D, USA), Plexin D1 (DF13502,
Affinity, China), a-SMA (Abcam, ab124964, USA) and
GFP (#2956, Cell Signaling Technology, USA),
followed by incubation with fluorescent secondary
antibodies (Jackson ImmunoResearch, USA) at room
temperature for 1 hour. Finally, the sections were
mounted using DAPI-containing mounting medium.

Cell culture

NRK-49F cells (National Collection of
Authenticated Cell Cultures, Shanghai, China) were
maintained in DMEM (TransGen Biotech, China)
supplemented with 5% FBS (Gibco, USA), and 1 x
penicillin-streptomycin  (Gibco, USA). HUVECs
(ScienCell, USA) were cultured in endothelial cell
medium (ECM, ScienCell, USA). All cultures were
incubated at 37 °C in a humidified atmosphere
containing 5% CO,. The culture medium was
refreshed approximately every 48 hours. Cells were
passaged when they reached 80-90% confluency.

Lentiviral transduction

When NRK-49F cells reached 50-70% confluency,
lentiviral transduction was performed. Lentiviruses
containing either the Sema3d-overexpressing plasmid
or a control vector plasmid (Shanghai Genechem Co.,
Ltd) were added to complete medium at a
multiplicity of infection (MOI) of 50. Then, 1 x
transfection reagent (Shanghai Genechem Co., Ltd.)
was added to the viral solution to prepare the
transfection working solution. After 16-24 hours, the
transfection solution was removed and replaced with
fresh complete medium for continued culture. Once
the cells reached 90-100% confluency, the medium
was switched to complete medium containing 8
pg/mL puromycin. Subsequently, the cells were
maintained in complete medium supplemented with
4 pg/mL puromycin.

Enzyme-linked immunosorbent assay (ELISA)

The levels of Sema3d in conditioned medium of
NRK-49F cells were measured using Sema3d
Quantification ELISA Kit (AF21484-A, Aifang, China).
The stock standard solution was subjected to serial
dilutions to generate a concentration gradient. All
concentrations of the standard and the samples were
added into the antibody-coated plate and incubated at
37°C for 30 min. Wash the plate with washing buffer 5
times for 30 sec each time. Then enzyme-labeled
antibody was added to each well and incubated at
37°C for 30 min. Wash the plate 5 times. Chromogenic
substrate was added to each well and incubated in the
dark at 37°C for 10 min. Stop solution was added to
terminate the reaction. Absorbance at 450 nm of each
well was measured. Curve Expert 1.4 was used to fit

the standard curve and calculate the samples
concentrations.

Fibroblast and HUVEC repulsion assay

Cells (1.5 x 104 from both NRK49F-OE and
NRK49F-Vector groups were seeded onto HUVEC
monolayers with 80% confluency. After 72 hours,
fluorescence and bright field images were captured by
microscope (Echo Laboratories, USA). The distances
between fibroblasts and surrounding HUVECs were
analyzed with Image] software and calculated by the
following formula:

Distance of fibroblast to surrounding HUVECs = The
sum of distances between fibroblast to its surrounding
HUVECs / Total number of HUVECs around the
fibroblast

Endothelial cell wound healing assay

When HUVECs reached 100% confluency, a
linear scratch wound was created in the cell
monolayer using a sterile pipette tip. The detached
cells were subsequently washed away with PBS.
Conditioned medium from the normal NRK-49F,
NRK49F-Vector, or NRK49F-OE groups was then
added to the respective HUVEC cultures. After a
12-hour incubation at 37 °C in a 5% CO, atmosphere,
images of the HUVECs were captured. The migration
rate was analyzed using Image] software and
calculated as follows:

Cell migration rate = (Initial scratch area - Scratch
area after 12 h) / Initial scratch area

Endothelial cell chemotactic migration assay

Equal number of NRK-49F, NRK49F-Vector and
NRK49F-OE were seeded in the lower chamber of the
Transwell system (pore size 8 pm, Corning, USA).
Once the fibroblasts reached 80% confluency, the
medium was replaced with ECM containing 20% FBS.
HUVECs (1 x 10°) were seeded in the upper chamber
of each Transwell group and allowed to co-culture for
48-72 hours. After this, HUVECs in the upper
chamber were fixed with 4% paraformaldehyde for 15
min, followed by staining with 0.1% crystal violet
solution for 20 min. HUVECs migrated through the
Transwell chambers were observed under microscope
and the number was counted using Image] software.

Angiogenesis assay

The bottoms of pre-cooled culture plates were
uniformly coated with Matrigel (AC-M082704, Acro
Biosystems, China) and incubated at 37 °C for 1 hour
to allow solidification. HUVECs (2 x 10%) were
resuspended in conditioned media from the NRK-49F,
NRK49F-Vector, or NRK49F-OE groups and were
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seeded into the Matrigel-coated wells, then cultured
for 6 hours. After incubation, images of the vascular
structures were captured, and Image] software was
utilized to analyze the number of vascular structures
in each field.

Immunocytochemistry

HUVECs grown on coverslips were stimulated
with fibroblast-conditioned medium or recombinant
Sema3d protein (9386-S3-025, R&D, USA). Cells were
fixed with 4% paraformaldehyde for 20 min at room
temperature. Subsequently, the cells were treated
with 0.3% Triton X-100 for 10 min and blocked in
blocking solution for 30 min at room temperature. The
coverslips were then incubated overnight at 4 °C with
primary antibodies, including p-FAK (#3283, Cell
Signaling Technology, USA) and vinculin (ab129002,
Abcam, USA), followed by incubation with
fluorescent secondary antibodies (Jackson
ImmunoResearch, USA) at room temperature for 1
hour. FITC-conjugated phalloidin was added for 30
min at room temperature to stain the cytoskeleton.
Coverslips were mounted using a DAPI-containing
mounting medium.

Integrin internalization assay

HUVECs were seeded on coverslips coated with
fibronectin and cultured until reaching approximately
50% confluency. The serum was then removed, and
the cells were starved overnight. Anti-p1 integrin
antibody (sc-18887, Santa Cruz, USA) was diluted to a
final concentration of 5 pg/mL in DMEM containing
0.01% BSA and pre-cooled at 4°C. This solution was
added to the HUVECs and incubated on ice for 30 min
to label cell surface integrins. The cells were washed
twice on ice with cold 0.01% BSA-DMEM to remove
excess antibody. HUVECs were then stimulated with
fibroblast-conditioned medium or recombinant
Sema3d protein. One group was immediately fixed
with 4% paraformaldehyde, while another group was
treated with an acid washing buffer (pH 2.2, 100 mM
glycine, 20 mM magnesium acetate, 50 mM KCl) for
60 sec, followed by two washes with PBS, each for 2
min, and then fixed with 4% paraformaldehyde. The
cells that underwent acid washing buffer were treated
with 0.3% Triton at room temperature for 10 min,
while the immediately fixed cells were not treated.
After incubation with fluorescent secondary antibody
for 1 hour at room temperature, the coverslips were
mounted using a DAPI-containing mounting
medium.

Arfé activation assay

HUVECs with 100% confluency were stimulated
for 6 min with fibroblast-conditioned medium.

Following stimulation, the plates were placed on ice,
and the medium was aspirated. The cells were
washed twice with PBS. Cell lysis was performed
using lysis buffer containing protease inhibitors,
according to the instructions of the Arf6 Pulldown
Activation Assay Kit (BK033-S, Cytoskeleton, USA).
The lysate was centrifuged at 10,000 x g for 1 min at 4
°C, and the supernatant was collected. For
quantification, 10 pL of the cell lysate was analyzed
using a BCA protein assay. A total of 20 pg of protein
was reserved for western blot analysis to detect total
Arf6 levels. For the pull-down assay, 800 pg of total
protein was mixed with 20 uL of GGA3-PBD agarose
beads and incubated with gentle rotation at 4 °C for 1
hour. The GGA3-PBD agarose beads were then
collected by centrifugation at 5,000 x g for 2 min at 4
°C and washed twice with the provided washing
buffer. Each sample was resuspended in 20 pL of 2x
Laemmli loading buffer and heated at 100 °C for 5
min. The samples were subsequently centrifuged at
10,000 x g for 2 min at 4 °C, and the supernatants were
collected for detection by western blot analysis.

