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Single cell analysis identified s

a basal cell transition state associated
with the development and progression
of bladder cancer
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Abstract

Background Bladder cancer (BC) is a prevalent malignancy characterized by significant cellular heterogeneity. While
single-cell multi-omics studies have provided valuable insights, much of the existing data remains underexplored,
limiting our understanding of BC's molecular mechanisms. Uncovering the pathogenesis of BC and finding new treat-
ment methods are urgent problems to be solved. This study aims to address this gap by re-analyzing available single-
cell datasets to uncover novel insights into BC.

Methods In this study, we retrieved three single-cell transcriptome datasets by searching the Gene Expression
Omnibus (GEO) database, focusing on single-cell sequencing of normal mouse bladder within the past 5 years.
Through quality control and batch effect elimination, we obtained a total of 24,930 cells including epithelial, stromal,
and immune cells. Subgroup analysis, pseudotemporal analysis, cell-cell communication, and transcription factor
analysis were conducted specifically on epithelial cells to identify a transitional state during basal cell differentiation.
We further compared the expression profiles of key transcription factors in cancer and normal tissues. In addition, we
also performed immunohistochemical staining and survival analysis for key transcription factors.

Results Subgroup analysis revealed multiple subtypes of epithelial cells, including basal, umbrella, and intermediate
cells. Through pseudotemporal analysis, we discovered the developmental trajectory from basal cells to umbrella cells
and further found that Basal_| is a transitional state for basal cell differentiation. Cell-to-cell communication analyses
highlighted the pivotal role of Basal_l in cell-cell interactions, and key ligand-receptor pairs associated with cancer
progression were also identified. Furthermore, elevated expression levels of key transcription factors in Basal_| were
found to be closely associated with the stage and prognosis of BC. Immunohistochemical staining results further
confirmed the upregulated expression of these transcription factors in BC.
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Conclusions Collectively, we found a transitional state of basal cells in normal bladder epithelial cells in mice, which
may be related to the occurrence and development of BC, providing important clues for further understanding
of the pathogenesis of BC. Our study provided possible molecular mechanisms or target for the research and treat-

ment of BC.
Keywords Bladder cancer, scRNA-seq, Basal cell

Background

Although human has made great progress in medicine,
there are still many unsolved problems, such as cancer
[1-3]. Cancer is a pathological condition characterized
by the uncontrolled proliferation of abnormal cells, often
leading to local invasion and metastasis. It arises from
genetic mutations and is influenced by environmental
and lifestyle factors, affecting a wide range of tissues and
organs. Numerous research studies on cancer continue to
emerge [4-7].

Current cancer therapies remain limited in effec-
tiveness and often come with significant side effects.
Research efforts are largely focused on improving exist-
ing treatments like chemotherapy, which targets rap-
idly dividing cells, and immunotherapy, which aims to
enhance the immune system’s ability to recognize and
destroy cancer cells [8—10]. Despite these advancements,
there is still a need for more targeted, less toxic options
to improve patient outcomes and address the complexi-
ties of different cancer types.

Bladder cancer is one of the most prevalent malig-
nancies of the urinary tract, representing a significant
public health challenge worldwide. It ranks among
the top 10 most common cancers worldwide, with an
estimated 82,290 new cases and 19,870 deaths in 2023
[11]. The disease is characterized by its high recur-
rence rate and propensity for progression, necessitating
lifelong surveillance and treatment, which contribute
to substantial healthcare costs and patient morbid-
ity [12]. The majority of bladder cancers are urothelial
carcinomas, originating from the epithelial lining of
the bladder. Clinically, bladder cancer presents in two
primary forms: non-muscle-invasive bladder cancer
(NMIBC) and muscle-invasive bladder cancer (MIBC)
[13]. NMIBC accounts for approximately 75% of cases
at initial diagnosis and is confined to the mucosa or
submucosa. It is typically managed with transurethral
resection and intravesical therapies. However, NMIBC
exhibits a high recurrence rate and can progress to
MIBC, which is more aggressive and associated with
a poorer prognosis. MIBC requires radical treatments
such as cystectomy, chemotherapy, and, in some cases,
radiation therapy [14]. Despite advancements in sur-
gical techniques and the advent of immunotherapies,
the molecular mechanisms underlying bladder cancer

initiation, progression, and metastasis remain incom-
pletely understood [15, 16]. Gaining deeper insights
into the cellular composition and molecular pathways
involved in normal bladder function and cancer devel-
opment is critical for enhancing diagnostic, prognostic,
and therapeutic strategies.

