
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Chun-Wai Mai,
IMU University, Malaysia

REVIEWED BY

Hongda Zhao,
The Chinese University of Hong Kong,
China
Qiang Li,
University at Buffalo, United States

*CORRESPONDENCE

Guoliang Yang
ygl0511@126.com

Mengyao Liu
liumengyao@renji.com

Bin Yu
yubinrenji@outlook.com

†These authors have contributed
equally to this work

RECEIVED 20 October 2025
REVISED 27 February 2026
ACCEPTED 28 February 2026
PUBLISHED 23 March 2026

CITATION

Yang G, Wang Y, Fan Z, Wei G, Shen X,
Zhang HJ, Liu M and Yu B (2026) Rapid
establishment of KRAS-driven bladder
cancer initiation and immune escape
models using genetically engineered
mice and organoid approaches.
Front. Immunol. 17:1726443.
doi: 10.3389/fimmu.2026.1726443

COPYRIGHT

' 2026 Yang, Wang, Fan, Wei, Shen,
Zhang, Liu and Yu. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 23 March 2026
DOI 10.3389/fimmu.2026.1726443
Rapid establishment of KRAS-
driven bladder cancer initiation
and immune escape models
using genetically engineered
mice and organoid approaches
Guoliang Yang1*†, Yishu Wang2†, Zhangzhengyi Fan1†,
Guojiang Wei1†, Xuqing Shen3, HeJian Zhang1, Mengyao Liu1*

and Bin Yu4,5*

1Department of Urology Renji Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China, 2Department of Neurology, Renji Hospital, School of Medicine, Shanghai Jiao Tong
University, Shanghai, China, 3Department of Radiation Oncology, Zhejiang Cancer Hospital, Hangzhou
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Introduction: Bladder cancer is the tenth most common cancer worldwide and the
sixth most common among men. However, research into representative tumor
models for bladder cancer remains underdeveloped, limiting insights into tumor
biology and drug development.
Methods: We developed an integrated approach combining a novel gene
expression mouse model (GEMM) with advanced organoid technology. This
system was tracked longitudinally using single-cell sequencing to monitor
tumor evolution and cellular dynamics.
Results: Our model accurately recapitulates the single-cell molecular features
and cellular communication networks observed in human bladder cancer. It
provides a scalable and physiologically relevant platform for preclinical
drug screening.
Discussion: This integrated framework offers a new platform for studying tumor
origin and evolution, overcoming key limitations of conventional systems and
advancing bladder cancer research.

KEYWORDS
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Introduction

Bladder cancer is the 10th most common cancer worldwide and the 6th most prevalent
in men (1, 2). It is clinically categorized into non-muscle-invasive (NMIBC) and muscle-
invasive (MIBC) disease. Although NMIBC generally has a favorable prognosis, 60-70% of
cases recur, and 10-20% progress to MIBC, which is associated with poorer outcomes (3, 4).
The genomic landscape of bladder cancer is marked by signi�cant chromosomal instability
and frequent alterations in tumor suppressor genes such as TP53, PTEN, and RB1 (5–7). In
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addition to these common alterations, alterations are also observed
in RAS oncogenes (HRAS, KRAS, NRAS), which occur in
approximately 13% of bladder tumors irrespective of stage or
grade (8, 9). Among these, the mutation frequency of KRAS is
comparatively low (10). Despite its relatively low frequency, KRAS
mutations drive tumor development and progression primarily
through the MAPK pathway, which is frequently dysregulated in
bladder cancer and promotes tumor cell proliferation, invasion, and
survival (11–14). Although the KRAS inhibitor sotorasib has been
approved for KRAS-mutated non-small cell lung cancer, its ef�cacy
in bladder cancer remains unproven (15, 16). Consequently,
developing novel and effective targeted therapies for patients with
KRAS-mutant bladder cancer represents a signi�cant unmet
clinical need.