Quantitative polymerase chain reaction
(qPCR) analysis

RNA was extracted according to the instructions
of the RNA extraction kit (ER501-01-V2, TransGen
Biotech, China), and the extracted RNA was reverse
transcribed into cDNA using a reverse transcription
kit (AU-341-02-V2, TransGen Biotech, China). Then
qPCR experiments were conducted using qPCR Kit
(RR820, Takara, Japan). Quantification was performed
using the 2-2ACt method, and normalized according to
the expression of the reference gene Gapdh. The
primer sequences are listed in Table S1.

Western blotting

RIPA containing protease inhibitors was used to
lyse tissues or cells, and the supernatant was collected
after centrifugation to obtain the protein. The protein
was mixed with loading buffer and heated at 100°C
for 10 min, then loaded onto SDS-PAGE gel.
Electrophoresis was performed at 120V for 50 min.
The gel and a PVDF membrane were
electrophoretically transferred at 350mA at 4°C for 35
min. The membrane was then blocked at room
temperature for 1 hour with TBST containing 5%
non-fat milk. The membrane was covered with
primary antibodies, including Flag (F1804, Merck,
USA), GFP (abl183734, Abcam, USA), Sema3d
(MG749917S, Abmart, China), GAPDH (60004-1-Ig,
Proteintech, China), p-actin (66009-1-Ig, Proteintech,
China), p-FAK (#3283, Cell Signaling Technology,
USA), FAK (#3285, Cell Signaling Technology, USA),
Plexin D1 (DF13502, Affinity, China), Igfl (ab9572,
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Abcam, USA), Pcna (ab152112, Abcam, USA), p-p65
(#3033, Cell Signaling Technology, USA), p65 (#8242,
Cell Signaling  Technology, USA), Tspan4
(NBP1-59438, Novus, USA), Itgbl (ab30394, Abcam,
USA), Collal (ab270993, Abcam, USA), and
incubated overnight at 4°C. The membrane was
washed three times with TBST for 5 min each, then
incubated with HRP-conjugated secondary antibodies
(Beyotime, China) at room temperature for 1 hour.
The membrane was washed three times with TBST for
5 min each, then reacted with Chemiluminescent
substrate, and exposed in a GE Image Quant LAS4000
chemiluminescence imaging analysis system. Density
was measured using Image] software.

siRNA transfection

HUVECs were transfected when they reached
50-70% confluency. siRNA duplexes (si-NC-Cy3 and
si-Plexin D1-Cy3) were diluted in serum-free medium
and mixed thoroughly. RNAFit was added to the
mixture, which was then vortexed for 10 seconds and
incubated at room temperature for 10 minutes. The
cell culture medium was replaced with fresh complete
medium, and the prepared transfection complexes
were evenly distributed across the dishes. Cells were
subsequently cultured in a 37 °C, 5% CO, incubator.
After 6 hours, the transfection medium was replaced
with fresh complete medium.

AAV9-Sema3d shRNA preparation and
administration

Five plasmids were engineered, including
ssAAV.CAG.EGFP.miR30shRNA 1-4
(mSema3d).WPRE3.5V40 (knockdown) and
pcDNA3.1(+)-PGK.mCherry-P2A-mSema3d(NM_028
882.4).bGHpA (overexpression). Each
Sema3d-shRNA plasmid was co-transfected with the
overexpression plasmid into HEK293 cells using PEI
reagent. The efficiency of knockdown was assessed
through rt-qPCR and immunofluorescence detection.
shRNA2 exhibited the most significant knockdown
efficiency.

The target plasmid was co-transfected with
pHelper plasmids into HEK293T cells using PEIL Cells
were cultured in DMEM with 10% FBS at 37 °C. Viral
particles were harvested after 72 h from both cell
lysates and media, purified through iodixanol
gradient ultracentrifugation, and concentrated by
ultrafiltration. Final preparations were quantified by
rt-qPCR and standardized to 1 x 10%® GC/mL. Vectors
were  manufactured by  PackGene  Biotech
(Guangzhou, China).

AAV9-EGFP-Sema3d shRNA and AAV9-EGFP
were injected into the tail vein of mice at a dose of
5x10" GCs per mouse on day 3 post ulRI surgery.

Each group included six mice undergoing ulRI

procedures and three mice undergoing sham
procedures.
Histology

Paraffin-embedded  tissue  sections  were

sequentially deparaffinized in xylene and rehydrated
through a graded ethanol series. For Masson staining,
the sections were stained with Weigert's iron
hematoxylin for 5 minutes, followed by rinsing under
running tap water and differentiating with 1% acid
alcohol until the sections turned blue. Subsequently,
the sections were stained with Ponceau-acid fuchsin
solution for 10 minutes, counterstained with aniline
blue for 5 minutes, and briefly immersed in 1% acetic
acid for 30 seconds. For Sirius red staining, sections
were stained in a picro-Sirius red solution for 60
minutes, immersed in absolute ethanol for 30 seconds.
For fibronectin antibody staining, the sections were
incubated with the primary antibody against
Fibronectin (ab2413, Abcam, USA). Afterward, an
HRP-conjugated secondary antibody (PV9001,
Zhongshanjinqiao, China) was applied at 37 °C for 40
minutes. Then, a DAB chromogenic solution was
applied to develop for 1-2 minutes. The sections were
then stained with hematoxylin for 5 minutes,
differentiated in 1% acid alcohol, and rinsed under
tap water until the nucleus turned blue. By the end of
above staining, the tissue sections were dehydrated
through a graded ethanol series, cleared in xylene,
and mounted with neutral balsam.

Human scRNA-seq data analysis

Human scRNA-seq data were obtained from the
Kidney Precision Medicine Project (KPMP) website,
which has granted approval for our use of KPMP data
in accordance with their guidelines. For our analysis,
we selected the following KPMP samples: 34-10187,
29-10013, KRP461, 30-10034, 29-10008, and 3490. This
dataset includes four disease samples (AKI and
hypertensive CKD [H-CKD]) and two healthy control
samples. The raw data were downloaded in hbad
format on October 11, 2025.

The raw data were processed using the standard
KPMP pipeline and analyzed using the following
software and packages: Python 3.9+, Scanpy 1.9.x,
Harmonypy (for batch correction), NumPy, Pandas,
SciPy, Matplotlib, Seaborn. Cell type annotation was
performed based on the expression of canonical
kidney cell type marker genes (Table S2). Expression
levels of genes of interest (e.g.,, PLXND1, SEMA3D)
were extracted from the normalized expression
matrix. Cells were classified as "high expression" if the
log-normalized expression exceeded a threshold of
1.0. Expression patterns were visualized using UMAP
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plots and split UMAP plots stratified by disease
status.

Multiplex immunohistochemistry of patient
kidney samples

We selected three human kidney tissue samples
for multiplex immunohistochemistry, including two
samples from patients diagnosed with acute kidney
disease (AKD) and chronic kidney disease (CKD),
respectively, as well as one donor kidney used as a
control (Table S3). All samples were obtained from
Peking University First Hospital in 2025. The protocol
concerning the use of patient samples was approved
by the Biomedical Research Ethics Committee of
Peking University First Hospital (approval number:
2017[1280]).

Patient kidney samples were deparaffinized and
rehydrated through a series of xylene and alcohol
washes. Antigen retrieval was performed in EDTA
solution (pH 9.0) at 95-99 °C for 30 minutes. The
tissue sections were incubated with a cocktail of
primary antibodies, including PDGFRa (#5241, Cell
Signaling Technology, USA), SEMA3D (HPA037522,
Sigma, USA), PLEXIND1 (DF13502, Affinity, China),
CD31 (ab281583, Abcam, USA). Following this
incubation, sections were washed and incubated with
secondary antibodies that were specific to the primary
antibodies. Afterward, the sections were reacted with
the TSA working solution (RC0086, Huilan Biotech,
China) at room temperature for 5 minutes. Then the
sections were subjected to heat-induced antibody
elution in EDTA solution (pH 9.0). This cycle was
repeated until all target antibodies had been labeled.
Finally, the sections were mounted using a
DAPI-containing mounting medium.

