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Abstract: Bladder cancer (BLCA) is a common malignant neoplasm of the urinary system. Glycolysis is an essential 
metabolic pathway regulated by various genes with implications for tumor progression and immune escape. Scoring 
the glycolysis for each sample in the TCGA-BLCA dataset was done using the ssGSEA algorithm for quantification. 
The results showed that the score in BLCA tissues was markedly greater than those in adjacent tissues. Additionally, 
the score was found to be correlated with metastasis and high pathological stage. Functional enrichment analyses 
of the glycolysis-related genes showed they were related to roles associated with tumor metastasis, glucose metabo-
lism, cuproptosis, and tumor immunotherapy in BLCA. Using 3 different machine learning algorithms, we identified 
chondroitin polymerizing factor (CHPF) as a central glycolytic gene with high expression in BLCA. In addition, we 
showed CHPF is a valuable diagnostic marker of BLCA with an area under the ROC (AUC) of 0.81. Sequencing BLCA 
5637 cells after siRNA-mediated CHPF silencing and bioinformatics revealed that CHPF positively correlated with 
the markers of epithelial-to-mesenchymal transformation (EMT), glycometabolism-related enzymes, and immune 
cell infiltration. In addition, CHPF silencing inhibited the infiltration of multiple immune cells in BLCA. Genes that 
promote cuproptosis negatively correlated with CHPF expression and were up-regulated after CHPF silencing. High 
CHPF expression was a risk factor for overall and progression-free survival of patients who received immunotherapy 
for BLCA. Finally, using immunohistochemistry, we demonstrated that the CHPF protein had high expression in 
BLCA, increasing in high-grade tumors and those with muscle invasion. The CHPF expression levels were also posi-
tively associated with 18F-fluorodeoxyglucose uptake in PET/CT images. We conclude that the glycolysis-related gene 
CHPF is an effective diagnostic and treatment target for BLCA.
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Introduction

Bladder cancer (BLCA) is the 10th most com-
mon malignant neoplasm worldwide. The 
GLOBOCAN 2018 suggests BLCA has an 
increasing incidence and mortality rate with 
each passing year, accounting for 3.0% of all 
newly diagnosed malignant tumors and 2.1% of 
all tumor-related deaths [1, 2]. Most patients 
with BLCA initially present with its non-muscle 
invasive variant and typically undergo transure-
thral resection and chemotherapy to improve 
prognosis. A few patients, by contrast, have the 

muscle-invasive subtype of BLCA at initial diag-
nosis and undergo radical cystectomy and 
chemoradiotherapy. Although more than 50% 
of patients with either subtype experience post-
operative recurrence within 5 years [3, 4], those 
with the muscle-invasive subtype also develop 
metastases, a common feature of BLCA pro-
gression. Thus, patients with the muscle-inva-
sive variant and distant metastases have a 
5-year survival rate of only about 5%, despite 
radical surgical treatment [5, 6]. Early detection 
of BLCA metastases remains challenging for 
numerous reasons, such as low accuracy and 
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high invasiveness of available methods. Hence, 
only 4% of newly diagnosed patients with BLCA 
per year are identified as having metastases 
[2], underscoring the need for effective diag-
nostic tools. The field of cancer immunotherapy 
is experiencing remarkable success owing to 
the utilization of immune checkpoint inhibitor 
(ICI) therapy as cancer treatment [7, 8]. Since 
the evidence indicates the response rate of  
this therapy is related to the tumor microenvi-
ronment and the composition of immune cells 
that infiltrate it, identifying the diagnostic and 
immune-related markers of BLCA should facili-
tate early diagnosis of the disease and making 
timely therapy plans for patients.

Glucose is the essential energy-supplying sub-
stance in the human body and can supply ener-
gy via glycolysis, pentose phosphate, and oxi-
dative phosphorylation pathways. While normal 
human cells obtain energy preferably by con-
verting glucose into pyruvate under aerobic 
conditions, cancer cells tend to generate it by 
converting glucose into lactate, regardless of 
oxygen presence, which is called the Warburg 
effect [9]. Accumulating evidence suggests 
that glycolysis promotes the occurrence and 
progression of tumors and tumor immune 
escape [10, 11]. Among the genes associated 
with the glycolysis metabolism of tumor cells  
is the chondroitin polymerizing factor (CHPF) 
gene. It contains four discrete exons in the 
2q35-q36 region of human chromosomes and 
encodes a glycosyltransferase that catalyzes 
the elongation of chondroitin sulfate [12]. Be- 
cause this gene is misregulated in many cancer 
cells, it affects their proliferation, apoptosis, 
and migration, contributing to tumor develop-
ment and evolution [13-15]. Hence, targeting 
the glycolysis-related genes such as CHPF com-
bined with tumor immunotherapy could become 
an effective method for cancer treatment. 

Copper is an essential trace element involved 
in many biological processes. Excess copper in 
cells binds to the acylated components of the 
tricarboxylic acid (TCA) cycle, provoking proteo-
toxic stress and ultimately causing cell death 
called cuproptosis [16, 17]. Interestingly, high 
copper levels are also associated with the 
occurrence and progression of bladder cancer 
[18].

