www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Effect of CHST11, a novel
biomarker, on the biological
functionalities of clear cell renal cell
carcinoma
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Dongwen Wang® & Bo Wu**

Clear cell renal cell carcinoma (ccRCC) is a common malignant tumor, and the role of carbohydrate
sulfotransferase 11 (CHST11) in this cancer remains unclear. Here, by using bioinformatics methods,
we comprehensively analyzed the relationship between CHST11 and clinical significance, immune
infiltration, functional enrichment, m®A methylation, and protein—protein interaction networks.
We found that CHST11 expression was significantly higher in ccRCC samples than in normal tissues.
Additionally, CHST11 levels correlated with the clinicopathological features of ccRCC patients and
functioned as a prognostic factor for patient survival. Functional analysis revealed the involvement
of CHST11 in metabolic pathways. Immune infiltration and m°®A methylation analysis suggested the
association of CHST11 with immune cell abundance in the tumor microenvironment and specific
methylation patterns in ccRCC. The in vitro analysis of the clinical samples and ccRCC cell lines
demonstrated that the overexpression of CHST11 promotes ccRCC cell proliferation, migration, and
invasion, while its suppression has the opposite effect. Thus, CHST11 may play a remarkable role in
the occurrence and progression of ccRCC. Functionally, CHST11 promotes the aggressiveness of ccRCC
cells. These findings provide insights into the role of CHST11 in ccRCC progression.

Registry and the Registration No. of the study/trial: No. 2021K034.
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In recent years, the global incidence of renal cell carcinoma (RCC) has steadily increased. Clear cell renal cell
carcinoma (ccRCC) is the predominant type of RCC and accounts for approximately 80% of RCC cases'. Radical
nephrectomy remains the primary treatment approach for ccRCC in clinical practice. In the past decade, the
widespread application of novel biological agents and other technologies has improved the treatment efficacy
for advanced renal cancer. However, given the mild early clinical symptoms of ccRCC, metastasis often occurs
by the time the tumor is diagnosed. Consequently, the overall survival (OS) rate of patients with metastatic RCC
is<10% at 5 years after diagnosis®. Hence, it is crucial to explore novel treatment strategies for patients with
advanced stage RCC and improve the OS rate.

The tumor metastasis process is intricate and involves several factors and alterations at the molecular level.
Chondroitin sulfate (CS) is a member of glycosaminoglycans (GAGs) and performs critical physiological
functions. GAGs show various biological effects and play a pivotal role in the interconnection of tumor cells. CS
is significantly involved in processes such as cell proliferation, differentiation, and migration and even influences
the biological behavior of cancer cells by participating in the activation of cancer-related signaling pathways®.

CHST11, also known as chondroitin-4-O-sulfotransferase-1 (C4ST-1), is located on chromosome 12q23.3.
It plays a critical role in mediating the sulfation reaction of N-acetyl galactosamine (GalNAc) and serves as
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a crucial regulatory enzyme in CS synthesis*. Recent studies have indicated that CHST11 is associated with
the development of several types of cancer. The elevated expression of CHST11 in patients with lung cancer
and pancreatic cancer is correlated with poor prognosis>®. The aberrant expression of CHST11 facilitates
the proliferation, migration, and invasion of tumor cells and promotes the emergence of biological behavior
characteristics of cancer stem cells”®. However, the role of the CHST11 gene in ccRCC remains uncertain.

In the present study, we investigated the differential expression of the CHST11 gene between ccRCC tissues
and normal tissues, its association with clinicopathological characteristics, and its prognostic relevance. We
performed immune infiltration analysis, functional enrichment analysis, m®A methylation analysis, and
protein—protein interaction (PPI) network analysis by using relevant databases. Finally, we validated the
mRNA and protein expression levels of CHST11 in ccRCC and adjacent normal tissues by qRT-PCR and
immunohistochemistry (IHC) experiments. We also assessed the effect of overexpression or under-expression
of the CHST11 gene in ccRCC cell lines. This comprehensive approach could help establish the role of CHST11
as a prognostic biomarker and potential therapeutic target in ccRCC.

Materials and methods

Collection of clinical specimens

Tissue samples were collected from patients who underwent radical nephrectomy in the Department of
Urology at the First Hospital of Shanxi Medical University from January 2021 to October 2021. The patients
were pathologically diagnosed to have ccRCC after surgery, and both cancerous tissues and adjacent normal
tissues were included as research samples. The exclusion criteria were as follows: (1) preoperative exposure to
antineoplastic therapies such as chemotherapy, radiotherapy, or molecular targeted therapy; (2) absence of a
signed informed consent form; and (3) lack of comprehensive clinical and pathological data. Fifty specimens
were included in this study. The study was conducted in accordance with the Declaration of Helsinki (as revised
in 2013). The study was approved by the Ethics Committee of the First Hospital of Shanxi Medical University
(No. 2021K034), and informed consent was obtained from all the patients.

Determination of the CHST11 gene expression levels from the database

Datasets were obtained from The Cancer Genome Atlas (TCGA) database’. Gene Expression Omnibus (GEO)
dataset was downloaded from the NCBI GEO database. The following datasets were included in this study:
GSE53757, GSE40435, GSE15641, and GSE36895 (Table S1).