Statistical analysis

Statistical analyses of scRNA-seq data were
performed using R (v4.1.0). Data visualization was
conducted using ggplot2 and other R packages. For
other data, statistical analyses and graphing were
performed using GraphPad Prism 8 (GraphPad,
Chicago). Differences between groups were analyzed
using t-test or one-way ANOVA. Correlation analysis
was conducted using Pearson correlation analysis. P <
0.05 was considered statistically significant. Multiple
testing corrections were applied where appropriate.

Results

Single-cell transcriptomic atlas of renal
fibroblasts in mice following ulRlI

We performed ulRI surgery for 45 min on male
C57BL/6] mice aged 10-12 weeks, and subsequently
collected kidney tissue samples at post-operative days

1,3,5,7,10, 17, and 30, as well as from control mice.
We observed the pathological changes in renal tissues
after AKI, including early cell apoptosis/necrosis and
immune cell infiltration, then cell proliferation during
the repair phase, and late-stage renal interstitial
expansion and fibrosis after IRI (Figure S1). A
scRNA-seq database of kidney cells throughout
AKI-CKD transition was constructed (Figure 1A).
After integrating the scRNA-seq data from the control
group and the ulRI group, we obtained a total of
78,250 kidney cells that passed quality control. These
kidney cells were classified into 26 clusters through
unsupervised clustering. Based on the differentially
expressed genes (DEGs) of these 26 cell clusters (Table
54), the kidney cells were annotated and categorized
into 12 cell compartments according to their
characteristics and functions, which mainly included
epithelial cell partition (proximal tubule, loop of
Henle, collecting duct, podocytes, and parietal
epithelial cells), immune cell partition
(monocyte-macrophage, T cells, B cells, dendritic
cells, and neutrophils), endothelial cell partition, and
mesenchymal cell partition (Figure 1B-C).

After comparing with literature [26-28] and
public databases, 6,398 cells expressing high levels of
Pdgfrb, Pdgfra, Acta2, and Collal genes were defined
as mesenchymal cells. Subsequently, we conducted
subclustering analysis on mesenchymal cells and
obtained 6 subpopulations (pericytes, smooth muscle
cells, fibroblasts, mesangial cells, neuro-like cells and
unknown cells), of which 955 cells specifically highly
expressing Dpt, Dcn, Coll5al, Coll4al, and Pdgfra
genes were defined as typical fibroblasts [26, 29-33]
(Figure 1D and Table S5). These fibroblasts were
divided into 6 subpopulations (C0-C5) by
unsupervised clustering analysis (Figure 1E). Among
the subpopulations, C1-Tcf21h (Transcription factor
21, transcription factor), C2-Fut9h (Fucosyltransferase
9, secreted protein), and C4-Sfrp4hi (Secreted
frizzled-related protein 4, secreted protein) are
resident kidney fibroblasts, while the C0-Sema3dM
(Semaphorin 3D, secreted protein) and C3-Ltbp2hi
(Latent transforming growth factor beta-binding
protein 2, extracellular matrix protein) appeared after
injury (Figure 1F and G and Table S6). C5 represented
the rapidly proliferating cell population, and so it was
not included in subsequent analysis. The proportion
of resident fibroblast subpopulations (C1, C2 and C4)
decreased progressively over time after ulRI (Figure
1G). Conversely, C0-Sema3dh and C3-Ltbp2hi, which
appeared after injury, gradually increased in
proportion, and became the two main fibroblast
subpopulations in kidneys in late stage of injury
(Figure 1G).
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Figure 1. Single-cell sequencing atlas of renal fibroblasts in ulRI mice. (A) Overview of single-cell sequencing library construction from ulRI mice. (B) UMAP plot of
scRNA-seq data from 78,250 kidney cells in control and ulRI mice. PT, proximal tubule; CD, collecting duct; LOH, loop of Henle; PEC, parietal epithelial cells; MMP,
monocyte-macrophage; DC, dendritic cell; EC, endothelial cell. (C) Heatmap displaying expression levels of specific marker genes for cell compartments, with compartment
types indicated. (D) UMAP plot of 6,398 renal mesenchymal cells from control and ulRI mice, color-coded by cell cluster, with types labeled. Violin plot shows expression levels
of marker genes for each mesenchymal cluster. SMC, smooth muscle cell; Neuro-like mese, neural crest-like mesenchymal cells. (E) UMAP plot of 955 renal fibroblast cells from
control and ulRI mice, color-coded by subcluster, with subcluster names labeled. (F) Bubble plot of marker gene expression levels for each fibroblast subcluster, with subcluster
representation indicated. (G) Stacked bar plot showing the proportion of each fibroblast subcluster over time, color-coded by subcluster. (H) Violin plot of GOBP enrichment
based on DEGs of fibroblast subclusters. (I) Pseudotime developmental trajectory of fibroblast subclusters post-ulRI.

To explore characteristics and functions of the  subjected to gene ontology biological process (GOBP)
subpopulations, DEGs of each subpopulation were  enrichment analysis (Figure 1H). The resident
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fibroblast subpopulations were enriched for biological
functions related to promoting tubular epithelial cell
repair and angiogenesis. Additionally, the C4-Sfrp4hi
subpopulation was enriched for biological functions
related to extracellular matrix assembly and leukocyte
chemotaxis  compared to  other  resident
subpopulations. Among the subpopulations that
appeared after injury, the C3-Ltbp2h subpopulation
may present stronger contractile and pro-fibrotic
characteristics, resembling traditionally defined
myofibroblasts. The C0-Sema3dh is the largest
subpopulation (24.7%) of fibroblasts throughout
AKI-CKD process, being enriched for biological
functions related to migration, inflammation
regulation, and inhibition of angiogenesis. The
developmental trajectory analysis of fibroblast
subpopulations showed that during the AKI-CKD
transition, fibroblasts transformed from resident
subpopulations of C1-Tcf21M, C2-Fut9h, and
C4-Sfrp4hi to C0-Sema3dh, and finally to the
terminally differentiated C3-Ltbp2h myofibroblast
subpopulation. (Figure 1I). Immunofluorescence
staining of the CO marker Sema3d with both the
fibroblast marker Pdgfra and the myofibroblast
marker a-SMA on kidney tissues from ulRI mice at
day 7 post-injury demonstrated partial co-localization
(Figure S2). This finding suggests that the
C0-Sema3dM fibroblasts may be in a transitional stage
from fibroblasts to myofibroblasts.

Enhanced interaction between fibroblasts and
endothelial cells in the kidney following ulRI

To further investigate the impact of fibroblasts
on other cells in the kidneys after ulRI, we performed
cell-cell interaction analysis (Figure 2A). Compared to
control group, the effects of fibroblasts on nearly all
other cell compartments were enhanced after ulRL
Notably, the effects on LOH, CD tubular epithelial
cells and endothelial cells were particularly
pronounced, with a higher number of interaction
pairs observed among these groups. While the
interaction between tubular epithelial cells and
fibroblasts has been extensively studied, the
interaction pairs between fibroblasts and endothelial
cells was notably increased and deserved further
investigation. In the kidneys of ulRI mice, Sema3d and
Plxndl were specifically highly expressed by
fibroblasts and endothelial cells, respectively, and the
interaction between fibroblasts and endothelial cells
was characterized by a robust Sema3d-Plexin D1
interaction (Figure 2B).

