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Fibroblast is the critical repair cell for urethral wound healing. The dysfunction of fibroblasts can lead to
excessive fibrosis and hypertrophic scar, which eventually leads to post-traumatic urethral stricture. However,
the fibroblast subpopulation and intercellular communication in urethral stricture remains poorly understood.

f:srcﬁiszn dothelial cell Therefore, a comprehensive single-cell resolution transcript landscape of human PTUS needs to be reported. We
Integrin performed single-cell RNA-sequencing of 13,411 cells from post-urethral stricture tissue and adjacent normal

tissue. Unsupervised clustering, function enrichment analysis, cell trajectory construction and intercellular
communication analysis were applied to explore the cellular microenvironment and intercellular communication
at single-cell level. We found that there is highly cell heterogeneity in urethral stricture tissue, which includes 11
cell lineages based on the cell markers. We identified the molecular typing of fibroblasts and indicated the key
fibroblast subpopulations in the process of fibrogenesis during urethral stricture. The intercellular communica-
tion between fibroblasts and vascular endothelial cells was identified. As an important bridge in the commu-
nication, integrins may be a potential therapeutic target for post-traumatic urethral stricture. In conclusion, this
study reveals the cellular heterogeneity and lineage-specific regulatory changes of fibroblasts in post-traumatic
urethral stricture, thereby providing new insights and potential genes for post-traumatic urethral stricture
treatment.

1. Introduction

Post-traumatic urethral stricture (PTUS) is caused by the abnormal
healing of urethral mucosa after injury, which makes the urethral lumen
scarred and finally form stricture. In this process, the imbalance of repair
mechanisms including inflammatory reaction, angiogenesis, granulation
formation and tissue remodeling can lead to excessive scar hyperplasia,
which makes the treatment of urethral stricture more complicated [1,2].
Although great progress has been made in various treatments such as
surgery and drug intervention, the stricture caused by urethral trauma is
still a challenge for clinical treatment [3,4]. Therefore, it is important to
clarify the cellular and molecular mechanisms of the pathogenesis of
PTUS.

Single-cell RNA sequencing (scRNA-seq) can analyze the gene
expression status of a single-cell on a large scale through high-
throughput sequencing with its high resolution [5]. scRNA-seq pro-
vides a powerful analytical tool for revealing complex cellular events
and is widely used in studies including cancer, immunity, and

phylogeny. In view of the complex molecular mechanism of urethral
stricture formation, the regulatory changes are still unclear. Previous
studies mostly used bulk analysis to detect the transcriptome changes of
PTUS [6,7]. However, to our knowledge, the cellular heterogeneity and
interaction network of various cells of PTUS have not been explored
with single-cell resolution.

In this study, we performed scRNA-seq on PTUS and characterized
the transcriptome characteristics comprehensively. We demonstrated
the cellular heterogeneity of PTUS, conducted molecular typing of
fibroblast subpopulation and identified the lineage-specific regulatory
changes of fibroblasts. Our study provides single-cell level insight into
the pathogenesis of PTUS and potential genes for post-traumatic ure-
thral stricture treatment.
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2. Materials and methods
2.1. Tissue isolation and preparation of single-cell suspension

The protocol was proved by the Ethics Committee of the Sun Yat-sen
Memorial Hospital of Sun Yat-sen University. The methods were
approved by the hospital ethics committee. The patients provided
written informed consent for the use of their tissue samples. The pro-
tocols conformed to the guidelines set by the Declaration of Helsinki.
PTUS tissue was separated into single-cell suspension by enzyme
digestion and mechanical cutting. Briefly, the urethral scar tissue was
cleaned three times to ensure that it was not contaminated by blood. The
samples were stored in MACS tissue storage solution (MiltenyiBiotec).
The urethral tissue was processed according to the manufacturer’s in-
structions (Miltenyi Biotec, Germany). The sample was digested over-
night in a 37 °C water bath and passed through pre-wetted 70 pM cell
filter, 900G centrifuge for 20 min, added 5 mL DPBS into the precipi-
tation to suspend cells and passed 35 p M cell filter for re-filtering. The
MACS dead cell removal kit (Miltenyi Biotec) was used to remove low
activity cells to further concentrate the single-cell suspension. The cells
were resuspended in DPBS (containing 2% FBS) and counted by Counter
® II Automated Cell Counter.