However, the function and mechanism of CHPF 
in BLCA remains unclear. The single-sample 

gene set enrichment analysis (ssGSEA) algo-
rithm was used to assess the differences in gly-
colysis feature scores between BLCA tissues 
and adjacent tissues using publicly available 
RNA-Seq datasets. In addition, 200 glycolysis 
genes were comprehensively analyzed by mul-
tiple machine learning methods. These experi-
ments showed that among the analyzed genes, 
CHPF had the most significant diagnostic value 
for BLCA. The differences in CHPF expression 
between different clinical groups of patients 
with BLCA and the influence on patient survival 
were also explored. Gene Ontology (GO), Kyoto 
Encyclopedia of Genes and Genomes (KEGG), 
and GSEA enrichment analyses unveiled that 
glycolysis genes in BLCA were related to glyco-
metabolism, cuproptosis, and tumor immuno-
therapy. The potential roles of CHPF were 
explored in each of the 3 identified biological 
processes. Finally, CHPF expression in BLCA 
and its correlation with clinical characteristics 
and 18F-fluorodeoxyglucose (18F-FDG) uptake 
were verified by immunohistochemistry (IHC) 
staining.

Materials and methods

Data collection and processing

Figure 1 depicts the main experimental steps 
performed in this study. The Cancer Genome 
Atlas (TCGA) database (https://portal.gdc.
Cancer.gov) was mined for RNA-seq expres-
sion, clinical, and survival data. The data were 
normalized and subjected to log2 conversion. 
The glycolysis marker gene set (HALLMARK_
GLYCOLYSIS) [Liberzon A] was obtained from 
the Molecular Signatures Database (MSigDB). 
Two immunotherapy datasets containing com-
plete clinical data were retrieved from public 
sources to assess the association between 
CHPF expression and immunotherapy respons-
es: the IMvigor 210 dataset, advanced urothe-
lial carcinoma treated with atezolizumab (previ-
ously published studies), and the GSE176307 
dataset, metastatic urothelial carcinoma treat-
ed with immune checkpoint blockade (Gene 
Expression Omnibus database).

Identification of candidate markers

Briefly, the glycolysis marker score for each 
BLCA sample was quantified using the ssGSEA 
algorithm, and the score differences between 
BLCA and adjacent tissues were assessed. The 
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correlation of the glycolysis marker score in 
BLCA with the clinical and pathological stages 
of the disease was also investigated. Next, the 
expression differences between BLCA and 
paired adjacent paracancerous tissues were 
explored for each gene. A total of 50 genes 
were identified based on the inclusion criterion 
of |log2FC| < 1 and P < 0.05. These genes were 
analyzed by 3 machine learning algorithms: 
support vector machine recursive feature elimi-
nation (SVM-RFE), least absolute shrinkage 

and selection operator (LASSO) regression, and 
random forest machine learning algorithms, 
and the intersection was taken for the subse-
quent analysis.

Correlation between CHPF expression and 
clinical characteristics in BLCA

The R package limma was used to compare 
CHPF expression between malignant and non-
cancerous tissues in 33 types of cancer and 

Figure 1. The workflow of this study.
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between paired cancerous and paracancerous 
tissues. The correlation between CHPF expres-
sion and clinical characteristics, such as clini-
cal and pathological stages, was estimated. 
Finally, the receiver operating characteristic 
(ROC) curve representing the diagnostic value 
of CHPF in different tumors was calculated and 
visualized with the pROC package version 
1.17.0.1.

Survival analysis

Univariate Cox regression analysis was per-
formed using the R package survival to deter-
mine the correlation of the abovementioned 
indexes with the overall survival (OS) (time from 
the initiation of treatment to death due to any 
cause) and progression-free survival (PFS) 
(time from the initiation of treatment to disea- 
se progression or death due to any cause) of 
patients with BLCA. These data estimated the 
clinical value of glycolysis characteristic scores 
and CHPF expression in predicting patient sur-
vival. The hazard ratio (HR) > 1 indicated that 
an index was a factor that could induce patient 
death.

Functional enrichment analysis

Glycolysis markers obtained from the MSigDB 
database were subject to GSEA, GO, and KEGG 
enrichment analyses with the clusterProfiler 
package. The GO analysis inferred biological 
process (BP), cellular component (CC), and 
molecular function (MF) for each gene. The 
data were visualized by the ggplot2 package.

Correlation analysis

The matrix score, immune score, and tumor 
purity were estimated for each sample across 
multiple BLCA datasets using the ESTIMATE 
software package in RStudio. A total of 19 gly-
colysis-related transporters and other enzymes 
and 16 cuproptosis-related genes were collect-
ed from published sources. Their correlation 
with CHPF expression in BLCA was calculated 
by the Pearson correlation coefficient and the t 
test.

Immune infiltration analysis

The gene set variation analysis (GSVA) package 
was utilized for ssGSEA to estimate the infiltra-
tion abundance of 27 immune cells in BLCA tis-

sues. The relationship between CHPF expres-
sion and the quantified immune-infiltrating 
cells was assessed with the Pearson correla-
tion coefficient. Finally, the differences in the 
infiltration abundance of immune cells between 
the high- and low-CHPF expression groups in 
BLCA were also examined.

Determination of predicted sensitivity to thera-
peutic drugs

The Genomics of Drug Sensitivity in Cancer 
(GDSC) database (https://www.cancerrxgene.
org/) encompasses drug sensitivity data for 
some 75,000 experiments, with sensitivity 
data of 138 anticancer drugs across 700 can-
cer cell lines. Sensitivity to various drugs was 
predicted with the R package pRRophetic by 
calculating the half-maximal inhibitory concen-
tration (IC50) using a ridge regression model 
according to gene expression data.

Immunotherapy response analysis

Two independent immunotherapy datasets 
(GSE176307 and IMvigor 210), containing 
sequencing data, clinical survival information, 
and treatment response of patients with uro-
thelial carcinoma, were used for the analysis. 
The treatment response cohort was involved in 
the data related to complete response (CR) and 
partial response (PR), while the non-response 
cohort was involved in the data related to sta-
ble disease (SD) and progressive disease (PD). 
The differences in CHPF expression between 
the treatment response and non-response 
cohorts were evaluated by the t test. Finally,  
the influence of CHPF expression on the sur-
vival of patients in the treatment cohort was 
assessed with the R package survival.