Through Cd31 staining of kidney tissue sections
from sham and ulRI mice at 3, 5, 7, and 17 days
post-surgery, we observed that Cd31-positive
capillaries became increasingly rarefied with the

chronic progression of kidney injury (Figure S3).
Next, we aimed to investigate whether Sema3d™h
fibroblasts played a role in the capillary rarefaction
observed in kidney tissues following IRIL. To further
explore the presence of Sema3dh fibroblasts, we
performed triple immunofluorescence staining using
anti-Sema3d, anti-Cd31, and anti-Pdgfra antibodies
on kidney tissues collected on the 7th day following
either sham surgery or ulRI. In the tubulointerstitial
areas of sham-operated kidneys, Sema3dM fibroblasts
(Sema3d*/ Pdgrfa*) accounted for about 20% of the
total fibroblast population (Pdgrfa*) and 4% of all
tubulointerstitial cells. By the 7th day post-ulRI, the
proportion of Sema3dh fibroblasts in the renal
tubulointerstitial area significantly increased to about
60%, representing 25% of all cells, respectively.
Additionally, some endothelial cells in the
tubulointerstitial areas of both sham and uIRI kidneys
were found to express Sema3d. However, the
proportion of Sema3dh endothelial cells (Sema3d*/
Cd31*) among all tubulointerstitial cells did not
exhibit significant change between sham and ulRI,
remaining around 6% of the total tubulointerstitial
cell population. Notably, the number of Sema3dh
fibroblasts in the tubulointerstitial areas was
approximately four times greater than that of
Sema3d-expressing endothelial cells. These results
indicate that the substantial increase in Sema3d
expression after ulRI is primarily attributed to
Sema3dhi  fibroblasts  (Figure @ 2C).  Triple
immunofluorescence staining was also conducted on
the 3rd, 5th, 7th, and 17th days after ulRl. We
observed that Sema3dhi fibroblasts
(Sema3d*/Pdgfra*) began to emerge in the injured
kidney by day 3 post-ulRI and persisted throughout
the chronic phase of AKI. In the areas with Sema3dh
fibroblast expression, Cd31* endothelial cells
expression was greatly reduced. Statistically, a
negative correlation was observed between the
number of Sema3dh fibroblasts and the density of
Cd31* peritubular capillaries (PTC) in the same region
of ulRI-exposed kidneys (Figure 2D).

Sema3dh-NRK49F inhibits endothelial cell
migration and angiogenesis

To investigate the functions of Sema3dhi
fibroblasts, NRK-49F cells overexpressing Sema3d
(NRK49F-OE or Sema3dh-NRK49F) and control
vector (NRK49F-Vector) were generated (Figure S4
and Figure 3A). Fluorescence microscopy, rt-qPCR for
Sema3d and western blot analyses of Flag, Sema3d and
GFP confirmed the successful overexpression of
exogeneous Sema3d in NRK-49F cells (Figure 3B-D).
The ELISA assay detected a significant increase in the
level of Sema3d in the Sema3dhi-NRK49F supernatant

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

1293

(Figure 3E). Bulk RNA sequencing was performed on
NRK-49F, NRK49F-Vector and NRK49F-OE cell lines
to assess whether altered Sema3d expression could
influence fibroblast function. Validation through
western blot, rt-qPCR and cell migration assay
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15. (G) Wound healing assay of HUVECs

exposed to conditioned medium from NRK-49F, NRK49F-Vector and NRK49F-OE cells. Right: migration area statistics. Scale bar = 200 pm, n = 9. (H) Transwell migration assay
of HUVECs co-cultured with NRK-49F, NRK49F-Vector and NRK49F-OE cells. Scale bar = 200 pm, n = 9. (I) Angiogenesis assay of HUVECs stimulated with conditioned
medium from NRK-49F, NRK49F-Vector and NRK49F-OE cells. Scale bar = 200 um, n = 9. (J) Angiogenesis assay of HUVECs stimulated with control medium and 10 nM Sema3d
recombinant protein. Scale bar = 200 um, n = 9. ns: no significance, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

The NRK49F-Vector and NRK49F-OE cells were
seeded onto HUVEC monolayers, where significant
repulsion of surrounding endothelial cells by OE
group was observed (Figure 3F). In the wound
healing assay, 12 hours after stimulating HUVECs
with  conditioned medium from  NRK-49F,
NRK49F-Vector, and NRK49F-OE cells, the scratch
area of the OE group was significantly larger than that
in the NRK-49F and vector groups, indicating that
HUVEC migration was inhibited by the conditioned
medium from Sema3dh-NRK49F cells (Figure 3G). In
the chemotactic migration assay, NRK-49F,
NRK49F-Vector, and NRK49F-OE cells were seeded
in the lower chamber of a Transwell, and HUVECs
were placed in the upper chamber for co-culture over

72-96 hours. We observed that co-culturing with the
OE group significantly reduced the number of
HUVECs that migrated through the Transwell
compared to the NRK-49F and vector groups,
indicating that HUVEC chemotactic migration was
inhibited (Figure 3H). Furthermore, HUVECs
resuspended in the conditioned medium from
NRK-49F, NRK49F-Vector, and NRK49F-OE cells
were seeded onto matrix gel. After 6 hours, we
observed that the number of vascular structures
formed by HUVECsS in the OE group was significantly
lower than that in the NRK-49F and vector groups
(Figure 3I). Similarly, the number of vascular
structures formed by HUVECs in the 10nM Sema3d
recombinant protein treated group was also
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significantly reduced compared to the control group
(Figure 3]). These findings indicate that the
conditioned medium from Sema3dh-NRK49F cells
inhibits endothelial cell angiogenesis, mirroring the
effect of Sema3d recombinant protein. Collectively,
the above results suggest that Sema3dh-NRK49F cells
inhibit endothelial cell migration and angiogenesis
through the secretion of Sema3d.

Sema3dh-NRK49F cells reduces the formation
of focal adhesions and promotes cytoskeletal
collapse in endothelial cells

Pseudopodia and focal adhesions play crucial
roles in driving and guiding cell migration. The
phosphorylation of FAK and the subsequent
activation of vinculin significantly influence the
formation and stabilization of pseudopodia and focal
adhesions during this process [34-36]. Following
stimulation of HUVECs with the conditioned medium
from NRK-49F, NRK49F-Vector, and NRK49F-OE
cells, we observed that the phosphorylation level of
FAK in HUVECs stimulated by the OE group
conditioned medium was markedly decreased
compared to the NRK-49F and vector groups (Figure
4A and C). Additionally, vinculin levels were
reduced, and a significant collapse of cytoskeleton
was noted (Figure 4D and F). Similarly, stimulation of
HUVECs with Sema3d recombinant protein resulted
in reduced phosphorylation levels of FAK, decreased
vinculin levels, and cytoskeletal disintegration when
compared to the control group (Figure 4 B, E and G).
These findings suggest that Sema3dh-NRK49F cells
modulate the focal adhesion dynamics and
cytoskeletal architecture of endothelial cells through
the secretion of Sema3d.

Sema3dhi-NRK49F cells induce integrin
internalization and Arf6 activation in
endothelial cells

Integrin 1 is a membrane receptor that plays a
pivotal role in cell migration by facilitating the
activation of downstream FAK [34, 36]. To detect
whether Sema3dhi-NRK49F cells affect the expression
of integrin p1 in HUVECs, HUVECs were stimulated
with  conditioned medium from  NRK-49F,
NRK49F-Vector, and NRK49F-OE cells, followed by
western blot for Integrin 1. The results showed that
the expression level of integrin $1 in HUVECs did not
change significantly (Figure 5A). However, in integrin
internalization assay, stimulation of HUVECs with
the conditioned medium from Sema3dh-NRK49F cells
resulted in a significant decrease in the distribution of
integrin 31 on the cell membrane, accompanied by an
increase in its intracellular localization (Figure 5B).
Similarly, after stimulation with 10nM Sema3d

recombinant protein, a decrease in the cell membrane
distribution of integrin 31 was observed in HUVECs,
along with an increase in its intracellular distribution
compared to the control group (Figure 5C). These
findings indicate that Sema3dh-NRK49F cells can
promote the internalization of integrins in endothelial
cells by secreting Sema3d.