The HPA database'® was used to perform an IHC analysis of CHST11 protein expression. We used the
program AlphaFoldDB!! to predict the three-dimensional structure of the CHST11 gene. Receiver operating
characteristic (ROC) curve analysis was conducted on the TCGA-KIRC, GSE53757, GSE40435, GSE15641,
and GSE36895 datasets. The area under the curve (AUC) is a commonly used metric to assess diagnostic tests.

Clinicopathological analysis of CHST11 and its prognostic value

We used the TCGA-KIRC dataset to estimate the prognostic value of CHST11 in ccRCC patients. Kaplan-Meier
(KM) survival curves were generated using the survival package, and log-rank tests were performed. The
prognostic outcomes were OS, disease-specific survival (DSS), and progression-free interval (PFI).

Immune infiltration analysis

The Tumor Immune Estimation Resource (TIMER)"? was used to investigate the correlation between the CHST11
gene expression and immune infiltration levels in ccRCC patients. KM Plotter! was utilized for further analysis
to determine whether CHST11 expression affects the prognosis of ccRCC patients following immune cell
infiltration. Additionally, single-sample Gene Set Enrichment Analysis (ssGSEA) was used to quantitatively
assess the correlation between the infiltration levels of 24 types of immune cells and CHST11 expression'*.
The Tumor and Immune System Interaction Database (TISIDB) was used to examine the relationship between
CHST11 expression and tumor lymphocyte infiltration, immune suppressors, immune stimulators, and major
histocompatibility complex. Tumor Immune Single-cell Hub 2 (TISCH2)!® was used to demonstrate the
relationship between the colocalized expression of CHST11 and immune cells at the single-cell RNA sequencing
level.

m®A methylation analysis of CHST11

Enzymes involved in m°A methylation include methyltransferases (writers), demethylases (erasers), and
methylation readers (readers). We conducted a study to investigate the relationship between CHST11 expression
and the aforementioned 23 types of m°A methylation regulators. We used LASSO regression to calculate a risk
score and established a model. The patients were stratified into high-risk and low-risk groups, and the KM
survival analysis was conducted to assess the prognostic value. ROC curves were used to analyze the sensitivity
and specificity of the model. We then obtained the relevant methylation data for ccRCC from the Xena database'.
We finally identified the core methylation regions associated with patient prognosis.

PPI and enrichment analysis

We used the STRING database!” to generate a PPI network of proteins associated with CHST11. We then
conducted a comprehensive analysis of CHST11 and its associated genes by Gene Ontology (GO) analysis and
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, including GO biological
process (BP), cellular constituent (CC), molecular function (MF), and KEGG pathway functional enrichment
analysis.
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Quantitative real-time polymerase chain reaction

The CHST11 mRNA expression was assessed in 50 pairs of ccRCC tissues and adjacent noncancerous tissues.
Total RNA was extracted using TRIzol (Transgene, Beijing, China) reagent, followed by the synthesis of the
first-strand cDNA using the Uni All-in-One SuperMix mRNA reverse transcription kit (Transgene, Beijing,
China). The obtained cDNA was then subjected to qPCR using the PerfectStart Green qPCR SuperMix reagent
kit (Transgene, Beijing, China). GAPDH was used as the internal reference. The primer sequences were as follows:
GAPDH-F: 5-GCTCTCTGCTCCTCCTGTTC-3';s GAPDH-R: 5-ACGACCCHST11TCCGTTGACTC-3'. For
CHST11, the primer sequences were as follows: CHST11-F: 5'-CACAAGCCGTAAGCGGAGG-3’; CHST11-
R: 5'-CATGGGGTCGCTGTACTTCC-3". The relative gene expression levels were calculated using the 2724
method.

IHC analysis

THC was used to evaluate the CHST11 protein expression levels in 50 paired sets of ccRCC tissues and the cor-
responding adjacent normal tissues. Tissue sections of pathological origin were obtained from patients with
confirmed ccRCC through pathological assessment. These sections were subjected to deparaffinization, hydration,
and removal of endogenous peroxidase with hydrogen peroxide to retrieve tissue antigens. The sections were then
washed thrice with PBS for 3 min each. The sections were then incubated with anti-CHST11 antibodies (1:300,
ZSGB-BIO, Chengdu, China) at 37 °C for 1.5 h, followed by cooling at room temperature for 35 min. Following
arinse in PBS, secondary antibodies (Boster, Wuhan, China) were added, and the sections were incubated for
30 min. Another round of rinsing in PBS was performed before using the DAB kit (Boster, Wuhan, China) for
color development; the reaction was terminated after microscopic observation. Hematoxylin was used for coun-
terstaining acidophilic structures, which produced a blue hue. The sections were subsequently dehydrated, treated
for transparency, and mounted with neutral resin. The stained sections were then examined by pathologists.

Cell culture and transfection

Human renal epithelial normal cells (293T) and human ccRCC cells (7860, 769P, and ACHN) were procured
from the Cell Bank of the Shanghai Institute of Life Sciences. The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Procell, Wuhan, China) supplemented with 10% fetal bovine serum (FBS) (Gibco, CA,
USA) and 1% penicillin/streptomycin (Solarbio, Beijing, China). For transfection, the overexpression plasmid
and knockdown small interfering RNA (siRNA) were obtained from Han-Bio (Shanghai, China). In accordance
with the manufacturer’s instructions, transfection was performed using Lipofectamine 3000 (Thermo Fisher
Scientific, CA, USA) for plasmids or siRNAs. Subsequent experiments were conducted 48 h post-transfection.

