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Immune checkpoint gene signature sy
assesses immune infiltration profiles
in bladder cancer and identifies KRT23 as an
immunotherapeutic target

Dongshan Chen'?", Haoyuan Cao'", Xiang Zheng'", Haojun Wang', Zengchi Han*® and Wei Wang'"

Abstract

Background In the past few decades, researchers have made promising progress, including the development

of immune checkpoint inhibitors (ICls) in the therapy of bladder cancer (BLCA). Existing studies mainly focus on
single immune checkpoint inhibitors but lack relevant studies on the gene expression profiles of multiple immune
checkpoints.

Methods RNA-sequencing profiling data and clinical information of BLCA patients and normal human bladder
samples were acquired from the Cancer Genome Atlas and Gene Expression Omnibus databases and analyzed to
identify different expression profiles of immune checkpoint genes (ICGs) after consensus clustering analysis. Based on
the 526 intersecting differentially expressed genes, the LASSO Cox regression analysis was utilized to construct the
ICG signature.

Results According to the expression of ICGs, BLCA patients were divided into three subtypes with different
phenotypic and mechanistic characteristics. Furthermore, the developed ICG signature were independent
predictors of outcome in BLCA patients, and was correlated with the immune infiltration, the expression of ICGs and
chemotherapeutic effect.

Conclusions This study systematically and comprehensively analyzed the expression profile of immune checkpoint
genes, and established the ICG signature to investigate the differences in ICGs expression and tumor immune
microenvironment, which will help risk stratification and accelerate precision medicine. Finally, we identified KRT23 as
the most critical model gene, and highlighted KRT23 as a potential target to enhance immunotherapy against BLCA.

Keywords Urinary bladder neoplasms, Immunotherapy, Tumor microenvironment, Prognosis, Immune checkpoint

inhibitors
"Dongshan Chen, Haoyuan Cao and Xiang Zheng have contributed 'Department of Urology, Beijing Chaoyang Hospital Affiliated Capital
equally to this work and share first authorship Medical University, 8 Gong Ti Nan Road, Chaoyang District,

Beijing 100020, China

*Correspondence: ’Department of Urology, Qilu Hospital of Shandong University, Wenhuaxi
ZengchiHan Road #107, Jinan 250012, China
hzc3203@163.com *Department of Urology, The Second Affiliated Hospital of Shandong
WeiWang University of Traditional Chinese Medicine, NO.1 Jingba Road, Shizhong
weiwang0920@163.com District, Jinan 250001, China

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0009-0004-1544-5229
https://orcid.org/0000-0003-2642-3338
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-024-12790-w&domain=pdf&date_stamp=2024-8-17

Chen et al. BMC Cancer (2024) 24:1024

Introduction

Bladder cancer (BLCA) is the seventh most common type
of malignant tumor worldwide [1]. Moreover, approxi-
mately 549,393 people were newly diagnosed with blad-
der cancer, and 199,922 patients died of the disease in
2018 [2]. Besides basic diagnosis based on symptoms
and physical exams, exfoliated urothelial cells and cys-
toscopy are the primary methods of diagnosing bladder
cancer, making BLCA one of the most expensive cancers.
Approximately 80% of newly diagnosed patients pres-
ent with non-muscle-invasive bladder cancer (NMIBC),
and 10-20% of them will progress and invade the bladder
muscle [3]. Muscular invasive bladder cancer (MIBC) is
more prone to lymph node and organ metastasis, and the
MIBC survival rate of five-years remains low [4]. Tradi-
tional therapy for bladder cancer mainly includes surgi-
cal resection and local or systemic chemotherapy, but the
postoperative recurrence and the distant metastasis are
difficult to control [5]. Therefore, it is urgent to develop
new detection and treatment strategies to reduce the risk
of recurrence and progression.

Although cisplatin-based combination chemother-
apy realized the ideal reduction of death risk induced
by bladder cancer, chemoresistance is developed and
remains one of the chief reasons for cancer recurrence
[6]. Additionally, the age-related and/or disease-related
comorbidities may delay or impede the receipt of cispla-
tin-based perioperative chemotherapy [7]. As our under-
standing of the interaction between tumor cells and the
tumor immune microenvironment (TIME) deepens, the
increasing use of immune checkpoint inhibitors (ICIs)
has revealed encouraging clinical efficacy in treatment.
Interestingly, compared with other cancers, MIBC is one
of the tumors with the highest mutation profiles, while
cancers with high mutation burden, such as melanoma
and non-small cell lung cancer, respond very well to ICls
[8-11]. In the past few decades, researchers had made
promising progresses in the treatment of bladder cancer,
including ICIs [12]. For example, a press in 2023 indi-
cated that the combination of cisplatin/gemcitabine with
nivolumab demonstrated statistically significant improve-
ments in progression-free survival (PFS) and overall sur-
vival (OS) compared to using cisplatin/gemcitabine alone
[13]. At present, the US Food and Drug Administration
(FDA) has approved several ICIs for the treatment of
cisplatin-ineligible patients and patients with advanced
BLCA who progress despite cisplatin-based chemother-
apy [14]. Despite it showed great prospects relative to
past therapies, it must be recognized that only a subset
of patients achieves long-term durable responses [15]. A
major challenge in the ICIs therapy area is to investigate
the mechanism of ICGs in BLCA and to identify patients
that may respond to specific immunotherapies.
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In the present study, we divided BLCA patients into
three ICG clusters and built the ICG signature on the
basis of the differentially expressed genes among different
clusters to predict progression and outcome of BLCA.
Besides, we discussed the correlation of ICG signature
with the tumor immune microenvironment, and further
investigated the potential mechanisms between ICGs and
basic TIME characterizations. Here, our study identifies
a new ICG signature to clarified the progress mechanism
in bladder cancer and provides potential biomarkers and
therapeutic targets.