Arf family proteins play a crucial role in the
remodeling of actin cytoskeleton, thus mediating the
transport of substances between the plasma
membrane and endosomes. Notably, Arf6 has been
implicated in the regulation of integrins
internalization and cytoskeleton morphology [37, 38].
Pull-down experiments were conducted using
GGA3-PBD agarose beads to detect the activation
level of Arf6 in HUVECs. Control experiments to
detect Arf6 total protein and active form of Arf6-GTP
and inactive form of Arf6-GDP was performed first
(Figure S6). To determine whether Sema3dhi-NRK49F

can activate Arf6 in HUVECs, HUVECs were
stimulated with conditioned medium from
NRK49F-Vector and NRK49F-OE groups,

respectively. The results demonstrated a significant
increase in the activation level of Arf6 in HUVECs
exposed to the OE group conditioned medium
compared to the vector group (Figure 5D), indicating
that Sema3dhi-NRK49F can activate Arf6 and induce
membrane integrin internalization in HUVECs.

Sema3dhi-NRK49F cells inhibit endothelial cell
migration by secreting Sema3d and acting on
Plexin D1 receptors in endothelial cells

Previous cell-cell interaction analysis indicated
that Sema3d-Plexin D1 was an important
ligand-receptor pair mediating the effects of
fibroblasts on endothelial cells (Figure 2B). It has been
reported that the binding of ligands to Plexin D1 can
activate downstream Arf6 signaling pathways [39].
Through triple immunofluorescence staining, we
confirmed that Plexin D1 was predominantly
expressed in the endothelial cells (Plexin D1*/Cd31*)
of the ulRI mouse kidney (Figure 6A). Similarly,
Plexin D1 was found to be expressed in HUVECs, but
was nearly absent in NRK-49F cells (Figure 6B).

To further investigate the role of Plexin D1, we
knocked down its expression in HUVECs (Figure 6C),
and then stimulated these cells with conditioned
medium from NRK49F-Vector and NRK49F-OE
group cells. Compared to the vector group,
stimulation of control HUVECs with the OE group
conditioned medium resulted in a significant decrease
in phosphorylation level of FAK, a reduction in
vinculin, and a collapse of the cytoskeleton. However,
these effects were not observed in HUVECs with
Plexin D1 knocked down (Figure 6D-G). Furthermore,
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following co-culture with NRK49F-OE cells, the
number of HUVECs that migrated through the
Transwell was significantly reduced compared to the
vector group, indicating an inhibition of chemotactic
migration. In contrast, no significant change in the
number of HUVECs passing through the Transwell
was observed when Plexin D1-knockdown HUVECs
were co-cultured with NRK49F-OE cells (Figure 6H).
These results indicate that Sema3dhM-NRK49F cells
inhibit endothelial cells migration by secreting
Sema3d, which acts on the Plexin D1 receptor in
endothelial cells.

NRK-49F

Vector

Knockdown of Sema3d by AAV9-Sema3d
shRNA ameliorates kidney fibrosis in vivo

We engineered five plasmids, including
ssAAV.CAG.EGFP.miR30shRNA 14
(mSema3d).WPRE3.5V40 for knockdown and
pcDNA3.1(+)-PGK.mCherry-P2A-mSema3d(NM_028
882.4).bGHpA for overexpression. Each
Sema3d-shRNA plasmid was co-transfected with the
overexpression plasmid into HEK293 cells. The
knockdown efficiency was assessed via rt-qPCR and
immunofluorescence  detection, revealing that
shRNA2 exhibited the most significant knockdown of
Sema3d expression (Figure 7A and B).
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control medium and 10nM Sema3d recombinant protein. Scale bar = 20 um. n = 9. (F) Immunofluorescence staining of F-actin (cytoskeleton) in HUVEC stimulated by the
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To further explore the role of Sema3d in vivo, we
constructed an AAV9-based delivery system for
Sema3d-shRNA. On day 3 post-ulRl surgery,
AAV9-EGFP-Sema3d shRNA and AAV9-EGFP
control viruses were injected into the tail veins of mice
at a dose of 5x101 GCs per mouse. Kidney tissues
were harvested 14 days post-surgery, during the peak
phase of fibrosis (Figure 7C).

Immunofluorescence staining indicated that
Sema3d expression was significantly elevated in the
control virus-treated group, where it co-localized with
GFP antibody staining. Conversely, in the

AAV9-EGFP-Sema3d shRNA intervention group,
Sema3d expression was markedly reduced in areas
expressing GFP (Figure 7D). Western blot analysis
corroborated these findings, showing weak Sema3d
protein expression in the sham groups, with a
significant increase noted in the ulRI group treated
with control virus. In contrast, the ulRI group
administered the Sema3d shRNA virus displayed a
pronounced reduction in Sema3d protein levels
(Figure 7E).

Further analysis of the fibrosis marker
Collagen-1 revealed weak expression in both the
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sham and shRNA intervention groups, while
significantly elevated levels were observed in the
control virus-treated ulRI group. The intervention

Masson's trichrome, Sirius Red, and Fibronectin
immunohistochemical staining confirmed that fibrosis
markers were significantly elevated in the control

with  AAV9-EGFP-Sema3d shRNA significantly  virus-treated group following ulRI, whereas they
reduced Collagen-1 expression in ulRI kidney tissues =~ were significantly diminished in the shRNA
(Figure 7F). Additionally, histological analysis using intervention group (Figure 7G).
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Figure 7. Knockdown of Sema3d by AAV9-Sema3d shRNA mitigates renal fibrosis in ulRI mice. (A) Knockdown efficiency of different Sema3d-shRNA sequences
on mSema3d overexpression in HEK293 cells. (B) Sema3d knockdown by control and Sema3d-shRNA2 in HEK293 cells. Green fluorescence indicates the expression of control
and Sema3d-shRNAZ2, and red fluorescence represents the overexpression level of mSema3d. (C) Flow chart on protocol of AAVs injection in mice post-ulRI surgery and kidney
sample collection. (D) Immunofluorescence staining of GFP (red) and Sema3d (green) in kidney tissues of ulRI mice injected with control or Sema3d-shRNA. Scale bar =25 pm.
(E) Western blot detection of Sema3d knockdown efficiency in mice. (F) Collagen | expression in the kidneys of ulRl or sham-operated mice with AAV injection. (G)
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Existence of SEMA3D* fibroblasts in human
kidney

To further validate the presence of SEMA3D*
fibroblasts, we analyzed human scRNA-seq data
obtained from the KPMP website. Our analysis
comprised four disease samples (AKI and
hypertensive CKD) and two healthy control samples.
After performing batch correction, dimensionality
reduction, clustering, and cell type annotation based

on characteristic gene expression, we generated a
UMAP that encompassed all kidney cell types (Figure
8A-C). In the control group, SEMA3D was
predominantly expressed in endothelial cells.
Conversely, in the AKI and CKD patient groups,
SEMAS3D expression was detected in fibroblasts and,
to some extent, in tubular epithelial cells in CKD
(Figure 8D). Notably, the PLXND1 gene was primarily
expressed in endothelial cells (Figure 8F).
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Figure 9. Mechanisms by which Sema3dtifibroblasts regulate endothelial

cell migration and angiogenesis. A subpopulation of fibroblasts secretes high levels of

Sema3d, which binds to Plexin D1 receptors on endothelial cells. This binding activates the small GTPase Arf6 in endothelial cells, resulting in increased internalization of integrins.
The internalized integrins inhibit filopodia formation and cause cytoskeletal collapse, blocking endothelial cell migration and angiogenesis. This process contributes to the loss of
renal microvasculature, accelerating the progression from AKI to CKD. (The Figure was partially created using BioRender-.)

Additionally, we conducted
immunofluorescence staining on kidney tissue
sections from patients diagnosed with AKD and CKD,
as well as from a normal donor kidney. The staining
results revealed that in the tubulointerstitial regions,
SEMA3D colocalized with the fibroblast marker
PDGFRa, confirming the presence of SEMA3D*
fibroblasts in the kidney tissues of patients (Figure
8E). Moreover, PLEXIND1 colocalized predominantly
with the endothelial cell marker CD31, indicating the
presence of PLEXIND1* endothelial cells within the
patient kidney tissues (Figure 8G).