Cell counting kit-8 assay

After cell digestion with trypsin (Solarbio, Beijing, China), the cell suspension was adjusted to a concentration
of 5 10° cells/100 pL/well and added to a 96-well plate (Solarbio). Next, 100 L of the prepared CCK-8 reagent
(MCE, NJ, USA) was added to each well. The absorbance values were measured using the microplate reader at
0, 24, 48, 72, and 96 h after cell culture. The absorbance was measured at 450 nm by using a microplate reader.

Wound healing assay

After the cells covered the entire 6-well plate, vertical scratches were made at the bottom of the plate by using a
sterile 200 uL pipette tip. The cell debris was washed with PBS (Solarbio) three times. A basic culture medium
without FBS was added to continue cell cultivation. At 0, 12, 24, and 48 h after cell growth, photographs were
captured under a microscope. The area of wound healing was determined using the Image]J software.

Transwell assay

The cells were digested with trypsin (Solarbio), neutralized with an FBS-free medium, and resuspended after
centrifugation to prepare a cell suspension. After mixing the Matrigel matrix (Corning, NY, USA) with a basic
culture medium, the mixture was added (or not added) to the Transwell chamber and incubated for 3 h. Next,
the cell density was adjusted to 3 x 10° cells/mL, and the cells were then added to the Transwell chamber. The cells
were cultured in a cell culture incubator at 37 °C for 24 h. The cells were fixed with paraformaldehyde, stained
with crystal violet, and observed and counted under a microscope.

Statistical analysis

All data were analyzed using GraphPad Prism 9.0 software and R software (version 4.2.0). Student’s t-test was
used to compare two groups, and one-way ANOVA was used to compare multiple groups. Survival analysis was
conducted using KM curves, along with the determination of hazard ratio (HR) and p-value through the log-rank
test with 95% confidence intervals. Pearson’s or Spearman’s correlation analyses were used to assess the correlation
between genes. Differences at the P-value of < 0.05 were considered statistically significant.

Ethical approval
Approval of the research protocol by an Institutional Reviewer Board:the Ethics Committee of the First Hospital
of Shanxi Medical University.

Informed consent
Informed consent was taken from all the patients.
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Results
CHST11 gene expression level in ccRCC tissues
Following the analysis of the downloaded TCGA-KIRC datasets, the results indicated that the CHST11 gene
expression level was higher in tumor tissues (n =541) than in normal tissues (n=72) (Fig. 1A). Regarding paired
tissues, the CHST11 gene expression level was higher in tumor tissues (n=72) than in normal tissues (n="72);
these findings were consistent with those of nonpaired tissues (P <0.001) (Fig. 1B). The analysis of mRNA
expression on the gene chips GSE40435 and GSE53757 showed that the CHST11 gene was overexpressed in
ccRCC (Fig. 1C,D).

We then examined CHST11 protein expression levels in ccRCC and normal tissues by using the HPA database
(Fig. 1F). The three-dimensional structure was predicted using the AlphaFold database, as shown in Fig. 1E.

Relationship between CHST11 expression levels and clinicopathological features in ccRCC
patients

A total of 541 patients were included in the present study. The CHST11 mRNA expression level showed significant
correlations with T-stage, N-stage, M-stage, AJCC staging, and WHO/ISUP-histologic grade. However, no
correlation was observed between the CHST11 mRNA expression level and gender, age, or race (Table S2)
(Fig. 2). The logistic regression analysis indicated a positive correlation between the CHST11 mRNA expression
level and T-stage, N-stage, AJCC staging, and WHO/ISUP-histologic grade (Table S3).

Diagnostic efficacy and prognostic value of CHST11 in ccRCC

We used ROC curves and AUC values to assess the diagnostic efficacy of CHST11 in ccRCC. The KM plotter
was used to analyze the survival outcomes associated with CHST11 in ccRCC. The results indicated that the
AUC values were 0.917, 0.877, and 0.914 in the TCGA-KIRC, GSE53757, and GSE15641 datasets, respectively
(Fig. 3A-C). Moreover, the AUC values exceeded 0.6 in both GSE36895 and GSE40435 datasets (Fig. S1). KM

survival analysis revealed a significant correlation between the high CHST11 expression and poor OS, DSS, and
PFI (Fig. 3D-F).

Correlation between CHST11 and immune cell infiltration in ccRCC
We used the TIMER database, ssGSEA, and TISIDB database to analyze the correlation between CHST11
expression levels and immune responses. The KM plotter database was used to conduct an in-depth analysis of
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Figure 1. Expression of CHST11 at the mRNA and protein levels in online databases. (A) Expression of
CHST11 in nonpaired tissues. (B) Expression of CHST11 in paired tissues. (C) Expression of CHST11 in the
GSE40435 dataset. (D) Expression of CHST11 in the GSE53757 dataset. (E) Three-dimensional structure of
CHST11. (F) IHC results of CHST11 in tumor and normal tissues (***P<0.001, ***P<0.0001).
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Figure 2. The relationship between CHST11 mRNA expression level and clinical characteristics in the TCGA
database. (A) Heatmap. Association between the CHST11 mRNA expression level and gender (B), age (C),
ethnicity (D), T staging (E), N staging (F), M staging (G), AJCC staging (H), and WHO/ISUP histological
grading (I) (*P<0.05, **P<0.01, **P<0.001, ***P<0.0001) (This heatmap was generated by R software version
4.2.0, https://cloud.r-project.org/).
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Figure 3. Diagnostic efficacy and survival prognosis of CHST11 in ccRCC. ROC curves of CHST11 for
diagnosing ccRCC in the TCGA (A), GSE53757 (B), and GSE15641 (C) datasets. Correlation between CHST11
expression and OS (D), DSS (E), and PFI (F). (OS, overall survival; DSS, disease-specific survival; PFI,
progression-free interval).

the relationship between immune cell infiltration and prognosis of ccRCC patients. Finally, we used the TISCH2
database for single-cell RNA sequencing to provide information on the co-localization of immune cell infiltration.