2.2. Preparation and quality control of single-cell RNA sequencing library

According to the manufacturer’s instructions, BD Rhapsody system is
used to capture single cells, add gel magnetic beads and form single-cell
gel beads. Then reverse transcription is carried out, so that the RNA with
poly-A was reversely transcribed into the first strand of ¢cDNA with
unique molecular identifiers (UMI) information. After the completion of
cDNA amplification, the fragments were digested and the optimal
fragments were screened with magnetic beads to construct a sequencing
library. Agilent 2100 was used for quantitative analysis of the library
and Ilumina sequencer was used for sequencing. We used cell ranger
software to convert single-cell data from fastq files to cell expression
matrix lists. The single-cell RNA sequence data were processed by the
NovelBrain cloud platform of Liebing Technology Co. Ltd. In order to
evaluate the data quality of the original data, we used Fastp algorithm to
filter out the low quality data. UMI tools were used to extract and
measure the quantity of UMI in each single cell gene transcript and filter
out dead cells and cell fragments. The transcriptional data of single-cell
were used for subsequent analysis.

2.3. Construction of cell subsets and annotation of cell types

We used the Seurat algorithm to conduct regression analysis based
on the number of UMI and the proportion of mitochondria in cells as the
regression conditions. Based on the regression data, we calculated the
dispersion and expression value of genes, and obtained the highly var-
iable gene. Then principal components analysis was carried out. t-
distributed stochastic neighbor embedding (tSNE) was used for dimen-
sion reduction analysis. The tSNE location of cells and key molecules of
all samples is visualized. Using the cluster based method (resolution =
0.8), we obtained unsupervised cell clustering results.

The Wilcoxon algorithm was used to analyze the marker genes of all
clusters. The genes with logy fold change>0.25 in each cluster was
selected as the significant marker genes of the cluster. Next, we anno-
tated the cell type using the single-cell type annotation software Single R
and Marker genes. The correlation between the predicted cells and the
reference database was calculated and the cell type annotation was
obtained.

2.4. Cellular trajectory reconstruction analysis

Cellular trajectory reconstruction analysis uses algorithms to learn
the expression patterns of all genes and arrange each cell to its own

Biochemistry and Biophysics Reports 33 (2023) 101431

development path. We use Cytotrace to analyze the cell trajectories of all
fibroblast subpopulations and evaluate the relative differentiation status
of each subpopulation.

2.5. Gene set enrichment analysis

We used the clusterProfiler package and Kyoto encyclopedia of
Genes and Genomes (KEGG) to analyze and visualize GO and signal
pathways. GO analysis describes samples from biological process (BP),
molecular function (MF) and cellular component (CC). The purpose of
signal pathway analysis is to find significant enrichment signal path-
ways based on KEGG database.

2.6. QuSAGE analysis

Qusage analysis is a quantitative gene set enrichment analysis
(GSEA) based on the gene sets and gene expression. Briefly, it uses the
algorithm to analyze enrichment of the gene sets. According to the above
method, we scored the enrichment differences of gene sets from fibro-
blast clusters and showed the enrichment differences of each cluster in
the form of heat map.

2.7. Cell communication analysis

We used CellPhoneDB to systematically analyze the intercellular
communication network based on the molecular level [8]. In short, we
randomly arranged cell type markers for all single cells. The average
expression levels of ligands and receptors in the randomly arranged cell
population were calculated. The cell matrix realized by Seurat normal-
ization was used to calculate cell communication significance (p <
0.05).

3. Results

3.1. Single-cell RNA sequencing reveals the cellular diversity and
heterogeneity of PTUS tissue

In order to explore the cell heterogeneity in PTUS tissue, we collected
PTUS tissue and adjacent normal tissue for single-cell RNA sequencing
(Fig. 1A). After the quality control, the cells with low gene detection rate
(<600 genes) and high mitochondrial gene ratio (>8%) were removed,
and the transcriptome profile of 13411 cells (PTUS: 7812; normal: 5599)
was obtained. Unbiased clustering analysis revealed 20 cell clusters
(Fig. 1B). Based on hierarchical clustering and the established lineage
specific marker genes (Fig. 1C), we assigned these clusters to 11 cell
lineages. Among them, Fibroblast includes clusters c2, ¢3, ¢5 and c16,
accounting for the largest proportion of cells (25.36%). Vascular endo-
thelial cell (VEC) includes c1, c4, c15 and c17, accounting for 20.70% of
the total sum of cells. T cell includes c0 and c12 accounting for 22.23%
and smooth muscle cell (SMC) for 10.4%. Additionally, we also found
other cell lineages, including monocyte, urethral basal cell, urethral
luminal cell, plasma cell, mast cell, B cell and proliferation cell (Fig. S1).
These clusters showed different molecular characteristics, reflecting the
cellular diversity and heterogeneity of PTUS tissue.