Normal bladder epithelium, also known as urothelium,
comprises three main cell types: basal cells, intermedi-
ate cells, and umbrella cells [17]. The differentiation and
maintenance of these cell types are tightly regulated by
various signaling pathways and transcription factors. Dis-
ruption of these regulatory mechanisms can lead to path-
ological conditions, including cancer.

Single-cell RNA sequencing (scRNA-seq) has emerged
as a powerful tool to dissect cellular heterogeneity and
uncover molecular signatures at single-cell resolution
[18, 19]. This technology allows for the identification of
rare cell populations and the mapping of developmental
trajectories, offering invaluable insights into tissue biol-
ogy and disease mechanisms [20—23]. Despite numerous
studies on single-cell multi-omics in bladder cancer, most
of the data remains underutilized [24—28].

In this study, we employ scRNA-seq to comprehen-
sively analyze the normal mouse bladder epithelium,
aiming to delineate the distinct cell populations and
their transcriptional profiles. We gathered three single-
cell transcriptome datasets from literature and public
databases [29, 30]. This comprehensive analysis provides
a detailed map of the cellular landscape in the normal
mouse bladder, laying the groundwork for understand-
ing the molecular alterations that drive bladder cancer.
By integrating single-cell transcriptomics and functional
assays, we aim to uncover key regulatory mechanisms
and potential therapeutic targets that could inform future
strategies for bladder cancer treatment and management.

Materials and methods

Patients and samples

All bladder cancer samples were obtained from bladder
cancer patients in the Tongji Hospital of Tongji Medical
College, Huazhong University of Science and Technol-
ogy, Wuhan, China. All procedures were approved by
the Institutional Review Board of Tongji Medical Col-
lege, Huazhong University of Science and Technology.
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Animials and model establishment

All animal procedures were approved by the Animal
Care and Use Committee of Tongji Medical College of
Huazhong University of Science and Technology. Wild-
type (WT) C57BL/6] male mice (6—8 week old) was
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. The mouse orthotopic bladder can-
cer model was constructed based on a previous study
[31].The mice were anesthetized with isoflurane inhala-
tion, and a 0.5 cm incision was made in the midline of the
lower abdomen of the mice to find the bladder. MB49 cell
suspension (0.1 ml, density of 1x 10° cells/ml) was ortho-
topic injected into the bladder through a syringe. Mice
were allowed to recover from anesthesia in a small recov-
ery room before returning to the housing facility. After
being appear blood in the urine, dislocated the mice to
death.

IHC staining assay

The 4 pum sections obtained from BC patients and ortho-
topic tumors of WT were deparaffinized by heating at
60 °C for 30 min, followed by three washes with xylene,
each lasting 10 min. The sections were then rehydrated
by sequentially washing for 5 min in absolute ethanol I,
absolute ethanol II, 85% alcohol, 75% alcohol, and dis-
tilled water. Antigen retrieval was performed using a
microwave oven to heat the samples in a citric acid anti-
gen retrieval buffer (pH 6.0). To block endogenous per-
oxidase activity, the sections were incubated with 3%
hydrogen peroxide for 30 min. This was followed by a
30-min incubation at room temperature with 3% BSA to
block nonspecific binding. The tissue sections were then
incubated overnight at 4 °C in a wet box with primary
antibodies anti-JUN, anti-EGR1, anti-NR3C1, anti-NFIX,
or anti-GATA6. Immunodetection was carried out at
room temperature using HRP anti-Rabbit IgG antibody
and DAB color developing solution. Finally, the sections
were scanned as high-resolution digital images at 5.4Xx
using a Pannoramic MIDI II scanner.