Results

Overview of genetic changes and expression variations of
immune checkpoint genes in BLCA

Among the 412 samples in TCGA-BLCA dataset,
92 samples (about 22.33%) showed ICGs mutations,
and KDR showed the highest frequency of mutations
(Fig. 1A). Additionally, waterfall diagram showed that
missense mutation and nonsense mutation were the most
common mutation types. Through the analysis of the fre-
quency of the copy number variation (CNV) changes,
we also found that most of CNV changes of ICGs were
concentrated in the gain of copy number, and the gain
of CD244, CD48, SLAMF1 and CD160 were the most
obvious (Fig. 1B). The CNV changes of the ICGs on the
chromosome were shown in Fig. 1C. In order to study the
tumorigenic mechanism at the expression level, we fur-
ther analyzed the expression levels of ICGs between nor-
mal and tumor samples. 30 ICGs were identified as genes
with statistically differential expression finally (Fig. 1D).
Those findings revealed the pathogenesis of BLCA more
comprehensively, and may provide guidance for medica-
tion guide of ICIs.

Tumor classification based on the ICGs

After merging the GEO and TCGA databases, we per-
formed the survival analysis to clarify the prognostic
implication of these ICGs in BLCA samples. The K-M
analysis of all the prognosis related ICGs in the merged
cohort was shown in Supplementary Table S1. In addi-
tion, we analyzed the correlation network containing
all ICGs of prognostic functions (Fig. 2A). Based on the
expression levels of 53 ICGs, we performed the consen-
sus clustering analysis and divided all samples into three
clusters to investigate the relationship between these
ICGs and BLCA subtypes (Fig. 2B). The OS of three
subtypes was significantly different (p<0.05). And the
survival advantage of cluster C was higher than that of
cluster B and A successively (Fig. 2C). The correlation
heatmap demonstrated the expression of ICGs and the
clinical manifestations including age, gender, grade and
TMN stage of these three different clusters (Fig. 2D). The
result showed that most ICGs expressed highly in cluster
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Fig. 1 Survey of genetic changes and expression variations of immune checkpoint genes in BLCA. (A) The landscape of mutation profiles of 68 ICGs
in 412 bladder cancer patients from TCGA-BLCA cohort. (B) The CNV variation frequency of ICGs. red circle: amplified frequency; green circle: missing
frequency. (C) The location of CNV alteration of ICGs on chromosomes. CNV, copy number variations. (D) The expression difference of 68 ICGs between

normal and BLCA samples. ***p <0.001, **p < 0.01, *p <0.05

C and lowly in cluster B. Then we analyzed immune atlas
of ICG clusters and found that activated immune cell
infiltration, including the presence of dendritic cells
(DCs), macrophages, natural killer cells (NKs), neutro-
phil, along with activated B, CD4 and CD8 T cells, was
abundant in cluster C, which typically indicates signifi-
cant survival benefits (Fig. 2E). Finally, the principal com-
ponent analysis indicated that patients were well divided
into three clusters (Fig. 2F).

GSVA and functional enrichment analysis between ICG
clusters

We performed GSVA to detect differential pathway
activity of these three clusters and provides an intui-
tive and stable context for assessing biological activ-
ity (Fig. 3A and C). The result showed cluster C
was significantly enriched in enrichment pathways
related to complete immune activation, including

CYTOKINE_CYTOKINE_RECEPTOR_INTERAC-
TION, T_CELL_RECEPTOR_SIGNALING_PATH-
WAY, B_CELL_RECEPTOR_SIGNALING_PATHWAY,
CHEMOKINE_SIGNALING_PATHWAY, NOD_LIKE_
RECEPTOR_SIGNALING_PATHWAY, NATURAL_
KILLER_CELL_MEDIATED_CYTOTOXICITY and
TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY
(Fig. 3B and C). Surprisingly, compared with cluster B,
cluster A was significantly enriched in innate immune
cell infiltration including CHEMOKINE_SIGNALING_
PATHWAY, T_CELL_RECEPTOR_SIGNALING_PATH-
WAY, B_CELL_RECEPTOR_SIGNALING_PATHWAY
and NATURAL_KILLER_CELL_MEDIATED_CYTO-
TOXICITY, while the prognosis of the patients in cluster
A was significantly worse than that of patients in cluster
B (Fig. 3A). Thus, we suspected that this may be due to
the aberrant activity of REGULATION_OF_ACTIN_
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Fig. 2 Tumor classification based on the ICGs. (A) The correlation network of all the prognosis related ICGs with correlations of absolute values greater
than 0.2. Red indicates positive correlation and blue indicates negative correlation. (B) The consensus score matrix of all samples when k=3 in merged
cohorts (TCGA-BLCA, GSE13507 and GSE31684) based on the expression of ICGs. (C) OS curves for the three ICG clusters based on 670 patients with BLCA.
(D) The heatmap of gene expression and clinical correlation among different clusters of BLCA. (E) Differential expression of immune cells among the BLCA
ICG clusters. ***p <0.001, **p <0.01, *p <0.05. (F) PCA analysis of the different ICG clusters based on the prognosis related ICGs
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CYTOSKELETON and ECM_RECEPTOR_INTERAC-
TION signaling pathway.

Subsequently, we determined DEGs among different
subtypes and extracted 526 intersecting DEGs for sub-
sequent analysis (Fig. 3D). GO enrichment analysis and
KEGG pathway analysis were then performed to further
explore the differences in the functions and pathways of

these intersecting DEGs. BPs were mainly enriched in
T cell activation, negative regulation of immune system
process, leukocyte cell-cell adhesion and regulation of
T cell activation. CCs were mainly enriched in external
side of plasma membrane, secretory granule membrane,
endocytic vesicle and MHC protein complex. MFs were
mainly enriched in receptor ligand activity, signaling
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receptor activator activity, chemokine activity, immune
receptor activity and cytokine receptor binding (Fig. 3E).
KEGG were mainly enriched in cytokine—cytokine
receptor interaction, phagosome, antigen processing and
presentation, Th1l and Th2 cell differentiation and TNF
signaling pathway (Fig. 3F). The results indicated that
the intersecting DEGs were clearly correlated with the
immunomodulation functions, inflammatory cell che-
motaxis and epithelial mesenchymal transition (EMT)
related factors.