Collection of clinical samples

For this retrospective study, clinical data (e.g., 
age and TNM stage) of 33 patients with BLCA 
treated at Guizhou Medical University, Guiyang, 
China, from January 2022 to November 2022 
were retrieved and evaluated. 18F-FDG positron 
emission tomography/computed tomography 
(18F-FDG-PET/CT) images of 17 patients were 
also analyzed based on the IHC scores of the 
corresponding resected tissues to explore the 
potential influence of CHPF expression on gly-
colysis. This study was approved by the 
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Research Ethics Committee of Guizhou Medical 
University (No. 2022-305). 

Cell transfection, RNA extraction, and reverse 
transcription-quantitative polymerase chain 
reaction

Transfection experiments were performed 
using small interfering RNAs (siRNAs) against 
CHPF and negative control siRNAs (designed 
and synthesized by Huzhou Hippo Biotechno- 
logy Co., Ltd., China). Transfection was carried 
out using RNAiMAX (Invitrogen, Carlsbad, CA, 
USA). Total RNA was isolated using the TRIzol 
reagent (Ambion, Foster City, CA, USA) and 
reverse transcribed into cDNA using the 
ReverTra Ace qPCR RT Master Mix with a gDNA 
Remover (Toyobo, Co., Ltd., Osaka, Japan). 
Quantitative PCR (qPCR) was done with 2× 
SYBR Green qPCR Master Mix (Low ROX) 
(Wuhan Servicebio Technology Co., Ltd., 
Wuhan, China) in a 7500 Fast Dx Real-Time 
PCR Instrument (Applied Biosystems, Foster 
City, CA, USA). The primers used for PCR am- 
plification were as follows: CHPF, forward 
5’-GGAACGCACGTACCAGGAG-3’ and reverse 
5’-CGGGATGGTGCTGGAATACC-3’; GADPH, for-
ward 5’-CATGTACGTTGCTATCCAGGC-3’ and re- 
verse 5’-CTCCTTAATGTCACGCACGAT-3’; and 
siCHPF sequence: UUCUCCGAACGUGUCACGU- 
dTdT. The internal control for normalization  
was the GADPH gene, and the 2-ΔΔCq method 
was applied to calculate relative gene expres-
sion levels.

Sequencing human bladder cancer cell line 
5637 after CHPF silencing

The efficiency of CHPF knockdown was verified 
with a qPCR assay, and 3 pairs of transfected 
human bladder cancer 5637 cells were sent to 
Shanghai Biotechnology Corporation, China, for 
whole-genome sequencing. The resulting data 
were analyzed to investigate changes in gene 
expression in the human bladder cancer cell 
line 5637 after CHPF silencing.

Statistical analysis

GraphPad Prism 8.0 software (GraphPad 
Software Inc.) was used for statistical analysis. 
All data were expressed as mean ± standard 
deviation (SD). Differences between two gro- 
ups were analyzed using a paired and 2-tailed 
unpaired t test, and those between three or 

more groups were with one-way analysis of  
variance (ANOVA). The correlation analysis was 
performed by Spearman rank correlation. 
Statistical significance was inferred when P < 
0.05.

Results

The correlation between glycolysis feature 
scores and clinicopathological features in 
BLCA tissues

We quantified the feature scores of each sam-
ple from the TCGA-BLCA dataset using ssGSEA 
and investigated the differences in glycolysis 
feature scores between tumor and adjacent  
tissues (Figure 2A). We also explored the  
differences in glycolysis feature scores among 
various clinical feature groups of BLCA. These 
differences allowed us to assess the signifi-
cance of glycolysis features in the disease. The 
scores of BLCA tissues in T3 and T4 category 
were significantly higher than those in the T1 
and T2 (Figure 2B, P = 0.032). The scores of 
BLCA tissues with lymph node metastases 
were higher than those without metastasis 
(Figure 2C, P = 0.093) and rose further for 
those with distant metastasis (Figure 2D, P = 
0.03). Furthermore, the scores of stage III and 
IV BLCA tissues were significantly higher than 
those of stage I and II (Figure 2E, P < 0.001). 
Similarly, the scores of tissues with tumor inva-
sion into the muscularis propria were signifi-
cantly higher than those without (Figure 2F, P < 
0.001). Survival analysis was done to deter-
mine the influence of glycolysis characteristic 
scores on the survival of patients with BLCA, 
revealing a high score is a risk factor for the  
OS and PFS of the patients (Figure 2G, 2H). 
These results show glycolysis feature score 
relates to tumor invasion and higher pathologi-
cal stages, revealing the importance of glycoly-
sis for BLCA development.