The expression levels of JUN/EGR1/NR3C1/NFIX/
GATAG6 were evaluated using Remmele and Stegner’s
semiquantitative immunoreactive score scale [32]. The
staining intensity was scored from 0 to 3 (0: negative; 1:
weak; 2: moderate; 3: strong). The proportion of posi-
tive cells was also scored: 0 (no staining), 1 (1-25%), 2
(26-50%), 3 (51-75%), and 4 (76—-100% stained cells).
The final score was obtained by multiplying the staining
intensity score by the positive cell proportion score.

Quality control and cell-type identification
The QC process was conducted using Seurat (version
4.3.0) [33]. Single cells were deemed low-quality and
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excluded if they had fewer than 400 UMIs, more than
5000 UMIs, or over 20% mitochondrial-derived UMI
counts. The DoubletFinder package (version 2.0.3) was
employed to identify doublets [34]. The neighborhood
size (pK) was calculated using the mean—variance-nor-
malized bimodality coefficient (BCMVN) of each sam-
ple, and the number of artificial doublets (pN) was set to
0.25. Harmony was used to correct batch effects among
the patients, utilizing the top 30 principal components
and the top 2000 variable genes [35]. Main cell clusters
were then identified with Seurat’s FindClusters function
(resolution=0.8) and visualized using 2D UMAP [36].
The FindAllMarkers function was utilized to identify the
markers for each cell cluster.

Enrichment analysis

Identify DEGs using Seurat’s FindMarkers function. Use
the following truncation thresholds: adj.pval<0.01 and
|log2Foldchange| >1.5. These DEGs were then loaded
into the clusterProfiler for GO enrichment analysis and
adj.pval < 0.05 was considered to be significantly enriched
[37].

Trajectory inference and analysis

Monocle3 was used to perform pseudotime analysis to
find relationships among epithelial subtypes [38]. With
differentialGeneTest function, the following param-
eters were set: mean expression>0.125, num_cells_
expressed > 10, qval < 0.01.

Cell-cell communication analysis

Cell—cell communication analysis was conducted by Cell-
Chat (version 1.6.1) [39]. All thresholds are default val-
ues. Ligands and receptors in above 10 percent of cells
were then analyzed, and only p value<0.01 was retained
for predicting cell—cell interaction.

Statistical analyses

All statistical analyses and graph generation were per-
formed in R (version 4.3.2) and GraphPad Prism (version
9.0).

Results

Construct a single-cell transcriptomic landscape of normal
mouse bladder

We gathered three single-cell transcriptome datasets
from literature and public databases, focusing on the nor-
mal mouse bladder. Following rigorous quality control
measures and the elimination of duplicate cells, a com-
prehensive set of 24,930 cells was assembled (Fig. 1A).
These datasets comprised 15,118, 4845, and 4967 cells,
respectively. By employing the Harmony algorithm, we
effectively mitigated batch effects and executed the initial
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dimensionality reduction clustering, culminating in the
identification of 14 distinct clusters (Fig. 1B). According
to the markers used in the literature, we accurately clas-
sified these clusters into epithelial (22,335 cells, Epcam,
Krt19), stromal (2211 cells, Colla2, Acta2), and immune
(384 cells, Ptprc) populations, each demonstrating unique
transcriptional signatures [40, 41] (Fig. 1C, D).

Subsequent gene ontology (GO) enrichment analyses
unveiled profound insights into the functional character-
istics of these cell types (Fig. 1E). Specifically, epithelial
cells were enriched in pathways associated with cytoplas-
mic transport, while stromal cells displayed enrichment
in pathways pertaining to extracellular matrix organiza-
tion and extracellular structure organization. Immune
cells, in contrast, showcased enrichment in pathways
linked to lymphocyte-mediated immune response and
adaptive immune response, consistent with their respec-
tive cellular functions and previous studies [30]. These
findings not only confirm the accuracy of our cell type
annotation but also provide valuable insights into the
functional diversity within the normal mouse bladder
transcriptome.