Tumor classification based on the intersecting DEGs

The Univariate Cox regression analysis was used to ana-
lyze the prognostic values of intersecting DEGs in the
merged cohort, and a total of 127 genes were considered
as genes associated with prognosis (supplementary Table
S2). We then performed the unsupervised clustering

A Cc
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analysis to verify the correlation between these prognosis
related intersection DEGs and BLCA subtypes (Fig. 4A).
Based on the highest intragroup correlations and lowest
intergroup correlations when k=2, we classified all BLCA
patients into two clusters, and we found that the progno-
sis of patients from cluster A was significantly better than
that of the patients from cluster B (Fig. 4B). The expres-
sion of prognosis related intersection DEGs and the clini-
cal information including age, gender, grade, TNM stage
were showed in a heatmap, and we found there were sig-
nificant expression differences between two clusters and
little differences in clinical features (Fig. 4C). The analy-
sis of ICGs different expression showed that the expres-
sion levels of most ICGs were significantly reduced in the
cluster A, while expression of CD24, CD96, CEACAM],
TNFRSF14, TNFRSF25 and VTCNI were increased sig-
nificantly in cluster A (Fig. 4D).
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Fig. 5 Establishment of a ICG signature. (A) LASSO Cox regression analysis. (B) Alluvial diagram showing the changes of ICG clusters, intersecting DEGs
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Table 1 The coef of the ICG signature

Gene name Coef
TNFAIP6 0.113
CPVL 0.097
CD3D 0278
SLENT1 0.110
GBP4 0110
PLEKHAG6 -0.166
KRT23 0.063
PPP1R3C -0.106
SPRR3 0.058

Coef regression coefficient

Establishment and validation of a ICG signature

The samples in the merged dataset were randomly
assigned into training cohort and testing cohort. We
performed the least absolute shrinkage and LASSO Cox
regression analysis using 127 prognosis related genes
in the training cohort to build the 9-gene risk signature
(Fig. 5A). The regression coefficients of the 9 signature
genes were shown in Table 1. The alluvial map was used
to visualize the model construction and testing (Fig. 5B).
Furthermore, the risk score of the patients in ICG cluster

A was higher than that in ICG cluster B and ICG cluster
C in succession (Fig. 5C), while the patients in geneclus-
ter B favored high-risk scores compared to those with
in genecluster A (Fig. 5D). It was obvious to note that
increased risk scores were shown to correlate with poor
prognosis. Wilcoxon test was applied to investigate the
relationship between the expression of these ICGs and
BLCA risk subtypes (Fig. 5E).

We divided patients in total, training and testing
cohorts into high and low risk groups with median risk
score of training cohort. We found that the low group
had a clear survival advantage over the high group in
total (Fig. 6A), training (Fig. 6B) and testing cohorts
(Fig. 6C). The subsequent ROC analysis demonstrated
that this ICG signature could reliably evaluate the effi-
ciency of prognosis prediction, and we found that AUC
in training cohort was 0.777 for 1-year, 0.709 for 2-year,
and 0.706 for 3-year survival (Fig. 6E). In addition, the
signature was respectively validated in the total and
testing cohorts (Fig. 6D and F). The risk scatterplot and
heatmap revealed the difference of survival status distri-
bution and model gene expression between low-risk and
high-risk groups in total, training, and testing cohorts
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(Fig. 6G and I). Moreover, we observed consistent results
in the GSE13507 and GSE31684 dataset (Supplemen-
tary Fig S1). The 9 ICGs-related genes forming the sig-
nature exhibited distinct expression diverse expression
patterns, including five relatively highly expressed genes

(TNFAIP6, CPVL, SLFN11, KRT23 and SPRR3) and four
relatively lowly expressed genes (CD3D, GBP4, PLE-
KHAG6 and PPP1R3C), consistent with the risk coefficient.

Subsequently, we conducted an in-depth analysis of
differentially expressed genes between high-risk and
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low-risk patient groups, uncovering significant biologi-
cal disparities between the two groups (Supplementary
Fig S2A and S2B). Our GO analysis identified several
biological processes and cellular compartments where
the DEGs are enriched, including collagen fibril organi-
zation, extracellular matrix organization, collagen-con-
taining extracellular matrix (Supplementary Fig S2C).
The KEGG enrichment analysis identified significant
enrichment of pathways related to cytoskeleton organi-
zation in muscle cells, ECM-receptor interaction, IL-17
signaling, and protein digestion and absorption in the
DEGs (Supplementary Fig S2D). These findings suggest
that the dysregulation of these pathways may contrib-
ute to the aggressive behavior of bladder cancer, includ-
ing increased cell motility, altered ECM-cell interactions,
immune evasion, and altered nutrient utilization. Subse-
quently, we constructed a PPI network of the identified
DEGs to identify potential hubs and interactors (Supple-
mentary Fig S2E). These proteins may play crucial roles
in bladder cancer development and could serve as poten-
tial therapeutic targets or drug discovery leads.

Evaluation of the ICG signatureAs shown in Fig. 7A,
the risk scores and all significant factors for prognosis
(including age, gender, grade, TNM stage) were inte-
grated into a novel prognostic nomogram to provide a
reliable quantitative tool for predicting the prognosis of
BLCA patients. The nomogram could effectively predict
the 1, 3 and 5 year survival rates of BLCA patients.