Enrichment analysis of glycolysis gene sets

Glycolysis-related genes from the TCGA-BLCA 
cohort were investigated with GO and KEGG 
enrichment analyses to evaluate their biologi-
cal roles. These genes were mainly involved in 
glycolysis and glycometabolism and functions 
associated with cell death in response to oxida-
tive stress, response to copper ion, and copper 
ion binding. They also predominantly participat-
ed in glycolysis/gluconeogenesis, pyruvate and 
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Figure 2. Differences, survival influence, and functional enrichment of glycolysis characteristic scores in BLCA. A. 
Differences in the glycolysis characteristic scores of BLCA tissue samples. B-F. Differences in the glycolysis char-
acteristic scores of BLCA tissues classified according to TNM stage, staging system, and muscular infiltration. G. 
Kaplan-Meier estimates of overall survival according to the glycolysis score level. H. Kaplan-Meier estimates of 
progression-free survival according to the glycolysis score level. I. GO and KEGG analysis of glycolysis gene sets in 
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central carbon metabolism in cancer, and other 
pathways (Figure 2I). Additionally, the TCGA-
BLCA samples were grouped based on the 
Glycolysis-Scorehigh, and differentially ex- 
pressed genes (DEGs) were extracted using 
GSEA. In addition to glycolysis, gluconeogene-
sis, and computational model of aerobic gly-
colysis, glycolysis gene sets were also involved 
in antigen processing and presentation, apop-
tosis, epithelial-mesenchymal transition, migra-
tion in cancer, bladder cancer, copper homeo-
stasis, cancer immunotherapy by PD-1 block-
ade, and other signaling pathways (Figure 2J).

Identification of diagnostic markers of BLCA

The expression of 200 glycolysis-related genes 
between BLCA tissues and paracancerous tis-
sues was compared to identify DEGs. Differ- 
ential expression between the tissues was 
visualized as a heatmap, and DEGs were high-
lighted in a volcano plot (Figure 3A, 3B). Based 
on the inclusion criteria of |log2FC| < 1 and  
P < 0.05, a total of 50 glycolysis-related DEGs 
were obtained, with 34 induced and 16 
repressed. Next, DEGs from the TCGA-BLCA 
dataset were analyzed by 3 machine learning 
algorithms: 14 DEGs, LASSO; 11 DEGs, SVM-
RFE; and 19 DEGs, random forest (Figure 
3C-G). These algorithms were also used to  
analyze DEGs from the GSE13507 dataset: 20 
DEGs, LASSO; 18 DEGs, SVM-RFE; and 15 
DEGs, random forest (Figure 3H-L). Finally, an 
intersection from both datasets was made  
with the 3 algorithms, and the CHPF gene was 
identified (Figure 3M). Its value in diagnosing 
BLCA was evaluated by generating a ROC  
curve (Figure 3N) and calculating its corre-
sponding AUC. The AUC value of 0.811 showed 
CHPF had a satisfactory discriminative ability to 
recognize patients with BLCA.

Differences in CHPF expression between BLCA 
tissues and relevant correlation with clinical 
characteristics

We investigated CHPF differential expression 
between bladder cancer and adjacent tissues 

and revealed a significant increase in CHPF 
expression in cancer tissues (Figure 4A, P < 
0.001). Furthermore, we assessed the correla-
tion between CHPF expression and clinical fea-
tures of BLCA. We revealed that CHPF ex- 
pression was higher in T3 and T4 BLCA tissues 
than in T1 and T2 (Figure 4B, P < 0.001) and 
significantly elevated in stage III and IV BLCA 
tissues compared with stage I and II (Figure  
4E, P < 0.001). Moreover, CHPF expression was 
significantly higher in tumor tissues with mus-
cular invasion than in those without (Figure  
4F, P = 0.034). Concerning tumor grade, CHPF 
expression also significantly rose in high-grade 
tumor tissues compared with the low (Figure 
4G, P = 0.036). Regarding invasion, however, 
CHPF expression in BLCA tissues with lymph 
node or distant organ metastasis was un- 
changed in those without metastasis (Figure 
4C, 4D, P > 0.05). Finally, we evaluated the 
effect of CHPF expression on the survival of 
patients with BLCA and demonstrated that 
patients with bladder urothelial carcinoma with 
high CHPF expression had significantly de- 
creased OS, PFS but unaffected disease-free 
survival rate (Figure 4H-K).

Correlation of CHPF expression with epithelial-
to-mesenchymal transition (EMT) in BLCA

According to the GSEA analysis results, glycoly-
sis genes correlated with migration in cancer, 
EMT, glycometabolism, immunotherapy, copper 
homeostasis, and other functions. Thus, the 
relationship between CHPF and each biological 
role was evaluated by separate experiments. 
Since abundant evidence shows EMT is the 
most crucial event in cancer metastasis, we 
investigated the association between CHPF 
expression and EMT-related markers. We dis-
covered that the expression of 6 genes, SNAI1, 
SNAI2, CDH2, FN1, TWIST1, and VIM, was sig-
nificantly higher in the high CHPF expression 
group than in the low (Figure 5A, P < 0.001), 
and each positively correlated with CHPF 
(Figure 5B, P < 0.001).

BLCA. J. GSEA analysis of glycolysis gene sets in BLCA. *P < 0.05, **P < 0.01, and ***P < 0.001. BLCA, bladder 
cancer; GO, Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO:0006757, ATP generation from 
ADP; GO:0046688, response to copper ion; GO:0036473, cell death in response to oxidative stress; GO:0043202, 
lysosomal lumen; GO:0005759, mitochondrial matrix; GO:0005536, glucose binding; GO:0016616, oxidoreduc-
tase activity; GO:0005507, copper ion binding; hsa00532, Glycosaminoglycan biosynthesis; hsa00051, Fructose 
and mannose metabolism; hsa00010, Glycolysis/Gluconeogenesis; hsa00500, Starch and sucrose metabolism; 
hsa00620, Pyruvate metabolism; hsa05230, Central carbon metabolism in cancer.
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Correlation of CHPF expression with glycolytic 
enzymes and transporters in BLCA