3.2. Differential proportion analysis showed significant expansion of
fibroblast lineage in PTUS

Next, we sought to identify cell lineages or clusters that were
significantly expanded or decreased in PTUS. The results demonstrated
that the proportions of multiple cell lineages were significantly different.
Compared with normal tissue, the number of clusters ¢3 and c5 of
fibroblast increased significantly, while the number of c2 and c15
decreased. VEC and SMC cell lineages were significantly reduced. In
addition, c0 and c12 clusters of T cells were significantly increased
(Supplementary Table). Considering the critical role of fibroblasts in
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Fig. 1. scRNA-seq reveals the cellular heterogeneity of PTUS tissue. (a) Flow chart of the experiment process. (b) The unbiased aggregation of 13411 cells showed 20
cell clusters. Clusters are distinguished by different colors. The numbers in brackets indicate the number of cells. (c) Representative gene expression characteristics of
each cell cluster. The area of the circle represents the proportion of cells expressing the gene, and the color intensity reflects the expression intensity. PTUS: post-
traumatic urethral stricture, scRNA-seq: single-cell RNA sequencing. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

scar formation and fibrosis, our research focused on the fibroblast
lineage.

3.3. Gene enrichment analysis revealed that dysregulated pathways in
PTUS

We identified the specific regulatory pathway in PTUS fibroblast by
gene enrichment analysis (Fig. 2). Biological processes such as ECM
receptor interaction and collagen fiber organization are significantly
enriched in fibroblasts, which have been proven to be over activated in a
variety of scar tissues [9]. It is worth noting that a variety of signal
pathways were activated in PTUS fibroblasts. TGFp, wound healing and
angiogenesis signaling pathways have been confirmed in the skin scar or
other fibrosis diseases [10-12]. In addition, Hippo signaling pathway
and advanced glycation end product-receptor of AGE (AGE-RAGE)
pathway were significantly activated in PTUS fibroblasts, which have
been considered to be related to fibrosis [13,14]. It should be noted that
we found that tumor related genes involved in PI3K/Akt and pro-
teoglycans in cancer signaling pathways were up-regulated in PTUS fi-
broblasts (Fig. 2), which was consistent with the characteristics of scar
fibroblasts, such as excessive proliferation [15,16].

3.4. Cell trajectory reconstruction and heterogeneity analysis of
fibroblasts

In order to further analyze the differentiation of fibroblast subpop-
ulation, we used Cytotrace software to reconstruct the cell differentia-
tion trajectory. As shown in Fig. 3A, according to the differentiation
potential of fibroblasts, they are sorted from the most mature (lowest
value) to the least mature (highest value). We found that the Cytotrace
score of c2 and c16 was low, and that of c¢5 cluster was the highest,
which revealed that c5 was at the initial stage of differentiation, c3 was
mainly at the intermediate stage, and c2 and c16 were mainly at the end
of differentiation. It indicates the differentiation diversity of fibroblast
lineage.

In addition, we investigated whether there was heterogeneity in the
activation intensity of gene sets regulating fibrosis among fibroblast
subpopulations. As shown in Fig. 3B, the gene sets of each cluster are
concentrated in the ECM, TGFf, proteoglycans and AGE-RAGE signal
pathways. Nevertheless, they have different levels of gene activation in
the regulatory pathway. As shown in Fig. 3C-F, the gene expression
intensity of each fibroblast cluster on the ECM pathway is heteroge-
neous. The heterogeneity of other highly activated pathways can be seen
in Fig. S2.
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Fig. 2. Gene set enrichment analysis reveals dysregulated pathways in PTUS fibroblasts. The left figure is the GO analysis of enriched genes, and the right figure is
the KEGG pathway analysis of enriched genes (the top20 pathways). The enrichment factor is proportional to the enrichment degree. BP: Biological Process, MF:

Molecular Function, CC: Cellular Component, PTUS: post-traumatic urethral stricture.