The TIMER database revealed a close positive correlation between CHST11 expression and six immune cell
types: B cells, CD8* T cells, CD4" T cells, macrophages, neutrophils, and dendritic cells (Fig. S2A). Additionally,
CHST11 expression showed a positive correlation with the expression of six immune checkpoint genes: HAVCR2,
CD274, CTLA4, PDCDI1, LAG3, and PDCDI1LG2 (Fig. S2B). The survival analysis module in the database,
however, indicated that the infiltration of these six immune cell types was not significantly associated with the
OS of ccRCC patients (Fig. S2C).

The results of ssGSEA indicated that CHST11 exhibited significant differences in immune cell infiltration
levels between the high and low expression groups in the majority of somatic cells (Fig. S3A). The CHST11
expression levels showed a significant positive correlation with the enrichment of macrophages, T helper cell 1,
and T helper cell 2 and exhibited a significant negative correlation with T helper cell 17 enrichment (Fig. S3B).

By using the TISIDB database, Spearman’s correlation analysis was performed between the CHST11 expres-
sion level and tumor lymphocytes, tumor immunostimulators, tumor immunoinhibitors, and major histocom-
patibility complex (MHC) proteins. The results showed a significant correlation between CHST11 and certain
tumor immunostimulators (CD28, IL2RA, and TNFSF13B), tumor immunoinhibitors (CD96 and LGALS9),
and MHC proteins (HLA-DRA and HLA-DMB) (Tables S4-S7).

We also conducted a detailed investigation using the KM plotter database and confirmed that ccRCC patients
with high CHST11 expression exhibited an increase in macrophage infiltration, along with a decrease in the
infiltration of mesenchymal stem cells, natural killer (NK) T cells, type 1 T-helper cells, and type 2 T-helper cells,
which correlated with poor patient prognosis (Fig. 4A-Q).

Finally, we conducted an analysis at the single-cell sequencing level with a focus on cell types and the TME
in ccRCC. The result was visually represented in the form of a heatmap to demonstrate co-localization. We
also analyzed the correlation between CHST11 expression and immune infiltration abundance (Fig. 5A-E). In
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Figure 4. Correlation between CHST11 expression and different immune cell subsets in ccRCC in the
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the GSE111360, GSE139555, GSE121636, GSE159115, and GSE171306 datasets, CHST11 was predominantly
distributed in macrophages, CD4* T cells, CD8* T cells, B cells, and NK cells.

mEA methylation analysis of the CHST11 gene

We initially investigated the 23 associated m®A methylation genes of CHST11 in ccRCC. The results showed
a significant positive correlation between CHST11 and RBM15B, VIRMA, ZC3H13, YTHDF3, YTHDC2, and
IGF2BP3 (Fig. 6A). We also conducted LASSO regression analysis with tenfold cross-validation and determined
the inclusion genes and the corresponding A coefficient values for the scoring formula (Fig. 6B,C). We then
established a prognostic model and computed the risk scores for each ccRCC patient on the basis of the 10 genes
(Fig. 6D,E). Survival analysis indicated that patients in the high-risk group have a poor prognosis in terms of OS
(Fig. 6F). The ROC curves calculated for 1, 3, and 5 years of survival displayed high AUC values, thus indicating
a favorable predictive accuracy of this model (Fig. 6G).

Subsequently, we downloaded and analyzed the relevant methylation data of TCGA-KIRC from the Xena
database. The results indicated that almost all CpG islands were significantly hypermethylated in ccRCC tissues
(Fig. S4A). Correlation analysis with CHST11 expression showed a positive association between the methylation
status of 31 regions and the CHST11 mRNA expression level (Fig. S$4B). We found that only higher methylation
levels of cg24946597 were associated with a poor patient prognosis; this finding suggests that cg24946597 is a
core methylation region within the CHST11 gene (Fig. S4C).

PPl and enrichment analyses of CHST11

First, we generated a PPI network related to CHST11 by using the STRING database. This network contained
20 proteins, including CHST11 (Fig. 7A). Subsequently, we curated the top 10 genes most closely associated
with CHST11. We then constructed an interaction chord diagram that illustrated their interplay and plotted a
co-expression heatmap (Fig. 7B,C). Finally, we created an interaction diagram that showed the direct interactions
among the six genes centered around CHST11 (Fig. 7D).

We selected the top 50 genes from the TCGA database that exhibited either positive or negative correlation
with the CHST11 expression levels. An expression heatmap for these genes was then generated (Fig. S5). The
GO and KEGG enrichment analyses for CHST11 indicated that CHST11 is primarily localized in the Golgi
apparatus in ccRCC cells. It is most significantly associated with processes such as proteoglycan metabolism,
GAG biosynthesis, and aminoglycan biosynthesis (Fig. S6).