Among the glycolysis genes, 19 identified from 
published articles were related to glycolytic 
enzymes and transporters. The correlation of 
each gene with CHPF expression was explored 
using GSE13507, GSE176307, and TCGA-BLCA 
datasets, and the results were presented as  
a heatmap. A positive association between 
CHPF expression and 11 genes was uncovered 
in the 3 datasets, especially the GSE176307: 
HK1, HK3, PFKP, PKM, LDHA, SLC2A1, 3, 4, 5, 
SLC16A2, and 3 (Figure 6A). The correlation 
was shown as a scatter plot for representative 
genes, such as hexokinase, phosphofructoki-
nase, pyruvate kinase, lactate dehydrogenase, 
glucose transporter, and monocarboxylate 
transporter (Figure 6C). Next, TCGA-BLCA sam-
ples were divided into a high- and low-expres-
sion group according to CHPF expression. The 
differences in the expression of genes encod-
ing glycolytic enzymes and transporters be- 
tween the 2 groups were analyzed. The expres-
sion of 12 genes was lower in the low-expres-
sion group than in the high: HK3, PFKP, PKM, 
LDHA, LDHB, SLC2A1, 3, 5, SLC16A1, 2, 3, and 
4 (Figure 6B, P < 0.05).

Correlation between CHPF expression and cu-
proptosis in BLCA

When in excess, intracellular copper directly 
binds lipid-acylated proteins of the TCA cycle. 
The binding results in protein aggregation and 
the loss of iron-sulfur clusters, elevating pro-
teotoxic stress and inducing copper-dependent 
cell death. A total of 16 cuproptosis-related 
genes were collected from published articles, 
with MTF1, GLS, and CDKN2A inhibiting cupro-

ptosis and the remaining 13 promoting it. 
Subsequently, the GSE13507, GSE176307, 
and TCGA-BLCA datasets were analyzed to 
explore the relationship between CHPF ex- 
pression and each cuproptosis-related gene in 
BLCA. A negative correlation was observed 
between CHPF expression and that of 6 gen- 
es, LIPT1, DLD, DLAT, PDHB, and ATP7A, in all  
3 datasets (Figure 7A, P < 0.05). Moreover, 
TCGA-BLCA samples were divided into the low 
and high groups according to the expression  
of CHPF. The differences in the expression of 
cuproptosis-related genes between the high- 
and low-CHPF expression groups were ana-
lyzed to identify changes in cuproptosis be- 
tween the 2 groups (Figure 7B). The expression 
of 9 genes was up-regulated in the low-expres-
sion group versus the high: LIPT1, LIAS, DLD, 
DBT, DLST, DLAT, PDHB, ATP7A, and MTF1 
(Figure 7B, P < 0.05). Finally, CHPF was silenc- 
ed in BLCA 5637 cells, and their DNA was ana-
lyzed with whole-genome sequencing. In the 
cells transfected with siRNA against CHPF, The 
expression of cuproptosis-promoting genes 
(e.g., FDX1) was significantly up-regulated after 
CHPF silencing in the cells transfected with 
siRNA against CHPF compared with those 
transfected with the negative control. By con-
trast, the expression of cuproptosis-inhibiting 
genes (e.g., CDKN2A) was down-regulated 
(Figure 7C).

Relationship between CHPF expression and 
immune cell infiltration in BLCA

The correlation of CHPF expression with BLCA 
immune microenvironment and immune cell 
infiltration was examined. First, the influence  
of CHPF expression on the immune microenvi-
ronment in the TCGA-BLCA, GSE13507, and 

Figure 3. Identification process of diagnostic markers for bladder cancer patients. A. Heatmap showing differential 
expression between BLCA and paracancerous tissues. The transition from blue to red signifies an increase in ex-
pression level. B. Volcano plot representing DEGs by significance and fold change. Red dots indicate up-regulated 
DEGs and green dots indicate down-regulated DEGs. C, D. The TCGA-BLCA dataset was searched using the LASSO 
regression method for the most distinctive genes. E. Screening the TCGA-BLCA-derived DEGs using the SVM-RFE 
algorithm. An analysis based on the RFE algorithm was done, followed by determining the statistical parameters of 
the most characteristic genes. F, G. The importance of each TCGA-BLCA-derived DEG was determined by the ran-
dom forest algorithm. H, I. The GSE13507 dataset was analyzed using the LASSO regression method to identify the 
most distinctive genes. J, K. The random forest algorithm was used to determine the importance of each gene. L. 
Screening the GSE13507-derived DEGs with the SVM-RFE algorithm. An analysis was performed based on the RFE 
algorithm, followed by determining the statistical parameters of the most characteristic genes. M. The intersection 
of DEGs from both datasets obtained with the 3 machine learning algorithms. N. The ROC curve demonstrating the 
diagnostic value of the CHPF gene. FC, fold change; DEG, differentially expressed gene; AUC, area under the curve; 
CI, confidence interval; ROC, receiver operating characteristic; LASSO, least absolute shrinkage and selection opera-
tor; SVM-RFE, support vector machine recursive feature elimination.
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Figure 4. Differences in the expression of CHPF between BLCA and relevant correlation with clinical characteristics. 
A. CHPF expression was significantly up-regulated in BLCA tissues compared with adjacent tissues, as shown by 
unpaired and paired t tests of 19 pairs of BLCA and matched adjacent noncancerous tissue. B. CHPF expression 
was significantly higher in tissues with the T3-T4 category than in T1-T2. C. CHPF had higher expression in tissues 
with the N1-N3 category than those with N0. D. CHPF expression was higher in tissues with the M1 category than in 
those with M0. E. CHPF expression was significantly higher in stage III and IV tumor tissues than in stages I and II. F. 
CHPF expression was significantly higher in tissues with muscle invasion than in those without. G. CHPF expression 
was significantly higher in high-grade tumor tissues than in low-grade ones. H-K. The impact of CHPF expression on 
overall, disease-free, progression-free, and disease-specific survival in patients with BLCA.
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Figure 5. Analysis of EMT-associated markers in BLCA. A. Variations in EMT marker expression between sample groups with high and low CHPF expression. B. Cor-
relation between CHPF and EMT marker expression depicted as a scatter plot. *np > 0.05, ***P < 0.001.
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Figure 6. Correlation of CHPF expression with glycolytic enzymes and transporters in BLCA. A. Correlation of CHPF 
expression in BLCA with the expression of glycolytic enzymes and transporters in the TCGA-BLCA, GSE176307, and 
GSE13507 datasets. B. Variations in the expression of glycolysis-related genes between samples with high and low 
CHPF expression. C. Correlation between CHPF expression and that of 6 glycolysis-related genes (HK3, PFKP, PKM, 
SLC2A3, SLC16A2, and SLC16A3) shown as a scatter plot. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 7. CHPF expression is associated with cuproptosis-related genes in BLCA. A. Positive correlation between CHPF and cuproptosis-related gene expression in 
BLCA discovered by analyzing the TCGA-BLCA, GSE176307, and GSE13507 datasets. B. Expression differences of cuproptosis-related genes in BLCA samples from 
patients with high or low CHPF expression. C. Sequencing data of the 5637 BLCA cell line revealing changes in the expression of cuproptosis-related genes following 
CHPF knockdown. *P < 0.05, **P < 0.01, and ***P < 0.001.
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GSE176307 datasets was assessed with the 
ESTIMATE algorithm. The results demonstrated 
that the interstitial cell, immune cell, and 
ESTIMATE scores in the high CHPF expression 
group significantly increased, suggesting low 
tumor purity (Figure 8A-C). Subsequently, the 
infiltration scores of 27 immune cells in TCGA-
BLCA tumor samples were quantified by the 
ssGSEA algorithm. The infiltration level of 25 
immune cells in the overexpression subsets of 
CHPF increased significantly, with neutrophils, 
activated B cells, regulatory T cells, and ma- 
crophages having the highest fold changes 
(Figure 8D). Analyzing the sequencing data of 
5637 BLCA cells revealed that the immune infil-
tration levels of activated B, regulatory T, and 
activated CD4+ T cells decreased significantly 
after CHPF silencing (Figure 8D).