A comparative analysis between the high- and low-risk
groups stratified by our ICG signature revealed notable
differences in tumor immune dysfunction and exclusion
(TIDE), microsatellite instability (MSI), dysfunction, and
exclusion scores. Specifically, the low-risk group exhib-
ited higher TIDE and T-cell dysfunction scores, as well
as a lower T-cell exclusion score, indicating a signifi-
cant variation in the responsiveness to immunotherapy
between the two risk groups (Supplementary Fig. 3A-
3 C). However, there was no discernible difference in
the MSI score between the two subgroups (Supplemen-
tary Fig. 3D). Subsequently, ROC curve analysis was
employed to assess the prognostic superiority of our
ICG signature model over the existing TIDE and 18-gene
T-cell inflammation signature (TIS) models. The TIDE
model evaluates the degree of immune cell dysfunction
and exclusion within the tumor microenvironment, while
the 18-gene TIS model delves into the expression of a
panel of immune-related genes to predict patient prog-
nosis [16]. Our model demonstrated an AUC value that
exceeded those of both the TIDE and 18-gene TIS mod-
els (Supplementary Fig. 3E), suggesting that the ICG sig-
nature holds the potential to enhance the accuracy of risk
stratification and prognosis prediction for bladder cancer
patients when compared to the existing methods.
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Identification of the immune characteristics and tumor
mutational burden (TMB)

Correlation analysis of 9 model genes and invasive
immune cell types was used to study the potential
impact of ICG signature on BLCA immune microenvi-
ronment (Fig. 7B). Further investigation on the correla-
tion between infiltrating immunocytes and risk scores
revealed that risk scores had positive correlations with
macrophages MO, macrophages M2, neutrophils, den-
dritic cells activated, T cells CD4 memory resting and
mast cells activated, and risk scores had negative cor-
relations with T cells CD8, T cells regulatory (Tregs), T
cells gamma delta, Macrophages M1 and activated T cells
CD4 memory (supplementary Fig S4). To quantify differ-
ences of tumor microenvironment (TME) between high
and low-risk groups, ESTIMATE scores were calculated
and demonstrated that high-risk group had significantly
higher ESTIMATE, stromal, and immune scores com-
pared to low-risk group (Fig. 7C).

Afterwards, we compared the differences of TMB
between different risk subgroups. We found that the fre-
quency of tumor mutation in high-risk group (95.07%)
was higher than that in low-risk group (92.57%), and the
most common types of mutation were missense mutation
and nonsense mutation (Fig. 7D and E). Next, we deter-
mined the top 20 genes with the highest mutation rate in
the risk subgroups and found that 7P53 was the common
mutation gene, with the mutation rates of over 40% in
both risk groups.

The role of ICG signature in immunotherapy and
chemotherapy

Previous studies have shown that anti PD1/PD-L1 immu-
notherapy is long-term effective for patients with high
TMB status [17], and only a handful of patients benefit
from ICI therapies. Therefore, we further explored the
differential expression of most common ICIs, and found
that three hot immune checkpoint genes (PD-L1, PD-1,
and CTLA4) in the TCGA-BLCA cohort were up regu-
lated in low-risk group, indicating that a better response
to immunotherapy (Fig. 7F). As previously mentioned,
combination chemotherapy based on cisplatin is still
the first-line treatment standard for locally advanced or
metastatic urothelial carcinoma [15], and methotrexate,
docetaxel and paclitaxel were also shown to have signifi-
cant and curative effect in bladder cancer [18-20]. Thus,
we investigated the role of the risk model in predicting
the efficacy of chemotherapy in BLCA patients. We found
that high risk patients were inclined to possess lower half
inhibition concentration (IC50) of chemotherapy drugs
(such as cisplatin docetaxel and paclitaxel), while the sen-
sitivity of the low-risk group to methotrexate was higher
than that of the high-risk group (all p<0.05, Fig. 7QG).
These results suggested that this ICG signature may help
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in selecting chemotherapeutic drugs and judging the
therapeutic effects.

Furthermore, we profiled T cells using single-cell RNA
to assess the T cell composition of the tumor environ-
ment. Series GSE149652 was downloaded from GEO
database and composed of human bladder tumors and
non-malignant tissue of 2 standard-of-care-untreated
patients (“untreated”), 1 chemotherapy-treated patient
(gemcitabine +carboplatin, “chemo”), and 4 anti-PD-L1-
treated patients (“anti-PD-L1”). Unsupervised clustering
of immune cell infiltration data revealed the presence of
T cell components, including CD4 T, CD8 T, Tregs, and
NK cells (Fig. 8A). Next, we assessed the T cell-inflamed
and checkpoint gene differences in different treatment
groups and found that the T cell-inflamed and check-
point gene expressions in anti-PD-L1 group were gener-
ally higher than those in the other two groups (Fig. 8B).

To further evaluate the importance of these model
genes for the prognostic contribution of BLCA patients,
we performed a random forest analysis of these genes
based on risk scores and patient survival status and found
that the mean decrease Gini of KRT23 was higher in both
analyses (Fig. 8C and D). Immune infiltration analysis
revealed that KRT23 expression was negatively correlated
with the infiltration of CD8+T and CD4+cells in bladder
cancer, while positively correlated with the infiltration of
dendritic cells and neutrophils, indicating a complex role
for KRT23 in shaping the immune microenvironment of
bladder cancer (Supplementary Fig S5). Additionally, we
mainly analyzed the KRT23 expression in different T cell
types and found KRT23 was generally low expressed in T
cells, which was similar to the results of data merged by
TCGA and GEO database (Fig. 8E and F).

Knockdown of KRT23 inhibited BLCA Cell proliferation,
migration and invasion, and promoted apoptosis

The expression of KRT23 increased in the normal, low
grade and high grade samples in the HPA database pro-
gressively (Fig. 9A). Next, we performed RT-qPCR in 4
cell lines, consisting of 3 BLCA cell lines and 1 normal
bladder epithelium cell line, and found that KRT23 has
a strong expression in the bladder cancer cells (Fig. 9B).
We selected T24 and J82 cells to further verify the impor-
tance of KRT23.

To further explore the biological function of KRT23 in
BLCA cells, the expression of KRT23 was knocked down
in T24 and J82 cells using two different siRNAs. The effi-
ciency of transfection of KRT23 siRNA was verified in
mRNA levels (Fig. 9C). First, we examined the colony
formation and proliferative capacity of BLCA cells after
KRT23 knockdown. Inhibition of KRT23 expression
markedly suppressed the colony formation and cell prolif-
eration (Fig. 9D and E). Subsequently, we performed the
wound healing assay scratch assay and transwell assay,
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and the results showed that KRT23 knockdown impaired
the migration and invasion ability of the T24 and J82 cells
(Fig. 9F and G). The apoptosis rate in the KRT23 knock-
down groups of T24 and J82 cells was significantly higher
than those in the si-NC groups (Fig. 9H). To evaluate
the correlation between KRT23 and clinical outcome,
we detected KRT23 expression in tumor and adjacent
tissues of 6 BLCA patients using western blotting, and
the results showed that KRT23 was highly expressed in
tumor tissues (Fig. 10A). Those results indicated that
KRT23 knockdown inhibited proliferation and promotes
apoptosis, and KRT23 plays an important role in the pro-
cess of promoting tumorigenesis.