CHST11 expression in ccRCC tissues and cells

First, we assessed the mRNA expression levels of CHST11 in samples (n=50) (Table S8) and cells by using qRT-
PCR. The results showed that the expression levels of CHST11 were significantly elevated in ccRCC tissues as
compared to that in normal tissues (P<0.001) (Fig. 8A). Moreover, the mRNA expression levels of CHST11 in
7860, 769P, and ACHN cells were notably higher than that in 293 T cells (Fig. 8B).

We also conducted immunohistochemical staining of both ccRCC and normal tissues. The findings showed
that the CHST11 protein primarily localizes in the cell membrane and cytoplasm of ccRCC cells (Fig. 9A). The
expression level of the CHST11 protein was significantly higher in ccRCC tissues than in normal tissues (P<0.01)
(Fig. 9B). Additionally, the elevated expression of CHST11 was strongly correlated with higher clinical stages of
the tumor (P<0.01) (Fig. 9C).

CHST11 knockdown inhibited the proliferation, migration, and invasive capabilities of ccRCC cells
To investigate the biological functions of CHST11 in ccRCC cells, we designed siRNA interference agents to
knockdown the CHST11 gene. The transfection efficiency was confirmed by qRT-PCR analyses (Fig. 10A,H).

Wound healing assay confirmed a reduction in the cell migration ability of the si-CHST11 group
(Fig. 10B,C,L]J). Transwell assays showed decreased cell migration and invasion capabilities in the si-CHST11
group as compared to that in the si-control group (P <0.01) (Fig. 10D-EK-M). The results of the CCK-8 assay
confirmed reduced cell proliferation in the si-CHST11 group as compared to that in the si-control group
(P<0.001) (Fig. 10G,N). These findings indicate that the CHST11 gene knockdown inhibits the proliferation,
migration, and invasive capabilities of ccRCC cells.

CHST11 overexpression promoted the proliferation, migration, and invasive capabilities of
ccRCCcells
We constructed an overexpression plasmid for the CHST11 gene. The plasmid was transfected into 7860 and
769P cells by using a transfection reagent. QqRT-PCR analyses were then conducted to verify transfection efficiency
(Fig. 11A,H).

In 7860 and 769P cells, wound healing assay confirmed the enhanced cell migration ability of the CHST11
overexpression group (Fig. 11B,C,L]). Transwell assays confirmed increased cell migration and invasive capabili-
ties of the CHST11 overexpression group as compared to that of the control group (P<0.01) (Fig. 11D-EK-M).
The results of the CCK-8 assay confirmed enhanced cell proliferation in the CHST11 overexpression group as
compared to that in the control group (P<0.001) (Fig. 11G,N). These findings indicate that CHST11 overexpres-
sion enhances the proliferation, migration, and invasive capabilities of ccRCC cells.
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Figure 5. Co-localization of CHST11 expression with immune cell expression in the TISCH2 database.
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Figure 6. (A) Correlation heatmap between CHST11 and 23 m°A regulators in ccRCC. (B) The LASSO
coefficient curve for m°A regulators with the minimal A value determined by tenfold cross-validation in LASSO
regression. (C) Diagnostic LASSO variable trajectory. (D) Correlated genes incorporated into the model and
the risk scoring formula. (E) Risk factor chart along with the distribution of survival status in independent
individuals. (F) KM curves for ccRCC patients in the high-risk and low-risk groups. (G) ROC curve for the
prognostic model (This heatmap was generated by R software version 4.2.0, https://cloud.r-project.org/).
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Figure 7. PPI network of CHST11 in ccRCC. (A) Interaction network constructed using the STRING database.
(B) The top 10 genes most closely associated with CHST11. (C) Heatmap of the top 10 genes most relevant to
CHST11. (D) PPI core network of CHST11 (This heatmap was generated by R software version 4.2.0, https://
cloud.r-project.org/).

Discussion

ccRCC not only represents an aberrant proliferation of renal cells, but it also indicates a metabolic disorder
that manifests as alterations in lipid metabolism. As a metabolic disease, the metabolic pathways in ccRCC cells
influence the phenotypic behavior of tumor cells and affect the TME, thereby facilitating the growth of cancer
cells'®. The alterations in these metabolic pathways primarily occur through diverse routes, including glycolysis,
amino acid metabolism, oxidative phosphorylation impairment, and lipid metabolism'®. Moreover, metabolic
reprogramming is crucial in the incipient stages of cancer, which augments the malignancy of ccRCC cells®. A
substantial shift in lipid metabolism occurs in ccRCC cells, accompanied by marked reshaping or anomalous
upregulation of lipid proteins in the cellular membrane, thereby facilitating the growth and proliferation of
ccRCC cells?'.

Recent studies have indicated a close correlation between alterations in the surface glycoproteins of ccRCC
cells and the metastatic potential of tumors. Glycoproteins participate in the connections between cells and also
between cells and the extracellular matrix and thus influence the invasive capabilities of cells**?. Several studies
have indicated that GAGs show elevated expression in various cancers and play a role in tumor progression
and metastasis. GAGs serve as integral components of proteoglycans and provide structural support to the
extracellular matrix (ECM); thus, they mediate cellular behavior by interacting with numerous proteins on the
cell surface or within the ECM and regulate cellular processes such as adhesion, migration, proliferation, and
differentiation**?*. Recent studies suggest that certain GAGs can regulate stem cell differentiation through their
interactions with proteins?%’.