Bladder cancer research relies on several preclinical models,
including carcinogen-induced mouse models, genetically
engineered mouse (GEMMs) models, patient-derived xenografts
(PDXs), and organoid cultures (17). Carcinogen-induced models,
such as those generated with N-butyl-N-(4-hydroxybutyl)
nitrosamine (BBN), can mimic bladder tumor initiation and
progression but show high heterogeneity and limited genetic
precision (18–20). GEMMs models allow targeted interrogation of
speci�c genes, but remain constrained by dif�culties in inducing
invasive phenotypes and in restricting genetic alterations to de�ned
urothelial cells (19). PDXs and organoids preserve key molecular
features and are valuable for therapeutic testing, yet their reliance
on immunode�cient hosts and variable establishment ef�ciency
restrict their ability to model tumor-immune interactions and
disease heterogeneity (21, 22), Overall, although these models
have substantially advanced the �eld, they remain inadequate for
faithfully reproducing speci�c genetic alterations or fully
elucidating the mechanisms of tumor initiation.

Here, we developed an alternative approach that integrates
GEMMs with organoid technology. Normal urothelial organoids
were established, oncogenically transformed in vitro, and then
transplanted into immunocompetent C57BL/6 mice to generate a
bladder cancer model capable of recapitulating immune evasion.
Single-cell sequencing was applied throughout the transformation
process to delineate dynamic cellular trajectories of tumor initiation
and progression. This model not only addresses the limitations of
conventional systems in genetic speci�city and immune interactions
but also provides a novel framework for investigating the origins
and evolutionary dynamics of bladder cancer.
Result

Establishment of an in vitro oncogenic
transformation model via GEMM-derived
organoids with de�ned mutations in Kras,
Pten, and Trp53

Analysis of the TCGA-BLCA cohort revealed a heterogeneous
somatic mutation landscape. Among 414 samples, TP53 was the
most frequently mutated gene, with mutations detected in
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approximately 49% of bladder cancer samples, highlighting its
central role in bladder tumorigenesis(Supplementary Figure S1A).
However, KRAS (~3%, n = 15) and PTEN (~3%, n = 16) mutations
were observed at lower frequencies but were consistently present in
a subset of patients(Supplementary Figure 1B–D). Co-mutation
analysis demonstrated that KRAS and PTEN mutations occur both
independently and in combination with TP53 alterations,
suggesting diverse molecular subtypes within bladder cancer
(Supplementary Figures S1B–D). Ti/Tv analysis showed
characteristic nucleotide substitution patterns consistent with
somatic mutational processes in urothelial carcinoma
(Supplementary Figures S1E, F). Therefore, studying cancer
models involving KRAS, PTEN, and TP53 is of signi�cant clinical
relevance for understanding the pathogenesis and progression of
bladder cancer.

Because in vivo induction of cancer does not allow for the step-
by-step and clear documentation of the stages of carcinogenesis, we
opted to utilize organoid technology in combination with Lsp-
KrasG12D;Pten� ox/� ox(KP) & Lsp-KrasG12D;Pten� ox/� ox;Trp53� ox/

+(KPP+) GEMMs. This involves establishing normal bladder
organoids, which are then infected with a lentivirus carrying Cre
and a �uorescent reporter (CoGFP). This infection enables the
activation of KrasG12D and deletion of Pten or Trp53—alterations
that are common in bladder cancer—thereby generating
transformed cancerous organoids. Subcutaneous transplantation
of the two tumor organoid types into immunocompetent C57BL/
6 mice revealed that only organoids with the Lsp-KrasG12D;
Pten� ox/� ox;Trp53� ox/+ genotype formed tumors, unlike those
with only Kras and Pten mutations. These �ndings demonstrate
that the Pten/KrasG12D genotype alone is not suf�cient for immune
evasion and tumor formation. Heterozygous loss of Trp53
signi�cantly promotes tumorigenic potentia. To delineate the
differential impact of KP versus KPP+ genotypes on the processes
of tumor initiation and evolution, we employed scRNA-seq to
pro�le normal tissues, organoids (both normal and transformed),
and KPP+ tumors at serial time points. This strategy allows us to
map the cellular origins of cancer and the genotype-speci�c
pathways governing development and immune evasion(Figure 1).