Influence of CHPF on drug sensitivity in tar-
geted therapy and immunotherapy

We retrieved the immunotherapy data of the 
GSE176307 and IMvigor 210 datasets and 
investigated the correlation between CHPF 
expression and immunotherapy responses and 
the relevant influence on patient prognosis. 
Analyzing the immunotherapy data in the 
GSE176307, we found that CHPF expression in 
the patients from the non-progression group 
was lower than in those from the progression 
group (Figure 8E, P = 0.73). We also discover- 
ed that high CHPF expression was a risk factor 
for the PFS of patients after immunotherapy 
(Figure 8E, P < 0.05). Furthermore, searching 
immunotherapy data in the IMvigor210 datas-
et, we observed CHPF expression in the pa- 
tients from the treatment response group was 
lower than in those from the non-response one 
(Figure 8F, P = 0.19). Similarly, high CHPF 
expression was a risk factor for the OS of 
patients after immunotherapy (Figure 8F, P < 
0.05).

Influence of CHPF on drug sensitivity in tar-
geted therapy

Targeted drugs play a crucial role in tumor treat-
ment, and the changes in tumor-specific genes 
are associated with the response to targeted 
therapy. Because effective biomarkers are 
lacking for targeted therapy, whether CHPF 
expression relates to drug sensitivity was eval-
uated. A positive association was discovered 
between CHPF expression and the sensitivity of 

5 inhibitors: AKT, B-RAF, MET, PI3K, and mTORC. 
Conversely, a negative correlation was found 
with the sensitivity of EGFR inhibitors. These 
findings indicate CHPF may become an index 
for predicting the efficacy of the before men-
tioned drug therapy (Figure 9).

Correlation between CHPF expression and clin-
ical characteristics and FDG uptake in BLCA

To further verify the accuracy of prediction 
results in the previous subtitle, BLCA tissues 
were analyzed with IHC staining to detect  
CHPF protein expression in tumor and adjacent 
tissues. A total of 33 BLCA tissue samples and 
8 paired paracancerous tissue samples were 
stained and scored by 2 qualified pathologists. 
Subsequently, the correlation between the 
CHPF IHC score (H-score) and the clinical char-
acteristics of patients with BLCA patients was 
analyzed. The CHPF protein was mainly ex- 
pressed in the cytoplasm of BLCA cells, and its 
levels were higher in BLCA tissues than in the 
paired paracancerous. A significant difference 
in the H-score between both types of tissue 
samples was observed (Figure 10A). In addi-
tion, CHPF expression in invasive, muscular 
invasive, and high-grade tumors was signifi-
cantly up-regulated, and the scores statistically 
differed (Figure 10A). Similarly, CHPF expres-
sion was higher in advanced tumors based on 
the T category (Figure 10B). Finally, the PET/CT 
data of 17 patients with BLCA were collected, 
and the correlation between CHPF expression 
and FDG uptake was analyzed. The CHPF pro-
tein expression was significantly up-regulated 
in BLCA tissues with higher FDG uptake and 
positively correlated with FDG uptake in BLCA 
tissues (Figure 10C, 10D).