3.5. Enrichment and analysis of key transcription factors in fibroblast
subpopulation

We used SCENIC software to analyze the key transcription factors
regulating each fibroblast subpopulation. As shown in Fig. 3G, the four
clusters all highly express transcription factors related to fibroblast
proliferation, such as NR2F1, EGR2, SIX1, etc. However, there is still

heterogeneity in the expression intensity of transcription factors. C5
shows a higher intensity of NR2F1, which is more closely related to cell
cycle regulation and cell differentiation. C2 and c16, as the end point of
differentiation, showed more high-intensity SIX1, DLX5 and NKX3-1,
which were closely related to cell proliferation and migration. These
results suggest that the differential expression of multiple transcription
factors is one of the reasons for the heterogeneity of fibroblasts.
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Fig. 3. Analysis of cell trajectory reconstruction and gene regulatory network analysis of PTUS fibroblasts. (a) Cell trajectory reconstruction reveals a differentiation
trajectory. CytoTRACE score is inversely proportional to the degree of cell differentiation. (b) Heatmap of the activation degree of different gene sets in PTUS. (c-f)
Box plot of activation degree of ECM related genes of the fibroblast clusters. (g) Heatmap of regulatory intensity of transcription factors in each cell cluster. PTUS:
post-traumatic urethral stricture, ECM: extracellular matrix.
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3.6. Cell communication analysis revealed the ligand receptor interaction
network in fibroblasts of PTUS

We used CellPhoneDB to identify the communication network be-
tween fibroblasts and non fibroblasts. The results demonstrated that the
interactions between the four clusters of fibroblasts and VEC were the
most active (Fig. 4A). a10p1-COL3A1, al0Op1-COL1A1, avp3-MMP2
widely existed in the interaction between fibroblasts and VECs. In
addition, PTPRZ1 from urethral luminal cells and urethral basal cells,
and KIT from mast cells can also combine with PTN of fibroblasts
(Fig. 4B and Q).

4. Discussion

Although the dysfunction of urethral wound healing can lead to
PTUS, the potential molecular complexity and cellular heterogeneity is
still unclear, which limits further study of PTUS. In this study, single-cell
transcriptome was applied to perform a comprehensive transcriptional
landscape of human PTUS tissue for the first time. The cell lineages,
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especially fibroblasts, were systematically classified and identified. The
dense communication network among fibroblasts and non-fibroblasts in
the microenvironment of PTUS was constructed.

The enrichment analysis of signal pathway indicated that fibroblasts
could maintain the balance of synthesis and degradation of extracellular
collagen. However, the function of each fibroblast cluster is still
different. Cluster 2 is characterized by the activation function of ECM
pathway. TGFp signaling pathway and glycosaminoglycan degradation
pathway are enriched in ¢3 and c5 respectively and Hippo signaling
pathway is more expressed in c16. The relatively specific pathway
changes suggest the differences among fibroblast clusters, which may be
one of the reasons for the complexity of fibroblasts in PTUS.

Cellular trajectory reconstruction analysis of fibroblast clusters in-
dicates that c5 is in the initial stage of differentiation, c3 is in the middle
stage. C2 and c16 are in the terminal stage of differentiation. In order to
explore the functional heterogeneity of fibroblast subpopulation, we
combined Qusage and SCENIC to analyze the expression intensity of
gene sets and the expression of transcription factors. Studies have shown
that excessive ECM deposition caused by fibroblasts can lead to

Fig. 4. Cell communication analysis revealed the ligand receptor interaction network in PTUS. (a) Heatmap of ligand-receptor pairs between PTUS cell clusters. (b)
Bubble plots of ligand-receptor pairs between fibroblasts and non-fibroblasts. (c) Predicted regulatory network centered on fibroblasts. PTUS: post-traumatic urethral
stricture, COL1A2: collagen type I alpha 2, COL6A3: collagen type VI alpha 3, KIT: c-kitprotooncogene protein, KITLG: KIT ligand, PTN: pleiotrophin, PTPRZ1:
protein tyrosine phosphatase, receptor type Z, polypeptide 1, PTPRS: protein tyrosine phosphatase, receptor type, S
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excessive scar formation. Consistent with this, we found that the gene
sets of the fibroblast subpopulations were enriched in the ECM pathway.
The regulation intensity of COL6A3, FN1, LAMA4 genes in the ECM
pathway was significantly increased. In terms of functional heteroge-
neity, c16 activates LAMA2, ITGAV, ITGA8 genes more tensely than
other clusters. Studies have confirmed that LAMAZ2, as a kind of laminin,
is the main component of basement membrane and can promote cell
attachment and migration during scar fibrosis by interacting with
extracellular matrix components [17,18]. As integrins, ITGAV and
ITGAS8 involved in the process of cell attachment and cell matrix
attachment. Since integrins are highly enriched in the dysfunctional
pathway of PTUS, we considered that it may promote urethral stricture.
This hypothesis has been preliminarily explored in subsequent cell
communication analysis.