We �rst performed a combined analysis of scRNA-seq data
from normal tissue, normal organoids, KP organoids, KPP+
organoids, and organoid-derived tumor samples. For quality
control, we �ltered out cells expressing fewer than 100 genes and
genes detected in fewer than 3 cells. Low-quality cells were �ltered
using the MAD method, and doublets were removed. Data
integration was performed using scVI based on sample batch. A
total of 79,684 cells were included in the analysis. Cell clustering was
performed with a resolution of 1 (Figure 2A), resulting in 26
subpopulations. These subpopulations were annotated based on
their speci�c marker genes. For example, EpCAM was used to
identify epithelial cells; Lum and Dcn for �broblasts; C1qa and Lyst1
for myeloid cells; Lyve1 and Prox1 for endothelial cells; Cd3 for T
cells; and Acta2 and Rgs5 for mural cells (Figures 2B, C). GSVA
enrichment analysis showed that tumor samples exhibited higher
activation of the KRAS signaling pathway, myogenesis pathway,
and PI3K-AKT-mTOR signaling pathway (Figure 2D). We then
compared normal tissue and normal organoid samples (Figures 2F,
frontiersin.org
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G). Differential gene expression analysis showed that in normal
organoids, genes such as Ly6a, Fgfbp1, and Agr2 were upregulated
compared to normal mouse bladder tissue (Figure 2H). The activity
of these genes is crucial for cell survival and regeneration, which
aligns with the fact that organoids represent a process of cell
regeneration and growth (23–25). Top marker gene enrichment
analysis revealed that in normal tissue, pathways were enriched in
stem cell pluripotency, unsaturated fatty acid synthesis, and fatty
acid degradation, while in normal organoids, pathways were
enriched in steroid biosynthesis and RNA splicing (Figure 2I).

KPP+ tumor organoids display a distinct
molecular pro�le relative to their KP
counterparts

To investigate the mechanism underlying the enhanced
tumorigenicity of KPP+ organoids relative to KP. We compared
the differences between epithelial cells in organoids of KP and KPP+
samples (Figure 3A). Differential gene expression analysis and
analysis of top marker genes showed that Krt4, Trp53, and Plac8
were signi�cantly differentially expressed in KP samples, while
Fxyd2 and Ptn were upregulated in KPP+ samples (Figure 3B).
The genomic PCR analysis for genotyping KP and KPP+ cells
con�rmed the knockout status of Pten and Trp53 . Gel
electrophoresis results showed complete knockout of Pten in both
KP and KPP+ cells. For Trp53 in KPP+ cells, a heterozygous
deletion was observed, indicated by a band intensity weaker than
that of the control group (Figure 3C). Using cDNA from organoids,
we performed PCR ampli�cation of Kras exon 1 followed by Sanger
sequencing. The results con�rmed the presence of correct
nucleotide mutations at the G12 position of Kras in both KP and
KPP+ samples(Figure 3D). Pathway enrichment analysis indicated
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that KP samples were mainly enriched in metabolic pathways, while
KPP+ samples were mainly enriched in drug metabolism and DNA
repair pathways (Figure 3G). We also calculated the cell stemness
scores of epithelial cells using CytoTRACE (Figures 3E, F). In KP
samples, more cells had lower stemness scores (indicating lower
stemness), while the overall stemness score was higher in KPP+
samples, suggesting that KPP+ samples exhibited higher stemness
(Figures 3G, H). Immunohistochemical analysis revealed that both
KP and KPP+ cells expressed the epithelial markers CK5, CK8,
CD324 and Ki-67(Figure 3I).

Organoid-derived tumors demonstrate
superior modeling of human bladder
cancer by more faithfully capturing its
single-cell molecular and cellular
communication pro�les compared to the
BBN-induced model

Next, we compared the single-cell RNA sequencing data from
our organoid-derived tumors, BBN-induced mouse bladder
cancer, and human bladder cancer samples. We �rst integrated
our tumor samples and BBN-induced mouse bladder cancer
samples and annotated them according to previous rules
(Figures 4A, B). Notably, B cells were almost absent in our
tumor samples, while they were abundant in the BBN-induced
mouse bladder cancer model (Figure 4C). We separately
annotated the human bladder cancer samples, following the
same general principles (Figures 4D, E). BBN-induced samples
showed abundant B cells compared to our tumor samples. In the
BBN-induced mouse bladder cancer samples, mural cells and
myeloid cells were relatively reduced (Figure 4F). In human
samples, signi�cant heterogeneity was observed, with varying
FIGURE 1