Cluster epithelial cells into multiple subtypes

Following the isolation of epithelial cells, we further
categorized them into distinct subtypes based on tra-
ditional markers, namely basal cells (characterized by
Krt5, Trp63), umbrella cells (marked by Upk2, Upk3a),
and intermediate cells occupying transitional states [29,
30] (Fig. 2A). This segmentation resulted in 13 discrete
epithelial subtypes, comprising 6 basal cell subtypes,
4 umbrella cell subtypes, and 3 intermediate cell sub-
types, each exhibiting a distinct transcriptional landscape
(Fig. 2B).

GO enrichment analysis revealed functional differences
among these subtypes (Fig. 2C). Notably, Basal I, Basal
III, and Basal_IV were enriched in pathways related to
RNA splicing, mRNA processing, and DNA replication,
highlighting their involvement in fundamental cellular
processes. Conversely, Basal_II and Basal_V exhibited
enrichment in cytoplasmic transport pathways, while
Basal_VI featured marker genes associated with cellu-
lar respiration. Umbrella cells emerged as pivotal play-
ers in oxidative phosphorylation and cell-cell junction
organization, underscoring their role in bladder epithelial
function.

Of particular interest, the Basal I subtype exhibited
heightened expression of the Chka gene, responsible for
encoding choline kinase a—an enzyme pivotal in catalyz-
ing the initial step of phosphatidylcholine synthesis, criti-
cal for membrane biogenesis [42] (Fig. 2D). Meanwhile,
the Basal_III subtype showcased elevated expression of
the Ligl gene, encoding DNA ligase I, which is crucial
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for DNA repair and replication [43]. The Basal_IV sub-
type displayed enhanced expression of the Cenpf gene,
responsible for encoding centromere protein F, vital for
cell mitosis and centromere structure maintenance [44].
Collectively, these findings suggest the proliferative and
stem cell-like properties inherent in the Basal_I, Basal_
II1, and Basal_IV subpopulations, shedding light on their
potential roles in bladder epithelial homeostasis and
regeneration.

Pseudotemporal and SCENIC analysis identified Basal_l

as transitional basal cell

Our pseudo-temporal analysis of all epithelial cell sub-
types using Monocle3 revealed a developmental trajec-
tory from basal cells to intermediate cells and ultimately
to umbrella cells, consistent with previous studies
(Fig. 3A, B). Specifically, Basal_IV subtype occupies the
initial stage of this developmental trajectory, which sub-
sequently transitions through Basal_I, Basal II, basal_
III, and Basal_V subtypes, followed by three states of
intermediate cells, before finally differentiates into four
umbrella cell subtypes. Thus, Basal_I serves as an inter-
mediate transition state in the differentiation of basal
cells into intermediate cells and umbrella cells. The 3D
pseudo-temporal analysis corroborated these findings
(Fig. 3C). In terms of cell density, Basal IV exhibited
the highest density at the beginning, and the density of
Basal_I, Basal_II, Basal_III and Basal_V subtypes gradu-
ally increased and then decreased. The intermediate
cells exhibited a similar pattern, while the umbrella cells
showed a gradual increase in density toward the end
(Fig. 3D).

We then extracted the genes contributing to the epithe-
lial pseudotime series analysis for cluster analysis, result-
ing in four distinct gene expression clusters (Fig. 3E). The
expression of genes in cluster 1 gradually increased with
pseudotime, the expression of genes in cluster 2 gradu-
ally decreased with pseudotime, and the expression of
genes in cluster 3 first increased with pseudotime and
then gradually decreased. The genes in cluster 4 were ini-
tially highly expressed, then decreased, before gradually
returning to baseline levels.