Furthermore, c16 at the end of differentiation showed high intensity
of transcription factors such as SIX1, DLX5, LHX9 and NKX3-1. Studies
have shown that SIX1 can stimulate angiogenesis, promote cell migra-
tion and epithelial-mesenchymal transition [19]. DLX5 binds to Notchl
and Notch3 gene sites to activate their transcription. In addition, DLX5
combines Akt signal transduction to promote cell proliferation by acti-
vating Wnt signal transduction [20]. LHX9 interacts with p53 to inhibit
the expression of glycolytic enzyme PGK1 and regulate cell proliferation
[21]. Nkx3.1 is an important mediator of bladder fibrosis in bladder
outlet obstruction and is responsible for activating the pathway leading
to tissue fibrosis [22]. NR2F1 can regulate the cell cycle dynamics of
neocortical progenitor cells and affect the balance between the prolif-
eration and differentiation of neural progenitor cells [23]. NR2F1 may
perform a similar function in regulating differentiation in the c5 cluster
at the starting point of differentiation, which needs further experimental
verification.

It is worth pointing out that the non-fibroblast population, especially
vascular endothelial cells, also plays an indispensable role in PTUS. In
the scar tissue, fibroblasts promote vascular endothelial cell prolifera-
tion and angiogenesis by secreting VEGF and bFGF. Endothelial cells can
also secrete TGF-p1, PDGF and bFGF, thus promoting fibroblast prolif-
eration and collagen secretion. The cytokines secreted by fibroblasts and
vascular endothelial cells can form microenvironment between them
and regulate the occurrence and progression of scar. Studies have
demonstrated the role of VEGFR signaling pathway in pathological
angiogenesis [24]. Consistent with previous studies, we found that the
pathological angiogenesis and VEGFR signal pathways were signifi-
cantly activated in PTUS (Supplementary Fig. 3). Furthermore, we
determined the ligand-receptor pair relationship between VEC and fi-
broblasts (Fig. 4C). Studies have shown that MMP2 and integrin avf3
interaction can induce PI3/AKT signal pathway and activate hypoxia
induced transcription factor-la (HIF-la) and vascular endothelial
growth factor (VEGF). Their pairing relationship is crucial for the bal-
ance of extracellular matrix and cell migration [25,26]. In addition, we
observed that scores from the a10p1-COL3A1 pair ranked at the top of
the pairing strength in communication network. Combined with the
high-intensity gene expression of COL3A1, it reveals that integrin signal
pathway can be used as a target to inhibit fibrosis and angiogenesis in
PTUS [27-29]. It is worth noting that we also found that PTPRZ1 from
urethral cells, as a receptor, interacts with PTN from fibroblasts as a
ligand. In addition, KIT from mast cells is connected to KITLG from fi-
broblasts as a ligand. PTN-PTPRZ1 and KIT-KITLG are regulatory genes
of tyrosine kinase signal pathway, which are widely involved in cell
growth, differentiation and mitotic cycle regulation. This suggests that
both two receptor-ligand pairs may be potential targets for regulating
fibroblast proliferation during PTUS [30,31].

In addition to functional heterogeneity, fibroblasts also show struc-
tural heterogeneity. Studies have shown that fibroblasts can show
obvious plasticity and phenotype transformation in the process of
fibrosis. For example, transcription factor PU. 1 can not only polarize
quiescent fibroblasts, but also repolarize ECM degrading inflammatory
fibroblasts into ECM producing fibrosis phenotype. In addition, the
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inactivation of PU. 1 reprogrammed fibroblasts into static fibroblasts,
leading to the regression of fibrosis [32]. In PTUS, further experiments
are still needed to further verify its structural heterogeneity. Despite
these encouraging results, there are still some limitations in the present
study. First, in the process of tissue isolation and preparation of
single-cell suspension, there are impurities that seriously affects the
proportion of active cells. This leads to a small sample size, which may
limit the accuracy of cell lineage and subpopulation characteristics.
Second, the identification of characteristics of cell subpopulation still
needs the support of specific biochemical experimental results. Finally,
we focused on the identification of the lineage-specific regulatory
changes of fibroblasts but not from other cell lineages in PTUS.
Non-fibroblast cells including vascular endothelial cells, leukocytes and
urethral basal cells should be included in further studies.

In conclusion, our study is the first one to explore the cellular het-
erogeneity and lineage-specific regulatory changes of fibroblasts in
PTUS with single-cell resolution. We demonstrated the comprehensive
transcriptional landscape of PTUS and identified the molecular classi-
fication of fibroblast subpopulation. Furthermore, we found that fibro-
blasts played a pivotal role in the intercellular communication of PTUS
cells and identified the bridge role of integrin family in this process. Our
research reveals the potential regulatory role of integrin family in PTUS,
which needs further verification.
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