Schematic diagram illustrating the establishment of bladder cancer organoids and the subcutaneous allograft model. Bladders were dissected from
genetically engineered mice (Genotypes: KP: KrasG12D; Pten�ox/�ox; or KPP+: KrasG12D; Pten�ox/�ox; Trp53�ox/+). The tissues were dissociated into
single cells and cultured as organoids. To induce cancer transformation in vitro, the bladder organoids were infected with a viral vector expressing
GFP and Cre recombinase. Modi�ed GFP-positive cells were subsequently enriched via Fluorescence-Activated Cell Sorting (FACS) and
subcutaneously injected into wild-type C57BL/6 mice for in vivo tumorigenesis assays.
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proportions of different cell types across different patient samples.
In the pooled analysis, human samples showed fewer �broblasts
and lower proportions of B cells, but a relatively higher proportion
of endothelial cells (Figures 4G, H).
Frontiers in Immunology 04
We compared the top marker genes of different cell
subpopulations across the three types of samples. In our tumor
samples, epithelial cell-speci�c genes included Fxyd3, Krt7,
S100a14, Epcam, and Cldn4 (Figure 5A). In BBN-induced
FIGURE 2

Overview of single-cell RNA sequencing annotation and comparison between normal tissue and normal organoids. (A) UMAP clustering of all cells at a
resolution of 1.0. (B) Dot plot showing cell-speci�c marker genes following annotation of different cell subpopulations. (C) UMAP visualization after
completion of cell annotation. (D) GSVA differential expression heatmap based on annotated cell subpopulations using the HALLMARK gene set. (E)
Proportion of different cell subpopulations across all samples. (F) UMAP of scRNA-seq data following annotation for normal tissue and normal organoids.
(G) UMAP showing cell distribution in normal tissue and normal organoids; left panel: normal tissue, right panel: normal organoids. (H) Volcano plot of
differential gene expression analysis for epithelial cells between normal tissue and normal organoids. (I) Enrichment analysis of top marker genes in
epithelial cells from normal tissue and normal organoids; numbers within circles represent the count of differentially expressed genes.
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mouse bladder cancer, epithelial cell-speci�c markers were Ly6d,
Sprr1a, Gsta4, Fxyd3, Krt7, and Krt18 (Figure 5B). In human
single-cell data, epithelial cell-speci�c markers were KRT9, KRT7,
MGST1, KRT18, and KRT8 (Figure 5C). Subsequently, we
compared the expression of tumor-related genes (EGFR,
TACSTD2, DSG3, MUC1, etc.), normal bladder epithelial
Frontiers in Immunology 05
markers (UPK family), and genes related to proliferation, EMT,
and the p53 pathway in epithelial cells from the three different
sample types. We observed that in BBN-induced mouse bladder
cancer samples, the expression of normal bladder epithelial
marker genes (UPK family) was higher, while in our samples
and human bladder cancer samples, the expression of the tumor-
FIGURE 3

Characteristics of organoid culture and scRNA-seq analysis. (A) UMAP plot of epithelial cells in KP and KPP+ samples. (B) Volcano plot of
differentially expressed genes in epithelial cells between KP and KPP+ samples. (C) Genomic PCR analysis of Pten and Trp53 genotypes in KP and
KPP+ cells. (D) Sanger sequencing validation of Kras mutations in KP and KPP+ samples. (E) CytoTRACE cell stemness analysis of epithelial cells in KP
and KPP+ samples. (F) UMAP plot of CytoTRACE scores. (G) Box plots of CytoTRACE scores in epithelial cells from KP and KPP+ samples. (H)
Enrichment analysis of differentially expressed genes in epithelial cells between KP and KPP+ samples. (I) IHC staining of different markers in normal
bladder epithelial organoid, KP organoid, and KPP+ organoid. Scale bars: 20 mm.
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