CHST11 is a critical enzyme in the synthesis of GAGs, particularly CS. According to previous studies, CHST11
is abnormally expressed in various malignant tumors, and it is closely associated with the clinicopathological
features of cancer and the prognosis of cancer patients. Li et al.*® found that the CHST11 expression level
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Figure 8. qRT-PCR assessment of the CHST11 mRNA expression levels in ccRCC tissues (A) and cell lines (B)
(*P<0.05; ***P<0.0001).

was significantly elevated in lung cancer tissues and correlated with a poor patient prognosis. Relevant studies
have indicated that CHST11 may promote the progression of endometrial cancer by activating pathways such
as the Wnt signaling pathway and promoting epithelial-mesenchymal transition?. CHST11 may promote the
metastasis of non-small cell lung cancer cells through dysregulation of ceruloplasmin and intracellular iron
balance®. However, the role of the CHST11 gene in ccRCC remains unclear.

Recent studies posit that cancer metabolic reprogramming may interfere with the antitumor immune
response. Through Warburg’s effect, cancer cells can intricately influence the generation of the corresponding
intermediates in oxidative-reductive reactions, thereby attenuating the proliferation, differentiation, activation,
and functionality of immune cells*. The aberrant production of metabolites and intermediates in the TME also
probably exerts a profound effect on these immune processes.

The tumor immune microenvironment plays a crucial role in tumor progression and prognosis, immune
evasion, and immunotherapy. Immune cells can either promote or inhibit the growth and metastasis of tumors™.
The analysis of tumor immunotherapy involves the activation of immune cells within the body and the enhance-
ment of the organism’s anti-tumor immune response, with the specific aim of eliminating minuscule residual
tumor foci, suppressing tumor growth, and using therapeutic strategies to disrupt immune tolerance®>. Xiong
et al.”® showed that the CHST11 gene is upregulated in liver cancer cells, which promoted the infiltration of Treg
cells in tumor tissues; thus, correlating with immunosuppressive function. Silencing the CHST11 gene inhibited
cell proliferation and migration. Our results exhibited a high expression of CHST11, which is concomitant with
a reduction in the infiltration of mesenchymal stem cells, NK T cells, and T-helper cells. In this context, NK
cells are regarded as the primary bastion against hematogenous metastatic tumor cells, and reduced NK cell
levels may favor an impending metastasis®. The decreased NK cell levels frequently coincide with the increased
CDA47 expression, which is related to a more invasive phenotype and a poor prognosis of ccRCC patients™.
During ccRCC occurrence, immunoglobulins play a critical role in the evolution of neoplastic cells. Because
of the enrichment of proinflammatory cytokines and growth factors in the TME, their sustained presence may
paradoxically facilitate cancer progression, leading to uncontrolled malignant proliferative responses®®*. It is
plausible that CHST11 may mediate the malignant phenotype of ccRCC cells through the modulation of the
TME. The immune microenvironment and tumor cells have an intricate relationship. In this context, we posit
that CHST11 expression can enhance their interplay. Hence, these findings will help identify novel indicators or
adjunct therapeutic targets to monitor immunotherapy efficacy.

mCA, which functions as a genetic regulatory mechanism, enables regulated proteins to drive aberrant
transcription, processing, and translation of the target transcripts. This subsequently affects the development of
various diseases, including the onset, progression, and prognosis of cancer®®. m®A-associated genes comprise
a total of 23 writers, erasers, and readers. The equilibrium among these genes is conducive to maintain the
homeostasis of gene expression. Herman et al.*”” confirmed that the CHST11 gene is upregulated in breast cancer,
with a lower CpG island methylation level in its gene sequence. Higher levels of methylation can silence genes,
thereby significantly inhibiting tumor proliferation and differentiation. In the present investigation, we elucidated
the intricate relationship between m°A regulatory factors and CHST11, along with their prognostic significance
in ccRCC cells. The findings revealed a prominent positive correlation between CHST11 and RBM15B, VIRMA,
ZC3H13, YTHDF3, YTHDC2, and IGF2BP3. The aberrant expression of these factors in ccRCC, coupled with
their association with CHST11, may enable the elucidation of anomalous expression of CHST11 in patients with
ccRCC. We identified m6A-associated genes that exhibit the highest correlation with CHST11. We utilized these
correlated genes to construct a prognostic model to predict patient outcomes. The methylation of promoter
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Figure 9. THC assessment of CHST11 expression in ccRCC. The expression and localization of CHST11in
normal tissues and in low-grade and high-grade ccRCC tissues (A). Quantitative analysis of CHST11 expression
(B) and histological malignancy grade (C) according to IHC results (**P<0.01).