Discussion

Microvascular damage leading to capillary
rarefaction is a critical step in the progression of AKI
to CKD. Typically, microvasculature responds to
injury by generating new vessels, thereby facilitating
self-repair. ~ The  repair  process following
microvascular injury involves the degradation of the
basement membrane, detachment of pericytes, and
loosening of endothelial cell junctions, resulting in
increased microvascular permeability, plasma protein
extravasation, and the formation of a temporary
matrix layer. Endothelial cells adhere to the
extracellular matrix via integrins, allowing for
migration, proliferation, and extension to form
lumens. This process subsequently attracts pericytes

to deposit onto the basement membrane, promoting
the maturation and stabilization of microvessels [9].
However, compared to renal tubules, the regenerative
capacity of renal microvasculature is relatively limited
[18, 19]. This limitation is attributed to the low
proliferative ability of endothelial cells and their
susceptibility to EndoMT [20-22]. Additionally, the
rapid proliferation of fibroblasts, which are widely
present in the stroma following injury, warrants
further investigation regarding their impact on
angiogenesis.

Several studies have demonstrated the
heterogeneity of fibroblasts following AKI [40-43].
However, previous research primarily characterized
fibroblast populations using immunohistochemical
methods that rely on the recognition of specific
markers (such as FAPh and a-SMAM fibroblasts) [43].
This approach has limited comprehensive analysis of
the gene expression profiles and functions of those
subpopulations, making it difficult to identify new
subpopulations under disease states. The rapid
advancement of scRNA-seq technology in recent
years has provided a more powerful tool for exploring
cellular heterogeneity. Consequently, we established
a comprehensive scRNA-seq database from whole
kidneys of ulRI mouse model. By analyzing the gene
expression profiles of the whole kidney cells before
and after IRI, we defined mesenchymal partition as
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those expressing high levels of Pdgfrb and/or Pdgfra,
as well as Collal and/or Acta2?, and further identified
6 distinct fibroblast subpopulations. Among those, the
C1-Tcf21h, C2-Futdhi, and C4-Sfrp4hi subpopulations
were resident renal fibroblasts enriched in GO terms
related to tubular epithelial cell promotion and
angiogenesis, suggesting a potential reparative role
following  kidney  injury. @ The  C3-Ltbp2hi
subpopulation, which arisen after injury, resembled
typical myofibroblasts and was rich in contractile and
pro-fibrotic genes. This subpopulation was
abundantly present in the late stages of injury,
continuously secreting large amounts of ECM,
leading to excessive matrix deposition and causing
deformation of the interstitial connective tissue
through contraction. In contrast, the C0-Sema3d™h
subpopulation, which constituted the largest
proportion of fibroblasts after kidney injury, was
primarily enriched in functions related to migration,
inflammation  regulation, and inhibition of
angiogenesis. Trajectory analysis and
immunofluorescence staining results suggest that this
fibroblast subpopulation may represent a transitional
state from fibroblasts to myofibroblasts.

By analyzing cell-cell interaction between
fibroblasts and other cells in the kidneys of ulRI mice,
we found that the interaction of fibroblasts with
endothelial cells is significantly enhanced after injury.
The ligand-receptor pair between Sema3d and Plxnd1l
was particularly notable, with Sema3d predominantly
expressed by fibroblasts and Plxndl primarily
expressed by endothelial cells. Immunofluorescence
staining for Sema3d, Pdgfro, and CD31 in kidney
tissues from mice at day 7 post-ulRI revealed that,
compared to the sham-operated group, the proportion
of endothelial cells expressing Sema3d did not show
significant changes after ulRI injury. In contrast, the
number of Sema3dMi fibroblasts significantly increased
among tubulointerstitial cells, indicating that Sema3d
becomes predominantly enriched in fibroblasts
following kidney injury. As a member of the
Semaphorin (SEMA) family, Sema3d is a secreted
protein primarily studied for its roles in the
development of the nervous and cardiovascular
systems, as well as in tumor biology, where it serves
as a repulsive signaling molecule guiding neuronal
axons and vascular pattern [11, 44]. Although
previous studies have reported the expression of
Sema3d in cancer-associated fibroblasts (CAFs) [45],
there is a lack of relevant research in the context of
renal pathology.

Endothelial cell migration plays a crucial role in
angiogenesis. During the formation of new blood
vessels, endothelial cells must migrate to the surface
of the ECM and move and proliferate in an orderly

manner, guided by various environmental factors, to
accurately construct the new vascular network [9].
Cell migration is a dynamic and complex multi-step
process that involves the extension of the cell front,
the transformation of adhesion complexes, the
generation of traction forces, and the retraction and
separation of the cell rear. Adhesion complexes
consist of various proteins, such as integrins (e.g.,
ab5pl, a2pl), kinases (e.g., FAK, Src), scaffold proteins
(e.g., paxillin, talin, vinculin), and actin stress fibers,
which play a driving role in cell migration. When
integrins bind to the ECM, they undergo
conformational changes and clustering, which initiate
intracellular signaling pathways, including the
autophosphorylation of FAK, thereby promoting the
maturation of adhesion complexes and the
reorganization of the cytoskeleton [34-36].
Consequently, the expression of integrins on the cell
membrane is a critical factor in initiating cell
migration. Integrins can be internalized through
clathrin-mediated or caveolin-mediated endocytosis
and transported to endosomes for processing, after
which they may be recycled back to the cell
membrane or degraded. The small GTPase Arf6 plays
a crucial role in the internalization of integrins and the
regulation of the cytoskeleton [46, 47]. The activity of
Semaphorin (SEMA) family proteins is mediated by
Plexin receptors, with Neuropilins (NRPs) and
receptor tyrosine kinases also serving as co-receptors
that work together with Plexins to activate signaling
pathways [13]. Research has shown that Plexin D1 can
activate Arf6 in pancreatic ductal adenocarcinoma
cells [48]. Our bioinformatics analysis indicates that
the interaction between Sema3d and Plxndl plays a
significant role in the communication between
fibroblasts and endothelial cells. Therefore, we
hypothesize that Sema3d secreted by fibroblasts may
inhibit endothelial cell migration through its
interaction with endothelial Plexin D1.

We established a Sema3d-overexpressing
NRK-49F cell line and observed a significant increase
in Sema3d levels in its culture supernatant. Following
stimulation with the conditioned medium from
Sem3dh-NRK49F cells and exogenous recombinant
Sema3d, we noted a significant decrease in
phosphorylation level of FAK, a substantial reduction
in vinculin, and a marked collapse of the cytoskeleton.
Additionally, the intracellular distribution of Integrin
B1 increased while its presence on the cell membrane
decreased, impairing HUVECs ability to effectively
adhere and migrate. Further investigations revealed
that Sema3d secreted by Sema3dh-NRK49F cells
significantly activates Arf6 in HUVECs, which may
contribute to the internalization of integrins in these
cells. Using immunofluorescence staining, we

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

1303

examined the distribution of the Plexin D1 receptor in
mouse kidneys and found that Plexin D1 is
predominantly located on endothelial cells, with no
detectable expression in fibroblasts. After knocking
out Plexin D1 in HUVECs, we observed that under
stimulation with the conditioned medium from
Sema3dh-NRK49F cells, there were no significant
changes in the p-FAK and vinculin expression levels
or the cytoskeleton. The ability of HUVECs to migrate
through Transwells was also not significantly
inhibited by the Sema3dh-NRK49F cell conditioned
medium. These findings indicate that Sema3d
secreted by Sema3dM fibroblasts indeed suppresses
endothelial cell migration through its interaction with
the Plexin D1 receptor. However, in the narrow space
of the tubulointerstitial region in vivo, both fibroblasts
and endothelial cells exhibit strong morphological
plasticity, so it is also possible that these two cell types
may make direct contact, inhibiting endothelial cell
migration through the Sema3d-Plexin D1 receptor
interaction.

AAV9-EGFP-Sema3d  shRNA  intervention
significantly reduced the expression of fibrosis
markers in the kidneys of mice following ulRI.
Furthermore, the presence of SEMA3D* fibroblasts
was confirmed by analyzing human scRNA-seq data
and through immunofluorescence staining of kidney
sections from patients with AKD and CKD. In these
samples, increased level of SEMA3D was observed in
fibroblasts, contrasting with healthy controls, where it
was primarily localized to endothelial cells. These in
vivo results suggest that Sema3d play a pivotal role in
the progression of kidney fibrosis, and targeted
knockdown of this gene may represent a promising
therapeutic strategy for alleviating renal fibrosis.
Additionally, these findings provide strong evidence
for the existence of SEMA3D* fibroblasts in human
kidney tissue under disease conditions. However,
further research is mnecessary to elucidate their
relationship with kidney diseases and their potential
roles in disease progression.

