
Genes & Diseases (2025) 12, 101578
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.keaipubl ishing.com/en/ journals /genes-diseases
COMMENTARY
Elucidating the pathogenesis of bladder
cancer through single-cell chromatin
accessibility and DNA methylation analysis
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Previous studies have sought to classify bladder cancer
(BLCA) into different molecular subtypes to understand its
pathogenic pathways and uncover specific treatments.1

These subtypes, often based on genetic, transcriptomic, or
proteomic profiles, aim to stratify patients for precision
medicine and improve therapeutic outcomes. Despite these
efforts, such classifications have rarely been applied in
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clinical practice due to challenges in standardization,
reproducibility, and limited translational studies validating
their utility.1 The treatment of BLCA predominantly relies on
surgery, often combined with chemotherapy, immuno-
therapy, targeted therapy, or antibody-drug conjugates.
Radical cystectomy remains the cornerstone for muscle-
invasive bladder cancer (MIBC), while transurethral
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resection and intravesical therapy are common for non-
muscle-invasive bladder cancer (NMIBC).2 However, the
choice of its treatment modality still depends specifically on
whether the disease is NMIBC or MIBC, rather than on the
various molecular subtype classifications.3 Bridging the gap
between molecular research and clinical application remains
a significant challenge, highlighting the need for robust
biomarker validation and the development of treatment al-
gorithms that incorporate these subtypes to better guide
personalized therapy.

Recent advancements in single-cell analytics have
revolutionized our understanding of the complex molecular
mechanisms underlying MIBC. Through our recent integra-
tive analysis via genomic technologies, our research pro-
vides groundbreaking insights into the epigenetic and
transcriptional landscape of BLCA, with a particular focus
on transmembrane-4-L-six-family-1 (TM4SF1)-positive
Figure 1 Origin of muscle-invasive and TM4SF1-positive bladder c
accessibility on MIBC-1685 specific differentially methylated regi
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schematics summarizing bladder cell types, the clinical stages, and
our study revealing a step-wise pathway for the emergence of the
cancer cell subpopulation (TPCS).
cancer subpopulations (TPCS).4 Our work utilized a novel
tool named EpiTrace, developed by our group,5 to track
single-cell evolution via chromatin accessibility. This
approach allowed us to reveal the intricate mechanisms of
intra-tumor heterogeneity across all stages of BLCA.4

Moreover, our previous study found that TM4SF1 was up-
regulated in human MIBC tissues, and associated with T
stage, lymph node metastasis status, and survival rate of
MIBC patients.4

The current study, a commentary analysis of our recent
TPCS paper,4 delves into the chromatin accessibility and
DNA methylation patterns at differentially methylated re-
gions (DMRs) to unravel the pathogenesis and progression of
BLCA, with a particular focus on the transition from non-
muscle invasive to muscle-invasive subtypes.

By analyzing single-cell chromatin accessibility data,
single cells were classified into various clusters: stromal
ancer (BLCA) cells in the urothelium. (A) Single-cell chromatin
ons (DMRs). DMRs are classified as hypomethylated or hyper-
3/1/4), normal epithelial (Cluster 14), or cancer (Cluster 5e13
d DMR (hyperDMR) chromatin was only open in stromal cells and
lial cells and cancer. (C) In contrast, MIBC hypomethylated DMR
rmal epithelial cells, and their chromatin accessibility varied
he basal (bottom) side to the luminal (top) side, showing cell
n them. Basal and intermediate cell lineage are likely to be
more proximal to the major Notch ligand provider. (E) The
subtypes of BLCA. (F) The diagram of the evolution of BLCA in
transcriptionally plastic, clinically important TM4SF1-positive
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(Cluster 2/3/1/4), normal epithelial (Cluster 14), and cancer
(Cluster 5e13 and 15) as Figure 1A. Significant differences
emerged in the behavior of hypermethylated DMRs
(hyperDMRs) and hypomethylated DMRs (hypoDMRs) across
these cell typeswithin thebladderurothelium. Furthermore,
unsupervised hierarchical clustering of hyperDMR levels
pinpointed a small subset of core indicator DMRs that
effectively represent the full DMR dataset and distinguish
samples. These DMRs were categorized into four groups,
strongly associated with cancer invasiveness and clinical
stages.4 All Ta (luminal) subtype tumors showed hyper-
methylationat group1DMRs,which includes genes likeGPX4,
PRCKZ, and CD44.4 Additionally, a subgroup of T3/T4 MIBC
samples4 demonstrated hypermethylation across all indica-
tor DMRs, suggesting a potential origin fromdifferent cellular
ancestries compared with less invasive stages. Moreover,
hyperDMRs were mostly open in stromal cells yet remained
closed in all epithelial cells, indicating that DNAmethylation
levels on most hyperDMRs are stable as BLCA cells evolve
from their progenitors (Fig. 1B). Conversely, hypoDMRs
showed closed chromatin in both stromal and normal
epithelial cells, with varying accessibility across different
cancer cell clusters (Fig. 1C). These observations suggest a
complex regulatory landscape in BLCA where chromatin
accessibility and DNA methylation are intricately linked,
influencing gene expression and cellular phenotype.

Analysis of cellecell signaling within the bladder uro-
thelium highlighted the roles of EGF, TGFb/BMP, and Notch
signaling. Bs1 cells uniquely provided EGF signals, whereas
only intermediate cells delivered TGFb and BMP signals to
other cells.4 Mutual Notch signaling between basal and su-
perficial lineage cells suggested that the physical proximity
of basal cells to endothelial and fibroblast cells, which
supply JAG1/DLL1 ligands (Fig. 1D), could determine cell
fate and lineage bifurcation. This mutual signaling suggests
that the microenvironment and intercellular communica-
tion are critical in determining cell fate within the bladder
epithelium, influencing both normal and cancerous
pathways.

The results of this study suggest distinct origins for
different BLCA subtypes (Fig. 1E). MIBC likely originates
from basal cells due to their proximity to cells providing
essential Notch signals. NMIBC appears to arise from su-
perficial intermediate or umbrella cells. These findings are
summarized in detailed schematics that outline the bladder
cell types, clinical stages, and subtypes of BLCA (Fig. 1F).
Notably, the study charts a step-wise evolutionary pathway
leading to the emergence of a transcriptionally plastic,
clinically significant TPCS, which may be key to under-
standing the progression and treatment resistance in MIBC.

Taken together, this commentary analysis of our
recently published paper regarding EpiTrace5 and TPCS4

indicates that BLCA subtypes may originate from different
cells within the urothelium, driven by intricate patterns of
chromatin accessibility and cellecell signaling. The findings
not only improve our understanding of the molecular
biology of BLCA but also open avenues for targeted thera-
peutic strategies based on the molecular signatures of
different cancer stages and types. This study sets the stage
for future research focused on the interplay between
chromatin state, DNA methylation, and tumor microenvi-
ronment in cancer progression and treatment resistance.
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