Discussion

Aerobic glycolysis is a unique metabolic  
strategy utilized by tumor cells that allows con-
tinuous proliferation of tumor cells and acceler-
ates their progression. Hence, aerobic glycoly-
sis can be considered a marker of cancer [19]. 
Pancreatic cancer, glioma, and oral cancer 
cells become more invasive under aerobic gly-
colysis, promoting them to evade immune sur-
veillance [20, 21]. Evidence shows glycolysis  
is a crucial factor in BLCA progression, and 
genes that control glycolytic steps represent a 
promising therapeutic target [22, 23]. Here, we 
utilized the ssGSEA algorithm to evaluate the 
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glycolysis feature score of RNA-sequenced tis-
sue samples from the public TCGA-BLCA data-
set. We observed a significantly higher score in 
BLCA tissues than in adjacent tissues. We also 

explored the influence of glycolysis feature 
scores on clinical characteristics and prognosis 
of BLCA. We revealed that patients with higher 
scores had more advanced pathological stages 

Figure 8. Correlation between CHPF expression and immune microenvironment, immune cell infiltration, and im-
munotherapy in BLCA. A-C. Differences in the stromal, immune, and ESTIMATE scores between high- and low-CHPF 
expression groups in BLCA based on the analysis of TCGA-BLCA, GSE176307, and GSE13507 datasets. D. Differ-
ences in the immune cell infiltration score between the high and low-CHPF expression groups based on the TCGA-
BLCA dataset and changes in the immune cell infiltration score of the 5637 BLCA cell line sequencing data after 
CHPF silencing. E. Differences in CHPF expression between the non-progression and progression groups based on 
the GSE176307 dataset. Kaplan-Meier estimates for PFS according to CHPF expression are shown. F. Differences 
in CHPF expression between the treatment response and non-response groups based on the IMvigor 210 dataset. 
Kaplan-Meier estimates for OS according to CHPF expression are indicated. *P < 0.05, **P < 0.01, and ***P < 
0.001. PFS, progression-free survival; OS, overall survival.
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Figure 9. The correlation-related scatter plot between CHPF and targeted drug sensitivity.
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of the tumor and were more prone to distant 
metastasis, lymph node metastasis, and tumor 
invasion into the muscularis propria. Moreover, 
a high glycolysis feature score is a risk factor 
for the OS and PFS of the patients. Increased 
expression of pyruvate dehydrogenase kinase 
1 (PDK1), one of the primary regulators of gly-

cometabolism, is an independent predictive 
factor for the OS of patients with invasive blad-
der cancer, consistent with our findings [24].

The potential functions of glycolysis genes and 
those central to BLCA were also examined. 
After screening 200 genes in the glycolysis 

Figure 10. Correlation between CHPF expression and clinical characteristics and FDG uptake in BLCA. A. Differences 
in H score between 2 groups: BLCA vs. paracancerous tissues; non-invasive vs. invasive tumors; non-muscular inva-
sive bladder cancer (NMIBC) vs. muscular invasive bladder cancer (MIBC); and low-grade vs. high-grade tumors. B. 
Differences in CHPF expression between different T category BLCA tissues. C. Representative PET/CT and CHPF IHC 
images of patients with BLCA with high or low FDG uptake. C. Correlation between FDG uptake and CHPF expres-
sion in 17 patients with BLCA. The differences in CHPF expression between patients with high or low FDG uptake. 
D. Immunohistochemical stains of CHPF and PET/CT images of patients BLCA with different pathological features.
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gene set, we found significant differences in 
the expression of 50 genes. The enrichment 
analyses uncovered that these genes were 
mainly involved in signaling pathways, such as 
glycometabolism, immunotherapy, and copper 
homeostasis. Subsequently, we constructed a 
model related to these 50 DEGs from 2 datas-
ets using 3 machine learning methods. We 
showed that the chondroitin polymerization 
factor (CHPF) gene had the most significant 
diagnostic value for BLCA. This gene encodes  
a 775-amino acid type II transmembrane pro-
tein composed that assists in the extension of 
chondroitin sulfate through a potential N- 
glycosylation site and 3’-untranslated region. 
Hence, it has a considerable role in chondroitin 
sulfate biosynthesis [25, 26]. Evidence indi-
cates CHPF is overexpressed in many tumors, 
such as colon cancer, breast cancer, and mela-
noma, and is related to tumor metastasis and 
survival time [27, 28]. Because it is a recently 
discovered tumor-related gene, CHPF has not 
yet been comprehensively analyzed in BLCA. 
Our study reveals that CHPF is highly expressed 
in BLCA tissues and that its up-regulation is 
associated with higher pathological grades  
and advanced clinical stages, rendering it a risk 
factor for OS, PFS, and DSS in patients with 
BLCA. These findings are consistent with the 
cancer-promoting effect CHPF exerts in many 
other common tumors.

The phenotypic transformation of epithelial 
cells into mesenchymal, or EMT, is closely asso-
ciated with the development and spread of  
cancer. High SNAI1 and VIM expression pro-
mote EMT and metastasis in BLCA tissues, 
making these proteins recognized markers of 
EMT [29]. We discovered that glycolytic gene 
sets enhanced tumor migration and the ex- 
pression of SNAI1 and VIM EMT markers. These 
markers were significantly induced in the tis-
sues with high CHPF expression and positively 
correlated with CHPF, suggesting CHPF could 
be used as a marker of metastatic risk in blad-
der BLCA.

Hexokinase, phosphofructokinase, and pyru-
vate kinase are essential enzymes in the glyco-
lytic pathway that significantly contribute to gly-
colysis metabolism. The increased expression 
of these enzymes and transporter proteins 
stimulates glycolysis, conferring tumor cell pro-
liferation and chemotherapy resistance in vari-
ous malignant neoplasms, such as bladder, 

breast, ovarian, and lung cancers [30-34]. The 
overexpression of glucose transporter genes 
SLC2A and SLC16A promotes glycolysis, en- 
hances glucose uptake, and accelerates tu- 
mor cell growth [35, 36]. Our correlation analy-
ses of 3 different datasets showed a positive 
association between the expression of CHPF 
and glycolytic enzymes and transporters in 
BLCA tissues. These findings imply that CHPF 
works with glycolytic enzymes and transporters 
to promote glycolysis in BLCA cells.