Knockdown of KRT23 inhibited tumor proliferation in vivo
Subsequently, we explored the impact of OGT on tumor
formation in mice via a xenograft model. Control (shC-
trl) or KRT23 knockdown (shKRT23) T24 cells were
injected into the flanks of male nude mice. Compared to
the control group, the tumors in KRT23 knockdown were
significantly small and light in weight (Fig. 10B and C).
At the end of this experiment, the mice were killed and
their tumors were isolated. Immunohistochemistry of
tumors showed that PCNA and ki67 were decreased due
to the decreased expression of KRT23 (Fig. 10D), which
indicated the inhibitory effect of KRT23 knockdown on
tumor proliferation and was consistent with the findings
in vitro.

Discussion

Despite significant advances in monitoring opportu-
nities and unique therapeutic options, the survival of
BLCA patients has not significantly changed in the past
30 years [21]. In view of the high frequency mutations
identified by next-generation sequencing [22, 23], differ-
ent biomarkers and therapies will be required to improve
patients’ outcome in different clinical application. The
effect of perioperative cisplatin-based combination che-
motherapy on the survival rate of BLCA patients is still
limited [24]. Currently, with the deepening of the research
on immune checkpoint mechanism, immune-checkpoint
inhibitors (CPIs) had shown great potential in the treat-
ment of multiple types of malignancies and approved by
EDA for first-line metastatic therapy in patients with cis-
ineligible and PD-L1positive tumors (i.e., atezolizumab,
pembrolizumab) and second-line therapies following fail-
ure of platinum-based chemotherapy(i.e., atezolizumab,
pembrolizumab, nivolumab, avelumab and durvalumab)
[24-28].

Based on reliable evidence from the background of
metastatic urothelial carcinoma, CPIs are well toler-
ated and effective, and are expected to change the foun-
dations of MIBC treatment in the near future [29, 30].
Therefore, to discover the ICGs molecular mechanisms
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underlying the development and progression of BLCA This study systematically compared the altered expres-
and to improve the prognosis and survival rate of BLCA  sions of ICGs between normal and BLCA samples, and
patients, developing highly accurate, cost-effective, defin-  analyzed the prognostic value of ICGs in BLCA. A total
itive test for diagnosis and surveillance is an urgent need.  of 37 of 53 ICGs in merged cohort were associated with
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Fig. 9 KRT23 Knockdown. (A) Immunohistochemical analysis of KRT23 in normal, low grade and high grade samples. (B) The gene expression levels of

KRT23 were evaluated by real-time gPCR. (C) The knockdown of KRT23 by s
(F) Wound scratch assay. (G) Transwell Assay. (H) Flow cytometric dot plots

the OS of BLCA as shown by K-M survival analysis
(p<0.05). Based on the expression of ICGs, the consen-
sus clustering analysis was performed to classify BLCA
patients into three clusters. The prognosis of patients in
cluster C was significantly better than that in clusters A

iRNA was detected by RT-PCR. (D) Cell colony formation assay. (E) CCK-8 assay.
. ¥%p<0.01,**p<0.01,*p<0.05

and B. Stratified analysis of BLCA infiltrated immuno-
cytes revealed innate immune cell infiltration, includ-
ing the presence of DCs, macrophages, NKs, neutrophil,
along with activated B, CD 4 and CD 8 T cells, was
abundant in cluster C. It is known that resident innate
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immune cells provide anti-tumor activity by detecting
tumor associated antigens (TAAs) and damage asso-
ciated molecular patterns (DAMP), which is of vital
importance in cancer immune editing [31]. DCs are the
most important antigen-presenting cells, and can pro-
cess TAA and DAMP and present them to cytotoxic T
lymphocytes (CTLs), causing activation and subsequent

tumor infiltration [32]. NK cells can regulate the immune
surveillance and clearance of malignant cells, and their
presence in the tumor microenvironment is related to
better survival and lower progression rates of several
solid tumors [31, 33]. Besides, an increasing body of
evidence suggests that the density of infiltrating T cells
and B cells have a positive association with longer OS or
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disease-free survival (DFS) [34—36]. Consistently, clus-
ter C was significantly enriched in immune mechanism
related pathways. Accordingly, we suspected that the
infiltration of immune cells and the activation of immune
pathways are important reasons for cluster C to gain sur-
vival advantage. To investigate the molecular differences
among different clusters, we further identified the DEGs
between the different clusters and identified 526 overlap-
ping DEGs. Based on the results of GO and KEGG analy-
ses, we're convinced that ICGs could increase the activity
of the immune system to promote immune-mediated
elimination of tumor cells.

Existing literature mainly focuses on the study of sin-
gle immune checkpoint inhibitors, but there is a lack
of research on the gene expression profiles of multiple
immune checkpoints. To comprehensively and system-
atically quantify the pattern of genetic modification of
ICGs in individual tumors, we performed the LASSO and
Cox analysis of the ICGs genes to establish an indepen-
dent prognostic model which was well validated in the
total and testing cohorts. The ICG signature was further
identified as a stable and universally applicable prognos-
tic assessment instrument for BLCA by the ROC curve
analysis. Base on the ICG signature and other significant
factors for prognosis, we structured nomogram to pre-
dict the 1, 3, and 5 year survival rates of BLCA patients.