Further analysis of transcription factors (TFs) revealed
three distinct clusters (Fig. 3F). TFs in cluster 1 were
highly expressed at the beginning of the pseudotime,
then decreased, and finally increased. TFs in cluster
2 were gradually increased and TFs in cluster 3 were
gradually decreased at pseudo time. Performing GO
enrichment analysis of the three clusters of transcrip-
tion factors, we found that cluster 3, whose expression
gradually decreased with pseudotime, was mainly related
to pathways related to mRNA metabolism regulation,
regulation of DNA-binding transcription factor activity,
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miRNA transcription, chromatin remodeling and main-
tenance of cell population (Fig. 3G). In contrast, cluster 2,
whose expression gradually increased over pseudo time,
was mainly associated with pathways related to muscle
cell differentiation and gland development. Notably, six
transcription factors in cluster 3—Gata6, Nr3cl1, KIf9,
Egrl, Jun and Nfix—were highly expressed in Basal I,
with their expression gradually declining as pseudotime
progressed (Fig. 3H, I). SCENIC analysis of epithelial cell
subsets was also performed, which revealed higher levels
of activity of Gata6, KIf9, and Nr3cl in Basal_I compared
to other subtypes (Fig. 3]). In conclusion, Basal_I repre-
sents an intermediate transition state in the differentia-
tion of basal cells into intermediate cells and umbrella
cells.

Basal_I subtype dominated the interaction with other
subtypes

In our comprehensive analysis, cell communication
assessment using CellChat across all epithelial cell sub-
sets highlighted Basal_I as exhibiting the highest number
and intensity of intercellular interactions among all sub-
types (Fig. 4A, B). Basal_I demonstrated intricate com-
munication with other epithelial cell subsets through
multiple ligand-receptor pairs, including Wnt5a-Fzd6,
THBS1-SDC4/Sdc1/Cd47, Lamb3-Dagl/Cd44, Jag2-
Notchl, F11-F11r, and Agrn-Dagl (Fig. 4C). In vari-
ous malignancies such as melanoma and gastric cancer,
upregulation of WNT5a has been associated with height-
ened cancer cell migration and metastasis, mediated
by the activation of protein kinase C (PKC) and WNT/
calcium pathways. Similarly, Fzd6 activation has been
linked to WNT/calcium pathways and PKC activation,
frequently observed in glioblastomas, suggesting a poten-
tial synergy in driving tumor migration and invasion
[45]. THBS1, a multifunctional glycoprotein, regulates
extracellular matrix structure, cell-cell interactions, and
physiological processes including vascular regulation,
vasoconstriction, and tissue repair. Furthermore, THBS1
plays a significant role in immune regulation and tumor
development [46]. Notably, elevated THBS1 expres-
sion has been associated with advanced stages of blad-
der cancer and poorer prognosis (Supplementary Fig. 1).
LAMBS3 has also been implicated in the invasiveness and
metastatic potential of various cancers, including colon,

(See figure on next page.)
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pancreatic, lung, cervical, gastric, and prostate cancers,
underscoring its significance in cancer progression [47].
Interestingly, interactions involving Basal I predomi-
nated in pathways associated with THBS, LAMININ,
AGRN, and non-canonical WNT signaling (Fig. 4D),
emphasizing the potential impact of Basal I-mediated
communication on tumor microenvironment dynamics
and disease progression.

Tumor cells showed higher expression of specific
transcription factors of Basal_I

The Monocle3 analysis revealed heightened expression
of six transcription factors—Gata6, Nr3cl, KIf9, Egrl,
Jun, and Nfix—in Basal_I. Statistical analysis confirmed
that the expression levels of these transcription factors in
Basal_I were significantly higher compared to other epi-
thelial cell subtypes (Fig. 5A, B).