Copper is an essential trace element involved 
in numerous vital processes, and its homeo-
stasis participates in the proliferation, angio-
genesis, and metastasis of cancer cells [37, 
38]. When in excess, it directly binds fatty acyl-
ated proteins of the TCA cycle, triggering pro-
tein aggregation, the loss of iron-sulfur com-
plexes, and copper-dependent cell death [39]. 
We evaluated the effect of CHPF expression on 
cuproptosis-related genes using the 3 datas-
ets. We found that CHPF was negatively link- 
ed with DLD, DLAT, PDHB, and ATP7A cupropto-
sis-related genes in BLCA tissues. Moreover, 
these genes and 5 other cuproptosis-associat-
ed genes (LIPT1, LIAS, DBT, DLST, and MTF1) 
were up-regulated in the tumor tissues with low 
CHPF expression. Silencing CHPF in BLCA cells 
confirmed this relationship, showing cupropto-
sis-promoting genes (e.g., FDX1) are up-regu-
lated, and cuproptosis-inhibiting genes (e.g., 
CDKN2A) are down-regulated. This link be- 
tween CHPF and cuproptosis in BLCA has never 
been described and should provide a basis  
for further exploration of cuproptosis in this 
disease.

The tumor immune microenvironment and 
immune cell infiltration levels affect the metas-
tasis and prognosis of patients with BLCA [40, 
41]. We investigated the correlation between 
CHPF and the BLCA microenvironment using 
the 3 BLCA datasets. We showed that the in- 
terstitial cell, immune cell, and ESTIMATE 
scores and the infiltration levels of 25 immune 
cells significantly increased in BLCA tissues 
with higher CHPF expression, especially in neu-
trophils, activated B cells, regulatory T cells, 
and macrophages. Moreover, the genomic 
sequencing data of the BLCA cell line revealed 
that the immune infiltration levels of immune 
cells, such as activated B and regulatory T cells, 
decreased significantly after CHPF silencing. 
This observation indicates that CHPF influenc-
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es the immunological response of BLCA by 
altering the expression of B and T cells.

Tumor-infiltrating immune cells (e.g., regulatory 
T cells) are effectors of immunotherapy, and 
targeted regulation of tumor immune cell infil-
tration is a promising strategy for cancer treat-
ment [42-44]. Since our findings indicated that 
CHPF expression is closely related to immune 
cell infiltration, we sought to identify whether 
CHPF affects the immunotherapeutic response 
in BLCA by regulating the expression of im- 
mune cell infiltration. The expression of CHPF 
did not change between the 2 analyzed immu-
notherapy datasets. Nonetheless, the effect  
of CHPF expression on the OS and PFS of 
patients was significantly different following 
immunotherapy. Why CHPF expression was 
unaffected may be the small number of study 
cohorts included in this study, which would 
require expanding the cohorts to explore CHPF 
expression under immunotherapy.

Targeted therapy based on the PI3K/AKT/mTOR 
and fibroblast growth factor receptor (FGFR) 
signaling pathways have achieved favorable 
outcomes in treating some tumors, including 
BLCA. The gene changes related to these path-
ways are associated with the response to tar-
geted therapy [44, 45]. Thus, we explored the 
influence of CHPF expression on drug sensitivi-
ty in targeted therapy. We uncovered a positive 
correlation between CHPF and the sensitivity of 
5 inhibitor drugs (AKT, B-RAF, MET, PI3K, and 
mTORC) and a negative correlation with the 
sensitivity of EGFR inhibitors. This finding sug-
gests that CHPF is a potential biomarker for 
predicting the sensitivity of these drugs in tar-
geted therapy.

We also verified the bioinformatics results by 
IHC staining of BLCA tissues. We demonstrated 
that the CHPF protein was mainly expressed in 
the cytoplasm of BLCA cells and showed that 
its levels in BLCA tissues were significantly 
higher than in paracancerous tissues, consis-
tent with the bioinformatics data. We also 
revealed that 18F-FDG uptake positively corre-
lated with CHPF protein expression in patients 
with BLCA. Thus, CHPF may enhance the glyco-
lytic ability in patients by promoting the activity 
of key glycolytic enzymes, enhancing BLCA 
occurrence and progression.

Although our study offers valuable novel 
insights, it has some limitations. First, it used 

bioinformatics approaches, which suggests the 
preliminary nature of the findings. Second, the 
number of samples analyzed with immunohis-
tochemistry is small, and the clinicopathologi-
cal features covered are relatively limited. 
Therefore, future research should focus on col-
lecting more clinical data to verify the effect of 
CHPF on immunotherapy and patient survival 
and to explore the mechanism of this gene in 
BLCA more comprehensively.

In conclusion, glycolysis-associated gene CHPF 
is overexpressed in BLCA. Its expression is 
related to the clinical characteristics and prog-
nosis of patients with BLCA. In addition, it is 
involved in many cellular and tumor-related pro-
cesses in BLCA tissues, such as EMT, glycoly-
sis, immune cell infiltration, and cuproptosis. It 
also has a satisfactory value in diagnosing 
BLCA and positively correlates with the sensi-
tivity of inhibitor drugs. Thus, CHPF is a bio-
marker for the diagnosis of BLCA and a valu-
able potential target for treating the disease. 
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