In our signature, we found 5 of the 9 genes were inflam-
mation related gene or antigen presenting related genes,
functioning as significant components in inflammatory
process of tumor initiation and progression. Because of
the significant and strong association with the infiltrat-
ing immune cells, two genes (CD3D and GBP4) were paid
special attention. Stratified analysis of BLCA immune
microenvironment revealed a significant positive corre-
lation between CD3D and GBP4 and antitumor immune
cells (CD4 T cells, CD8 cells and macrophages M1) [36,
37], which was consistent with the risk coefficient of
these two genes. The delta subunit of the CD3 complex
encoded by CD3D gene is involved in T-cell develop-
ment and signal transduction, which is essential for the
initiation of antigen-specific T cell responses to patho-
gens, autoantigens and tumors [38]. CD3D defects could
result in severe combined immunodeficiency autosomal
recessive T-cell-negative/B-cell-positive/NK-cell-positive
[39]. Besides, the expression of CD3D was consistently
associated with both RFS and OS of breast cancer (BC),
and was also found to be related to the response to neo-
adjuvant chemotherapy especially in estrogen recep-
tor negative breast cancer, thus potentially identifying
individuals responding to chemotherapy [40, 41]. Five
members (GBP1, GBP2, GBP3, GBP4 and GBPS) of the
Guanylate-binding proteins (GBPs) family are the most
abundant cellular proteins in response to IFN-y, sug-
gesting that GBPs may be important components of
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the innate immunity [42, 43]. Increasing evidence sug-
gests that TMB serves as a clinically valuable biomarker
for identifying patients who may benefit from immune
treatment [8]. In this study, we found that the frequency
of tumor mutation in high-risk group was higher than
that in low-risk group, and TP53 was the most com-
mon mutation gene. The wild-type TP53 protein plays
a crucial role in cell apoptosis and cell cycle regulation
following DNA damage. Cells with TP53 mutations can
evade apoptosis after DNA damage and transform into
cancer cells. Additionally, p53 loss or mutation in can-
cers can disrupt myeloid and T cell function, enabling
immune evasion and advancing cancer progression [44].
The accumulation of mutant TP53 protein is considered a
highly specific marker for malignant tumors [45]. There-
fore, we speculate that the shorter OS and “cold” tumor
microenvironment in high-risk BLCA patients may
partly be attributed to the heightened TP53 mutations,
which exert a specific inhibitory effect on the cancer-
associated immune system. However, the mechanisms
by which TP53 mutations impact the immune phenotype
and prognosis of BLCA require further investigation.

Further investigation on the correlation between infil-
trating immunocytes and risk scores revealed that risk
scores had positive correlations with macrophages M2,
and risk scores had negative correlations with Macro-
phages M1 and T cells CD8. The infiltrating macrophages
in tumors are referred to as tumor-associated macro-
phages, with their activated forms primarily including
two types: M1-type and M2-type macrophages. M1-type
macrophages could enhance T cell effector functions
through releasing pro-inflammatory signals and pre-
senting antigens. Conversely, M2 macrophages possess
immunosuppressive traits, dampening effector T cell
proliferation. Consequently, the polarization of M1 mac-
rophages towards the M2 phenotype within the tumor
microenvironment plays a critical role in fostering tumor
immunosuppression and enabling evasion from immune
surveillance, thereby indicating a bleak outlook for can-
cer therapy [46]. Together, the above results indicate that
patients at high risk often exhibit an immunosuppressive
“cold” tumor microenvironment, elucidating their resis-
tance to immune checkpoint therapy.

Given that high tumor mutation burden has been rec-
ognized as a predictive biomarker of immune checkpoint
blocking response [47], we explored whether the devel-
oped ICG signature could stratify patients according to
the sensitivity of patients to ICIs. Our findings showed
that three hot immune checkpoint genes (PD-L1, PD-1,
and CTLA4) were significantly downregulated in high-
risk group, indicating that the signature could provide
new ideas for drug design of immune checkpoints. Up
to now, cisplatin-based combination chemotherapy regi-
mens, such as methotrexate, vinblastine, doxorubicin,
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and cisplatin (MVAC), as well as gemcitabine and cis-
platin/carboplatin (GC), remain the first-line treatment
standard for locally advanced or metastatic urothelial
carcinoma, but the optimal chemotherapy regimen has
not been definitively established. In this scenario, immu-
notherapy utilizing checkpoint inhibitors is the preferred
second-line option, but paclitaxel or docetaxel can be
utilized as second- or later-line chemotherapy and have
demonstrated significant and potentially curative effects
in bladder cancer [19, 20]. In cases where patients are
ineligible for immunotherapy or have received check-
point inhibitors, docetaxel may still be considered as sal-
vage therapy. Several Phase II trials have confirmed the
effectiveness of docetaxel in treating metastatic bladder
cancer [48]. Additionally, paclitaxel has shown activity as
a standalone agent in urothelial cancer, achieving a 42%
response rate in advanced and/or metastatic bladder can-
cer according to a Phase II trial [49]. Our study revealed
that the ICG signature we developed could directly pre-
dict the immunotherapy and chemotherapy response,
and facilitate the selection of therapy medications and
assessment of treatment efficacy, which may guide more
precision therapy for BLCA.

KRT23 was identified as the most critical gene by ran-
dom forest analysis in this signature. As a newly discov-
ered member of the keratin family, KRT23 belongs to
the acidic type I keratins [50]. Many studies showed that
KRT23 expression in tumors has been associated with
increased aggressiveness and decreased patient survival
in many kinds of cancer, including pancreatic cancer,
colorectal carcinoma, breast cancer and hepatocellular
carcinoma [51, 52]. In ovarian cancer, KRT23 upregula-
tion promoted migration and invasion of cancer cells
via EMT by regulating the TGF-S/Smad signaling path-
way. Our results demonstrated that KRT23 knockdown
impaired proliferation, migration and invasion, and
induced the apoptosis of BLCA cells. Previous research
has found that KRT23 knockdown increased the secre-
tion of CD8+T cell-related chemokines (CCL5, CXCL9,
and CXCL10), and subsequently promoting the recruit-
ment of CD8+T cells [53]. Consistent with this, we
observed an inverse correlation between the expression
level of KRT23 and the abundance of T cell infiltration.
Tumors are typically classified into two categories based
on T cell infiltration within the TME: non-inflamed
tumors (lacking T cell infiltration) and inflamed tumors
(with T cell infiltration) [54]. Immunotherapy, including
immune checkpoint inhibitors (ICIs) such as anti-PD-1,
anti-PD-L1 and anti-CTLA-4 therapies, is generally inef-
fective in non-inflamed tumors due to the absence of T
cell immunity. Consequently, inflamed tumors gener-
ally respond better to immunotherapy, including ICls
[55, 56]. In light of these discoveries, KRT23 emerges
as a promising biomarker for predicting immune cell
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infiltration in tumors and developing novel immunother-
apy strategies. However, further biological experiments
are needed to clarify the regulatory mechanism and to
promote the signature as new anticancer drug targets.