To further investigate, we analyzed mouse and human
bladder cancer single-cell transcriptome data to discern
differences in the expression of these transcription fac-
tors between bladder cancer cells and normal epithelial
cells. In the human bladder cancer single-cell dataset,
the expression levels of Gata6, Nr3cl, KIf9, Egrl, Jun,
and Nfix were notably elevated in tumor cells com-
pared to normal epithelial cells (Fig. 5C, D). Similarly,
in the mouse bladder cancer single-cell dataset, tumor
cells exhibited significantly higher expression levels of
Egrl, Jun, and Nr3cl compared to their normal epithe-
lial counterparts (Fig. 5D, E). These findings suggest that
these transcription factors are not only highly expressed
in the transitional state of basal cells but also exhibit fur-
ther elevation in expression levels in tumor cells. This
underscores their potential significance in both normal
epithelial cell differentiation processes and the pathogen-
esis of bladder cancer.

Subsequently, we conducted immunohistochemi-
cal staining on samples from both mouse bladder car-
cinoma in situ and human bladder cancer, juxtaposed
with their respective normal bladder counterparts. The
results revealed elevated Immunoreactive Assessment
(IRA) scores for the aforementioned transcription fac-
tors in bladder cancer samples compared to normal blad-
der tissues, across both human and mouse specimens
(Fig. 6). This consistent elevation in IRA scores further

Fig. 3 Pseudotemporal and SCENIC analysis identified Basal_l as transitional basal cell. A UMAP plot of epithelial cell differentiation colored

by subtypes. B UMAP plot of epithelial cell differentiation colored by pseudotime. C 3D plot of epithelial cell differentiation colored by subtypes. D
Density plot of epithelial cell along with pseudotime. E Heatmap of expression of gene profiles along with pseudotime. F Heatmap of expression
of TFs along with pseudotime. G GO enrichment of cluster 2 (left) and 3 (right) in F. H Feature plot of six TFs expressed by subtypes. | Expression

of six TFs along with pseudotime. J Heatmap of SCENIC outcomes. DEGs differentially expressed genes, GO gene ontology, TFs transcription factors
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substantiates the role of these transcription factors in
bladder cancer pathogenesis and progression.

Key transcription factors are associated with the stage

and prognosis of bladder cancer

In our exploration, we delved into the TCGA database
to probe the relationship between the expression levels
of the aforementioned six transcription factors and the
stage and prognosis of bladder cancer. With the excep-
tion of NFIX, the expression levels of the remaining five
transcription factors demonstrated a significant increase
in patients with stage III and IV compared to those with
stage II (Fig. 7A-F, left). Furthermore, patients exhibit-
ing heightened expression of these transcription factors

experienced shorter survival durations (Fig. 7A-F, right).
These findings underscore a direct correlation between
the expression of these transcription factors and the pro-
gression of bladder cancer, with higher expression lev-
els associated with advanced disease stages and poorer
prognosis.

Discussion

Most bladder cancers originate from the urinary tract
epithelium, though the precise cellular origin remains
inconclusive. Despite advancements in surgical technol-
ogy and the advent of immunotherapies, bladder cancer
is still one of the important problems plaguing human
health. The molecular mechanism of bladder cancer
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occurrence, progression and metastasis are still not fully
understood [48].

Previous studies have primarily focused on identifying
new subsets and their marker genes, or the construc-
tion of single-cell transcriptome profiles of normal blad-
der, without directly linking these analyses to bladder
cancer. As a result, the available data have not been fully
leveraged. By reintegrating these datasets, we identified a
basal cell subset and key transcription factors potentially
involved in the development of bladder cancer, which
were not previously reported.

This study performed a comprehensive single-cell
transcriptomic analysis of the normal mouse blad-
der, offering valuable insights into its cellular compo-
sition, functional heterogeneity, and the underlying
mechanisms of bladder cancer progression. Our find-
ings enrich existing knowledge of bladder biology

and highlight the importance of detailed cellular and
molecular characterization in understanding normal
tissue homeostasis and disease states.