regions also exerts a significant influence on CHST11 expression. Notably, cg24946597 represents the core
methylation region in the CHST11 gene. Nevertheless, these outcomes necessitate substantiation through the
execution of methylation-specific PCR. Overall, the findings of the present study underscore a novel epigenetic
pattern of CHSTI11. Moreover, we used the STRING database to construct a PPI network for CHST11. The
results of functional enrichment analysis further corroborate the involvement of CHST11 in processes such as
proteoglycan metabolic processes and GAG biosynthetic processes.
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Figure 10. CHST11 knockdown reduces the malignancy of ccRCC. Assessment of transfection efficiency
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Finally, our study conducted relevant experiments on clinically collected tumor tissues and matched normal
tissues. IHC assay was used to provide additional evidence. To determine the intricate biological functions of
CHST11 in ccRCC cells, we conducted scratch assays, Transwell experiments, and CCK-8 assays. The deletion
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Figure 11. CHST11 overexpression promotes the malignancy of ccRCC cells. Assessment of transfection
efficiency (A,H). Wound healing assay (B,I). Quantitative analysis of the wound healing rate (C,J). Transwell
assay results (D,K). Quantitative analysis of Transwell assay (E,F,L,M). CCK-8 assay results (G,N) (**P<0.01,
**P<0.001, ****P<0.0001).
of CHST11 confirmed a decrease in the proliferation, migration, and invasive capabilities of ccRCC cells.
The malignancy of ccRCC cells reduced following CHST11 gene knockdown. Conversely, CHSTII gene
overexpression amplified the proliferation, migration, and invasive capacities of ccRCC cells, indicating an
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www.nature.com/scientificreports/

augmentation of cell malignancy. In summary, the results of this study suggest that the CHST11 gene family
may play a crucial role in the occurrence and development of ccRCC. 1t is also a promising prognostic marker
and therapeutic target for ccRCC.

The present study has some limitations. First, a limited number of tissue samples were included, and future
studies should include more clinical samples. Further support based on prospective studies and a larger sample
size is required. Second, the biological functional studies in this experiment were primarily based on cell
experiments, and further studies based on animal experiments are warranted.

Conclusion

In summary, bioinformatics analysis coupled with experimental evidence indicates a marked upregulation of
CHST11 expression in ccRCC, which correlates with clinicopathological factors, poor prognosis, and the immune
microenvironment. For the first time, we suggest that CHST11 overexpression promotes the proliferation, migra-
tion, and invasive capabilities of ccRCC cells. Thus, CHST11 may emerge as a novel biomarker for the therapeutic
intervention of ccRCC.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 29 December 2023; Accepted: 27 March 2024
Published online: 02 April 2024

References

1. Sung, H. et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J. Clin. 71, 209-249. https://doi.org/10.3322/caac.21660 (2021).

2. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 70, 7-30. https://doi.org/10.3322/caac.21590
(2020).

3. Lokeshwar, V. B. et al. A novel splice variant of HYAL-4 drives malignant transformation and predicts outcome in patients with
bladder cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 26, 3455-3467. https://doi.org/10.1158/1078-0432.ccr-19-2912
(2020).

4. Mikami, T., Mizumoto, S., Kago, N., Kitagawa, H. & Sugahara, K. Specificities of three distinct human chondroitin/dermatan
N-acetylgalactosamine 4-O-sulfotransferases demonstrated using partially desulfated dermatan sulfate as an acceptor: Implication
of differential roles in dermatan sulfate biosynthesis. J. Biol. Chem. 278, 36115-36127. https://doi.org/10.1074/jbc.M306044200
(2003).

5. Bahadoram, S. et al. Renal cell carcinoma: An overview of the epidemiology, diagnosis, and treatment. G. Ital. Nefrol. Organo Uff.
Soc. Ital. Nefrol. 39, 1 (2022).

6. Zhang, P, Chen, D., Cui, H. & Luo, Q. High expression of CHST11 correlates with poor prognosis and tumor immune infiltration
of pancreatic cancer. Clin. Lab. https://doi.org/10.7754/Clin.Lab.2022.211239 (2022).

7. Behrens, A. et al. Carbohydrate (chondroitin 4) sulfotransferase-11-mediated induction of epithelial-mesenchymal transition and
generation of cancer stem cells. Pharmacology 105, 246-259. https://doi.org/10.1159/000506710 (2020).

8. Chang, W. M. et al. The aberrant cancer metabolic gene carbohydrate sulfotransferase 11 promotes non-small cell lung cancer cell
metastasis via dysregulation of ceruloplasmin and intracellular iron balance. Transl. Oncol. 25, 101508. https://doi.org/10.1016/j.
tranon.2022.101508 (2022).

9. Wang, Z., Jensen, M. A. & Zenklusen, J. C. A practical guide to the cancer genome atlas (TCGA). Methods Mol. Biol. (Clifton, N.J.)
1418, 111-141. https://doi.org/10.1007/978-1-4939-3578-9_6 (2016).

10. Uhlén, M. et al. Proteomics. Tissue-based map of the human proteome. Science (New York, N.Y.) 347, 1260419. https://doi.org/
10.1126/science.1260419 (2015).

11. Varadi, M. et al. AlphaFold protein structure database: Massively expanding the structural coverage of protein-sequence space
with high-accuracy models. Nucleic Acids Res. 50, D439-d444. https://doi.org/10.1093/nar/gkab1061 (2022).

12. Li, T. et al. TIMER?2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48, W509-w514. https://doi.org/10.1093/
nar/gkaa407 (2020).

13. Gy6rffy, B. Survival analysis across the entire transcriptome identifies biomarkers with the highest prognostic power in breast
cancer. Comput. Struct. Biotechnol. J. 19, 4101-4109. https://doi.org/10.1016/j.csbj.2021.07.014 (2021).