Conclusion

This study investigates the heterogeneity of
fibroblasts and the functional characteristics of
fibroblast subpopulations during the transition from
AKI to CKD by analyzing scRNA-seq data from ulRI
mice. We identified a subpopulation of fibroblasts
that express high levels of Sema3d, which can secrete
Sema3d and interact with the endothelial cell-specific
Plexin D1 receptors. This interaction activates the
small GTPase Arf6 in endothelial cells, leading to
increased internalization of integrins. Consequently,
this process inhibits filopodia formation and induces
cytoskeletal collapse, thereby obstructing endothelial

cell migration and angiogenesis. This, in turn,
exacerbates the loss of renal microvasculature and
promotes the progression from AKI to CKD (Figure
9). Our findings provide new potential targets for
mitigating renal fibrosis and microvascular loss
following AKI, suggesting that intervention in the
Sema3d signaling pathway may serve as an effective
strategy to prevent the transition from AKI to CKD.

Abbreviations

AKI: acute kidney injury; CKD: chronic kidney
disease; ulRI: unilateral ischemia reperfusion injury;
HUVEC: human umbilical vein endothelial cell; ECM:
extracellular matrix; EndoMT: endothelial to
mesenchymal transition; scRNA-seq: single-cell RNA
sequencing; AAV9: adeno-associated virus serotype 9;
GC: genome copy.

Supplementary Material

Supplementary figures, table headings, and table S3.
https:/ /www. ijbs.com/v22p1283s1.pdf
Supplementary table S1.

https:/ /www.ijbs.com/v22p1283s2.xlsx

Supplementary table S2.
https:/ /www.ijbs.com/v22p1283s3.xlsx

Supplementary table S4.
https:/ /www.ijbs.com/v22p1283s4.xlsx

Supplementary table S5.
https:/ /www.ijbs.com/v22p1283s5.xlsx

Supplementary table S6.
https:/ /www .ijbs.com/v22p1283s6.xlsx

Acknowledgments

We thank Professor Yuxuan Guo from Peking
University Health Science Center for his guidance on
the AAV9 delivery system.

This work was supported by grants from the
National Key R&D Program of China (grant number
2022YFC2502500, 2022YFC2502502); National Natural
Science Foundation of China (grant number 82270709,
82130021); Beijing Municipal Science & Technology,
Administrative Commission of Zhongguancun
Science Park (Z241100009024052); the National High
Level Hospital Clinical Research Funding (High
Quality Clinical Research Project of Peking University
First Hospital, No 2022CR83); Michigan
Medicine-PKUHSC Joint Institute for Translational
and Clinical Research (BMU2022J1002); CAMS
Innovation Fund for Medical Sciences (grant number
2019-12M-5-046); Peking University Medicine Fund
for world's leading discipline or discipline cluster
development (BMU2022DJXK004).

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

1304

Ethics approval

All animal procedures followed the guiding
principles and were approved by the Animal Welfare
and Ethics Committee of Peking University First
Hospital (No: J2022125); The protocol concerning the
use of patient samples was approved by the
Biomedical Research Ethics Committee of Peking
University First Hospital (approval number:
2017[1280]).

Data availability

The datasets supporting this study are publicly
available = from the corresponding  author
(li.yang@bjmu.edu.cn) upon reasonable request.

Author contributions

Conceptualization: Qiuyu Xie, Ying Chen and Li
Yang. Methodology: Qiuyu Xie, Xiaohong Xin,
Weijian Yao, Zehua Li, Yuanyuan Ma, Ying Chen.
Investigation: Qiuyu Xie, Zehua Li, Ying Chen.
Validation: Qiuyu Xie, Xiaohong Xin, Weijian Yao,
Yuanyuan Ma, Lei Qu, Yiyi Ma, Ying Chen. Formal
analysis: Qiuyu Xie, Xiaohong Xin, Zehua Li. Data
curation: Qiuyu Xie, Xiaohong Xin. Writing —original
draft: Qiuyu Xie, Xiaohong Xin, Ying Chen.
Writing —review & editing: Ying Chen and Li Yang.
Supervision: Chengang Xiang, Suxia Wang, Gang Liu,
Ying Chen and Li Yang. Funding acquisition: Ying
Chen and Li Yang.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Chawla LS, Bellomo R, Bihorac A, Goldstein SL, Siew ED, Bagshaw SM, et al.
Acute kidney disease and renal recovery: consensus report of the Acute
Disease Quality Initiative (ADQI) 16 Workgroup. Nature reviews Nephrology.
2017; 13: 241-57.

2. Sharfuddin AA, Molitoris BA. Pathophysiology of ischemic acute kidney
injury. Nature reviews Nephrology. 2011; 7: 189-200.

3. YanglL, Xing G, Wang L, Wu Y, Li S, Xu G, et al. Acute kidney injury in China:
a cross-sectional survey. Lancet (London, England). 2015; 386: 1465-71.

4. Kellum JA, Romagnani P, Ashuntantang G, Ronco C, Zarbock A, Anders HJ.
Acute kidney injury. Nature reviews Disease primers. 2021; 7: 52.

5. Nogueira A, Pires MJ, Oliveira PA. Pathophysiological Mechanisms of Renal
Fibrosis: A Review of Animal Models and Therapeutic Strategies. In vivo
(Athens, Greece). 2017; 31: 1-22.

6. Kida Y, leronimakis N, Schrimpf C, Reyes M, Duffield JS. EphrinB2 reverse
signaling protects against capillary rarefaction and fibrosis after kidney injury.
Journal of the American Society of Nephrology : JASN. 2013; 24: 559-72.

7. Chang HM, Peng KY, Chan CK, Sun CY, Chen YY, Chang HM, et al. FGF23
ameliorates ischemia-reperfusion induced acute kidney injury via modulation
of endothelial progenitor cells: targeting SDF-1/CXCR4 signaling. Cell death
& disease. 2021; 12: 409.

8.  Zhong X, Tang TT, Shen AR, Cao JY, Jing ], Wang C, et al. Tubular epithelial
cells-derived small extracellular vesicle-VEGF-A promotes peritubular
capillary repair in ischemic kidney injury. NPJ Regenerative medicine. 2022; 7:
73.

9. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of
angiogenesis. Nature. 2011; 473: 298-307.

10. Kim J, Oh WJ, Gaiano N, Yoshida Y, Gu C. Semaphorin 3E-Plexin-D1 signaling
regulates VEGF function in developmental angiogenesis via a feedback
mechanism. Genes & development. 2011; 25: 1399-411.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Degenhardt K, Singh MK, Aghajanian H, Massera D, Wang Q, Li J, et al.
Semaphorin 3d signaling defects are associated with anomalous pulmonary
venous connections. Nature medicine. 2013; 19: 760-5.

Unified nomenclature for the semaphorins/collapsins.
Nomenclature Committee. Cell. 1999; 97: 551-2.

Alto LT, Terman JR. Semaphorins and their Signaling Mechanisms. Methods
in molecular biology (Clifton, NJ). 2017; 1493: 1-25.

Neufeld G, Kessler O. The semaphorins: versatile regulators of tumour
progression and tumour angiogenesis. Nature reviews Cancer. 2008; 8: 632-45.
Serini G, Valdembri D, Zanivan S, Morterra G, Burkhardt C, Caccavari F, et al.
Class 3 semaphorins control vascular morphogenesis by inhibiting integrin
function. Nature. 2003; 424: 391-7.

Guttmann-Raviv N, Shraga-Heled N, Varshavsky A, Guimaraes-Sternberg C,
Kessler O, Neufeld G. Semaphorin-3A and semaphorin-3F work together to
repel endothelial cells and to inhibit their survival by induction of apoptosis.
The Journal of biological chemistry. 2007; 282: 26294-305.