By integrating three single-cell transcriptome data-
sets and applying the Harmony algorithm, we effectively
mitigated the batch effect and identified 14 distinct cell
clusters in a normal mouse bladder. Based on estab-
lished markers, these clusters of cells are categorized as
epithelial, stromal, and immune cells. Detailed analysis
of epithelial cells revealed 13 subtypes, with Basal_I,
Basal_III, and Basal_IV enriched in pathways associ-
ated with RNA splicing, mRNA processing, and DNA
replication, indicating their proliferative and stem-like
properties. These features are essential for tissue regen-
eration and homeostasis, highlighting the significance
of these subtypes in bladder epithelial biology.
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Fig. 7 Key transcription factors are associated with the stage and prognosis of bladder cancer. A Box plot of expression of JUN with stages

and survival curve of patients with differentially expressed JUN. B Box plot of expression of KLF9 with stages and survival curve of patients

with differentially expressed KLF9. C Box plot of expression of GATA6 with stages and survival curve of patients with differentially expressed GATA6.
D Box plot of expression of EGR1 with stages and survival curve of patients with differentially expressed EGR1. E Box plot of expression of NR3C1
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of patients with differentially expressed NFIX

We performed pseudo-temporal analysis using Mono-
cle3 to map the developmental trajectory from basal cells
to intermediate cells and ultimately to umbrella cells,
mirroring the differentiation hierarchy observed in other
epithelial tissues. This trajectory supports the notion that
Basal_I acts as an intermediate transition state, playing a
pivotal role in the differentiation of basal cells into more
specialized epithelial cell types. The elevated expression
of transcription factors—Gata6, Nr3cl, KIf9, Egrl, Jun
and Nfix—in Basal_I further emphasizes the importance
of its regulatory function. These transcription factors
likely facilitate the transition from basal cells to interme-
diate cells and umbrella cells, orchestrating the complex
gene expression changes required for differentiation. This

hierarchical organization and the specific roles of these
transcription factors align with established knowledge
of epithelial biology and provide a framework for under-
standing bladder epithelial cell differentiation. It has been
reported that GATAG6 is highly expressed in stem-cell-
enriched bladder cancer compared with stem-cell-defi-
cient bladder cancer, sarcomatoid uroepithelial bladder
cancer has a higher expression of NR3C1 than conven-
tional uroepithelial bladder cancer, KLF9/RGS2 mediates
bladder cancer progression, EGR1 and NFIX are involved
in bladder cancer metastasis, and JUN contributes to
bladder cancer immune escape [49-54]. By combining
our previously generated dataset, we found that these
transcription factors are further upregulated in tumor
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cells [40, 41]. Immunohistochemical staining of mouse
and human bladder cancer samples further validated
these results, confirming the heightened expression of
these transcription factors in bladder cancer.

CellChat analysis revealed that Basal I exhibited the
highest number and intensity of cell-to-cell interactions
in the epithelial subtypes. Notably, interactions such as
Wnt5a-Fzd6 pairs are involved in activating the WNT/
calcium pathway and PKC, both of which are implicated
in cancer cell migration and metastasis [45]. Addition-
ally, elevated expression of THBS1 has been linked to
advanced and poorer prognosis of bladder cancer, high-
lighting its potential role in tumor progression [46]. The
extensive interactions involving interactions Basal_I with
other subtypes suggest that Basal_I may play a key role
in regulating the tumor microenvironment, thereby influ-
encing cancer progression.

Using the TCGA database, we examined the relation-
ship between the expression of six transcription factors
and the stage and prognosis of bladder cancer. With the
exception of NFIX, the expression of the remaining tran-
scription factors was significantly higher in stage III and
IV patients than in stage II patients. Higher expression
levels are associated with shorter survival, suggesting that
these transcription factors may be potential biomarkers
for advanced bladder cancer and poor prognosis.

Conclusion

In conclusion, our comprehensive analysis elucidates the
complex cellular structure and functional heterogene-
ity of the normal mouse bladder and found a transitional
state of basal cells, which may be related to the occur-
rence and development of bladder cancer. Future stud-
ies should focus on validating these findings in human
tissues and exploring the therapeutic potential of target-
ing these pathways and transcription factors in bladder
cancer.
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