Conclusion

Taken together, this study systematically and compre-
hensively analyzed the expression profile of immune
checkpoint genes in BLCA and their correlation with
tumor mutation. In addition, we established the ICG sig-
nature to investigate the differences in immune check-
point expression and tumor immune microenvironment,
which will help risk stratification and accelerate precision
medicine. Finally, we identified KRT23 as the most criti-
cal model gene and highlighted it as a potential target to
enhance immunotherapy against BLCA.

Materials and methods

Data source and preprocessing

Overall RNA sequencing data and clinical information of
BLCA patients and normal human bladder samples were
obtained from the TCGA data portal (https://tcga-data.
nci.nih.gov/tcga/) and GEO database (https://www.ncbi.
nlm.nih.gov/geo/, ID: GSE13507 and GSE31684). The
patient characteristics of the collected patients in TCGA
and GEO database were shown in Supplementary Table
S3. Processed single-cell RNA sequencing data came
from tumor immune single-cell hub 2 (TISCH2) database
(http://tisch.comp-genomics.org) based on GSE149652
data from the GEO database [57]. Moreover, somatic
mutation data are downloaded from TCGA database and
presented with the mutation landscape by “maftools”
package. The Wilcoxon test was applied to identify dif-
ferentially expressed ICGs. Then, we used univariate Cox
regression analysis and Kaplan-Meier survival estimates
to extract ICGs associated with prognosis using the R
packages ‘survival’ and ‘survminer’ (p-value<0.05). The
correlation of ICGs were visualized by the “igraph” pack-
age in the R software (https://www.r-project.org/).

ICG clusters

We screened and identified 68 immune checkpoint genes
with the key words of immune checkpoint, immune
checkpoint inhibitors, immune checkpoint blockade, and
checkpoint blockade in the Pubmed database (https://
pubmed.ncbi.nlm.nih.gov/). All of the ICGs were shown
in Supplementary Table S4. We merged BLCA samples of
TCGA, GSE13507 and GSE31684 datasets into one train
(n=664) to analyze the prognostic value of the ICGs for
BLCA. After merging the GEO and TCGA databases, we
found that the remaining 53 ICGs were expressed in dif-
ferent datasets. According to 53 ICGs expression level,
we performed unsupervised cluster analysis by R pack-
age “Consensus Cluster Plus” to explore the underlying
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molecular subtype between the BLCA patients [58]. The
maximum cluster count (k) was set as 9, and the optimal
cluster count value was chosen for further study. Kaplan
Meier analysis was used for survival analysis and the Log
rank analysis for comparison to evaluate overall survival
(OS) differences with ‘survival’ package in R. Principal
component analysis (PCA) was displayed to visualize the
similarities and differences among grouped clusters. We
followed the methods of Ninghong Songl et al. 2022 [59].

Gene set variation analysis (GSVA)

GSVA was used to assess changes in pathways and bio-
logical process movement among different clusters.
We downloaded the “c2.cp.kegg.v7.4.symbols” gene set
from the molecular signatures database for GSVA. The
adjusted p value less than 0.05 is considered statistically
significant.

Distinguish the differentially expressed genes (DEGs)
related to ICGs

The differentially expressed genes among different clus-
ters were analyzed with “limma” package, and the venn
diagram of the overlapped genes between each clus-
ter was draw by “VennDiagram” package. The signifi-
cance criteria for selecting differentially expressed genes
related to ICGs was set as an adjusted p<0.05 and the
value of |logFC| > 1. To further explore the biological
processes and signal pathways of the intersection genes,
Gene Ontology (GO) functions of the overlapping genes
and enhanced the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway were analyzed with the “clus-
terProfiler” package.

Establishment and validation of the prognostic signature

The relationship between the intersection DEGs and
survival was explored by the univariate Cox analysis.
The cut-oftf p-value was set to 0.05, and 127 intersec-
tion genes related to survival were screened for further
study. All BLCA patients (n=664) were randomly divided
to a training cohort (#=332) (50% for identifying the
prognostic model) and a testing cohort (n=332) (50%
for validating the prognostic model). The LASSO Cox
regression model was utilized to minimize overfitting
between survival-related genes and to obtain a more con-
cise prognostic genes combination by “glmnet” package.
Finally, we construct the 9-gene risk signature based on
multivariate Cox regression, and calculated the risk score
by multiplying the expression level of each gene by the
corresponding regression coefficient. The BLCA samples
were assigned into high- and low-risk groups according
to the median risk score. The area under the ROC curve
(AUC value) obtained from the R package “timeROC”
was used to evaluate the diagnostic efficacy of prognos-
tic model. The waterfall map of high- and low-risk group
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mutation landscape was presented by maftools function.
The immunohistochemistry (IHC) staining images of risk
genes in normal and BLCA tissues using the same anti-
bodies were analyzed and obtained from the Human Pro-
tein Atlas (HPA) database (http://www.proteinatlas.org/).

Assessment of tumor immune microenvironment
CIBERSORT was applied to evaluate the immunocyte
infiltration levels of BLCA, and the ESTIMATE algo-
rithm was used to evaluate the immune scores and the
stromal scores. We performed correlation analysis on
the ICG signature to further reveal the connection with
immune cells. In addition, the most common immune
checkpoint genes, such as PD-1, PD-L1 and CTLA4,
were extracted and evaluated the relevance with ICG sig-
nature in TCGA-BLCA dataset.