Banu N, Teichman J, Dunlap-Brown M, Villegas G, Tufro A. Semaphorin 3C
regulates endothelial cell function by increasing integrin activity. FASEB
journal : official publication of the Federation of American Societies for
Experimental Biology. 2006; 20: 2150-2.

Basile DP, Donohoe D, Roethe K, Osborn JL. Renal ischemic injury results in
permanent damage to peritubular capillaries and influences long-term
function. American journal of physiology Renal physiology. 2001; 281:
F887-99.

Horbelt M, Lee SY, Mang HE, Knipe NL, Sado Y, Kribben A, et al. Acute and
chronic microvascular alterations in a mouse model of ischemic acute kidney
injury. American journal of physiology Renal physiology. 2007; 293: F688-95.
Basile DP, Friedrich JL, Spahic ], Knipe N, Mang H, Leonard EC, et al.
Impaired endothelial proliferation and mesenchymal transition contribute to
vascular rarefaction following acute kidney injury. American journal of
physiology Renal physiology. 2011; 300: F721-33.

Dang LTH, Aburatani T, Marsh GA, Johnson BG, Alimperti S, Yoon CJ, et al.
Hyperactive FOXO1 results in lack of tip stalk identity and deficient
microvascular regeneration during kidney injury. Biomaterials. 2017; 141:
314-29.

Lin SL, Kisseleva T, Brenner DA, Duffield JS. Pericytes and perivascular
fibroblasts are the primary source of collagen-producing cells in obstructive
fibrosis of the kidney. The American journal of pathology. 2008; 173: 1617-27.
Bohle A, Strutz F, Miiller GA. On the pathogenesis of chronic renal failure in
primary glomerulopathies: a view from the interstittum. Experimental
nephrology. 1994; 2: 205-10.

Yao W, Liu M, Li Z, Qu L, Sui S, Xiang C, et al. CD38(hi) macrophages
promote fibrotic transition following acute kidney injury by modulating
NAD(+) metabolism. Molecular therapy : the journal of the American Society
of Gene Therapy. 2025; 33: 3434-52.

Yao W, Chen Y, Li Z, Ji ], You A, Jin S, et al. Single Cell RNA Sequencing
Identifies a Unique Inflammatory Macrophage Subset as a Druggable Target
for Alleviating Acute Kidney Injury. Advanced science (Weinheim,
Baden-Wurttemberg, Germany). 2022; 9: €2103675.

Kuppe C, Ibrahim MM, Kranz ], Zhang X, Ziegler S, Perales-Paton J, et al.
Decoding myofibroblast origins in human kidney fibrosis. Nature. 2021; 589:
281-6.

Minatoguchi S, Saito S, Furuhashi K, Sawa Y, Okazaki M, Shimamura Y, et al.
A novel renal perivascular mesenchymal cell subset gives rise to fibroblasts
distinct from classic myofibroblasts. Sci Rep. 2022; 12: 5389.

Dai X, Zheng HL, Ma YX, Wang YY, Wang MQ, Cai HY, et al. Single-Cell
Transcriptome Analysis Identified Core Genes and Transcription Factors in
Mesenchymal Cell Differentiation during Liver Cirrhosis. Frontiers in
bioscience (Landmark edition). 2024; 29: 62.

Lemoinne S, Cadoret A, Rautou PE, El Mourabit H, Ratziu V, Corpechot C, et
al. Portal myofibroblasts promote vascular remodeling underlying cirrhosis
formation through the release of microparticles. Hepatology (Baltimore, Md).
2015; 61: 1041-55.

Ishibashi K, Tkegami K, Shimbo T, Sasaki E, Kitayama T, Nakamura Y, et al.
Single-cell transcriptome analysis reveals cellular heterogeneity in mouse
intra- and extra articular ligaments. Commun Biol. 2022; 5: 1233.
Thorlacius-Ussing J, Jensen C, Nissen NI, Cox TR, Kalluri R, Karsdal M, et al.
The collagen landscape in cancer: profiling collagens in tumors and in
circulation reveals novel markers of cancer-associated fibroblast subtypes. The
Journal of pathology. 2024; 262: 22-36.

Cai L, Kolonin MG, Anastassiou D. The fibro-adipogenic progenitor
APOD+DCN+LUM+ cell population in aggressive carcinomas. Cancer
metastasis reviews. 2024; 43: 977-80.

Wang SS, Yuan ], Tang XT, Yin X, Fang K, Chen LV, et al. Periductal
fibroblasts participate in liver homeostasis, fibrosis, and tumorigenesis. The
Journal of experimental medicine. 2025; 222.

Geiger B, Bershadsky A, Pankov R, Yamada KM. Transmembrane crosstalk
between the extracellular matrix--cytoskeleton crosstalk. Nature reviews
Molecular cell biology. 2001; 2: 793-805.

Nobes CD, Hall A. Rho, rac, and cdc42 GTPases regulate the assembly of
multimolecular focal complexes associated with actin stress fibers,
lamellipodia, and filopodia. Cell. 1995; 81: 53-62.

Michaelis UR. Mechanisms of endothelial cell migration. Cellular and
molecular life sciences : CMLS. 2014; 71: 4131-48.

Semaphorin

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

1305

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

Dunphy JL, Moravec R, Ly K, Lasell TK, Melancon P, Casanova JE. The Arf6
GEF GEP100/BRAG2 regulates cell adhesion by controlling endocytosis of
betal integrins. Current biology : CB. 2006; 16: 315-20.

Radhakrishna H, Al-Awar O, Khachikian Z, Donaldson JG. ARF6 requirement
for Rac ruffling suggests a role for membrane trafficking in cortical actin
rearrangements. Journal of cell science. 1999; 112 ( Pt 6): 855-66.

Sakurai A, Gavard ], Annas-Linhares Y, Basile JR, Amornphimoltham P,
Palmby TR, et al. Semaphorin 3E initiates antiangiogenic signaling through
plexin D1 by regulating Arf6 and R-Ras. Molecular and cellular biology. 2010;
30: 3086-98.

Gandhi R, Le Hir M, Kaissling B. Immunolocalization of ecto-5'-nucleotidase
in the kidney by a monoclonal antibody. Histochemistry. 1990; 95: 165-74.
DiRocco DP, Kobayashi A, Taketo MM, McMahon AP, Humphreys BD.
Wnt4/B-catenin signaling in medullary kidney myofibroblasts. Journal of the
American Society of Nephrology : JASN. 2013; 24: 1399-412.

Falke LL, Gholizadeh S, Goldschmeding R, Kok R], Nguyen TQ. Diverse
origins of the myofibroblast —implications for kidney fibrosis. Nature reviews
Nephrology. 2015; 11: 233-44.

Avery D, Govindaraju P, Jacob M, Todd L, Monslow J, Puré E. Extracellular
matrix directs phenotypic heterogeneity of activated fibroblasts. Matrix
biology : journal of the International Society for Matrix Biology. 2018; 67:
90-106.

Pasterkamp RJ. Getting neural circuits into shape with semaphorins. Nature
reviews Neuroscience. 2012; 13: 605-18.

Chen X, Li Y, Huang J, Zhang Q, Tan C, Liu Y, et al. Prognosis and
immunotherapy significances of a cancer-associated fibroblasts-related gene
signature in bladder urothelial carcinoma. Discover oncology. 2024; 15: 622.
Pellinen T, Ivaska J. Integrin traffic. Journal of cell science. 2006; 119: 3723-31.
Chen PW, Luo R, Jian X, Randazzo PA. The Arf6 GTPase-activating proteins
ARAP2 and ACAP1 define distinct endosomal compartments that regulate
integrin a5p1 traffic. The Journal of biological chemistry. 2014; 289: 30237-48.
Thielman NRJ, Funes V, Davuluri S, Ibanez HE, Sun WC, Fu ], et al. Tumor-
and Nerve-Derived Axon Guidance Molecule Promotes Pancreatic Ductal
Adenocarcinoma  Progression and Metastasis through Macrophage
Reprogramming. bioRxiv : the preprint server for biology. 2023.

https://www.ijbs.com