Drug sensitivity

Using “pRRophetic” package in R, we estimated the che-
motherapeutic response determined of the common
anticancer drugs by the half-maximal inhibitory concen-
tration (IC50) and compared the difference of chemosen-
sitivity between the high- and the low-risk group.

Cell culture, RT-PCR and siRNA transfection

The immortalized cells of human bladder epithelium (SV-
HUC-1) and human BLCA cell line (T24, UMUC3 and
J82) were cultured in Ham’s F-12 K (Gibco/BRL, Grand
Island, NY), RPMI-1640 medium (HyClone, Logan, UT,
USA) and MEM (Gibco/BRL, Grand Island, NY) supple-
mented with complete medium (10% fetal bovine serum)
at 37 °C and 5% CO2. Total RNA was isolated using
TRIzol reagent (Invitrogen, Frederick, MD, USA), and
cDNA was synthesized using standard techniques. Quan-
titative RT-PCR analyses were performed using SYBR
Green Fast qPCR Mix (ABclonal, RK21203, Wubhan,
China) on Prism® 7500 (Applied Biosystems, California,
USA). The KRT23 primers were 5'- CCATGCAGAATC
TCAACGAC.

-3’ (sense) and 5'- GGTGTGTGATGTTTTCCTCA-3’
(antisense). The GAPDH primers were 5'- GATGGAGG
AGGCTCAGCA -3’ (sense) and 5'- CTCAGCCAATGG
GACCTG -3’ (antisense).

The sequences of KRT23-target-specifc-siRNA were
as follows: siRNA1l: 5-AUGAGAAUGAGCUCUUUC
CUC-3'(sense), 5-GGAAAGAGCUCAUUCUCAUG
A-3’(antisense); siRNA2:5'-GGAGGAUAUGAGACAA
GAAUA-3'(sense), 5-UUCUUGUCUCAUAUCCUCC
AG-3'(antisense). The shRNA expression vector target-
ing KRT23 was synthesized based on the sequence of
siRNA2. The INTERFERin (Polyplus, Illkirch-Graffen-
staden, France) was used to transfect siRNA and vector
into cells according to the manufacturer’s instructions.
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Proliferation studies

2000 cells per well of T24 and J82 cell lines were seeded
in 96-well plates after KRT23 siRNA transfection. The
cell viability was determined at 12 h, 24 h, 48 h, 72 h
and 96 h. T24 and ]82 cell suspension with logarithmic
growth phase was inoculated with 1000 cells/well in a
6-well plate. After 2 weeks, the cells were fixed with 4%
paraformaldehyde for 20 min and stained with 0.1% crys-
tal violet for 20 min.

Wound scratch assay and transwell assay

After transfected with KRT23 siRNA, the 200 pL eppen-
dorf tip was used to scratch the cell plate. The complete
medium was then replaced with serum-free medium,
and cell migration was observed at 0 h and 48 h with an
inverted microscope.

Migration and invasion of T24 and ]J82 cells was ana-
lyzed through the Transwell assay. 3x 10* cells in medium
without serum were seeded in the upper chamber of
the Transwell apparatus without/with Matrigel (ABW,
0827045, Xiamen, China). Then 500 pL medium with 10%
fetal bovine serum (FBS) was added to the lower cham-
ber. The membrane of chamber was fixed for 30 min and
stained with 0.1% crystal violet after 24 h.

Apoptosis assay

Apoptosis of T24 and J82 cells were detected using the
Annexin V-FITC apoptosis detection kits (Elabscience,
E-CK-A211, Wuhan, China). 1x10° cells in 500 pL1x
binding buffer were labeled with Annexin V-FITC (5 pL)
and propidium iodide (PI) (5 puL) for 15 min at room tem-
perature in the dark. Specimens were analyzed with a
Accuri C6 Plus flow cytometer within 1 h of labeling.

Western blotting

Western blotting was performed as previously studies
described [60]. The following antibodies were used: anti-
KRT23 (Abcam, ab156569, 1:1000 dilution) and anti-
GAPDH (ABclonal, a19056, 1:50000 dilution).

Tumor tissue preparation

we collected six fresh bladder cancer samples and their
paired adjacent normal samples from BLCA patients
who underwent radical cystectomy at Beijing Chaoyang
Hospital Affiliated Capital Medical University, without
any preoperative treatment. The study received approval
from the Medical Ethical Committees of the Beijing Cha-
oyang Hospital Affiliated Capital Medical University. All
patients were informed about this study.

Tumor xenograft assay and immunohistochemistry
staining

Six-week-old female BALB/c nude mice (Vital River
Laboratories, China) were randomly divided into two
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groups (n=4 per group). Next, 1x10” KRT23 knockdown
(shKRT23 group) and negative control (shCtrl group) T24
cells were subcutaneously injected into the right flank of
two groups of mice. All animals were deeply anesthetized
before euthanasia to ensure they were unconscious and
did not experience pain. All animals were deeply anesthe-
tized before euthanasia to ensure they were unconscious
and did not experience pain. Isoflurane was used as the
anesthetic, administered through inhalation by placing
the animals in an induction chamber and exposing them
to 4-5% isoflurane in oxygen for 2—3 min until deep
anesthesia was achieved. After confirming deep anesthe-
sia, euthanasia was performed using cervical dislocation,
a method that is quick and ensures a humane death. All
experimental procedures were approved by the Animal
Ethics Committee of Beijing Chaoyang Hospital, Capital
Medical University.

IHC staining for PCNA (Boster, BM0104, 1:200 dilu-
tion) and ki67 (Abcam, ab16667, 1:500 dilution) was
conducted following the manufacturer’s instructions as
described in previous study [61].

Statistical analysis

The Student’s ¢ test was utilized for statistical compari-
son of paired data, while the ANOVA test for compari-
son of more than two groups and Pearson’s chi-square
tests for comparison of categorical variables. Logarithmic
rank test was used to determine the significance of differ-
ences in survival curves. Statistical significance was set at

p<0.05.
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