14. Hénzelmann, S., Castelo, R. & Guinney, ]. GSVA: Gene set variation analysis for microarray and RNA-seq data. BMC Bioinformatics
14, 7. https://doi.org/10.1186/1471-2105-14-7 (2013).

15. Sun, D. et al. TISCH: A comprehensive web resource enabling interactive single-cell transcriptome visualization of tumor
microenvironment. Nucleic Acids Res. 49, D1420-d1430. https://doi.org/10.1093/nar/gkaal020 (2021).

16. Goldman, M. . et al. Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 38, 675-678. https://
doi.org/10.1038/541587-020-0546-8 (2020).

17. Szklarczyk, D. et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of
user-uploaded gene/measurement sets. Nucleic Acids Res. 49, D605-d612. https://doi.org/10.1093/nar/gkaal074 (2021).

18. Lucarelli, G. et al. Metaboloic insights into pathophysiological mechanisms and biomarker discovery in clear cell renal cell
carcinoma. Expert Rev. Mol. Diagn. 19, 397-407. https://doi.org/10.1080/14737159.2019.1607729 (2019).

19. Lucarelli, G. et al. Integrated multi-omics characterization reveals a distinctive metabolic signature and the role of NDUFA4L2 in
promoting angiogenesis, chemoresistance, and mitochondrial dysfunction in clear cell renal cell carcinoma. Aging (Albany NY)
10, 3957-3985. https://doi.org/10.18632/aging.101685 (2018).

20. Bianchi, C. et al. The glucose and lipid metabolism reprogramming is grade-dependent in clear cell renal cell carcinoma primary
cultures and is targetable to modulate cell viability and proliferation. Oncotarget 8, 113502-113515. https://doi.org/10.18632/oncot
arget.23056 (2017).

21. di Meo, N. A. et al. Renal cell carcinoma as a metabolic disease: An update on main pathways, potential biomarkers, and therapeutic
targets. Int. J. Mol. Sci. 23, 14360. https://doi.org/10.3390/ijms232214360 (2022).

22. Wang, M., Kejian, S., Ye, L., Chen, J. & Ma, L. Transforms of cell surface glycoproteins charge influences tumor cell metastasis via
atypically inhibiting epithelial-mesenchymal transition including matrix metalloproteinases and cell junctions. Bioconjug. Chem.
34, 1498-1507. https://doi.org/10.1021/acs.bioconjchem.3c00303 (2023).

23. Cooper, J. & Giancotti, F. G. Integrin signaling in cancer: Mechanotransduction, stemness, epithelial plasticity, and therapeutic
resistance. Cancer Cell 35, 347-367. https://doi.org/10.1016/j.ccell.2019.01.007 (2019).

Scientific Reports |

(2024) 14:7704 | https://doi.org/10.1038/s41598-024-58280-8 nature portfolio


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21590
https://doi.org/10.1158/1078-0432.ccr-19-2912
https://doi.org/10.1074/jbc.M306044200
https://doi.org/10.7754/Clin.Lab.2022.211239
https://doi.org/10.1159/000506710
https://doi.org/10.1016/j.tranon.2022.101508
https://doi.org/10.1016/j.tranon.2022.101508
https://doi.org/10.1007/978-1-4939-3578-9_6
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1016/j.csbj.2021.07.014
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1093/nar/gkaa1020
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1080/14737159.2019.1607729
https://doi.org/10.18632/aging.101685
https://doi.org/10.18632/oncotarget.23056
https://doi.org/10.18632/oncotarget.23056
https://doi.org/10.3390/ijms232214360
https://doi.org/10.1021/acs.bioconjchem.3c00303
https://doi.org/10.1016/j.ccell.2019.01.007

www.nature.com/scientificreports/

24. Jackson, R. L., Busch, S.]. & Cardin, A. D. Glycosaminoglycans: Molecular properties, protein interactions, and role in physiological
processes. Physiol. Rev. 71, 481-539. https://doi.org/10.1152/physrev.1991.71.2.481 (1991).

25. Lasorsa, F. et al. Cellular and molecular players in the tumor microenvironment of renal cell carcinoma. J. Clin. Med. 12, 3888.
https://doi.org/10.3390/jcm12123888 (2023).

26. Johnson, C. E. ef al. Essential alterations of heparan sulfate during the differentiation of embryonic stem cells to Sox1-enhanced
green fluorescent protein-expressing neural progenitor cells. Stem Cells 25, 1913-1923. https://doi.org/10.1634/stemcells.2006-
0445 (2007).

27. Pickford, C. E. et al. Specific glycosaminoglycans modulate neural specification of mouse embryonic stem cells. Stem Cells 29,
629-640. https://doi.org/10.1002/stem.610 (2011).

28. Li, C. H,, Chan, M. H,, Chang, Y. C. & Hsiao, M. The CHST11 gene is linked to lung cancer and pulmonary fibrosis. J. Gene Med.
24, e3451. https://doi.org/10.1002/jgm.3451 (2022).

29. Farkas, S. A, Sorbe, B. G. & Nilsson, T. K. Epigenetic changes as prognostic predictors in endometrial carcinomas. Epigenetics 12,
19-26. https://doi.org/10.1080/15592294.2016.1252891 (2017).

30. Lasorsa, F. et al. Immune checkpoint inhibitors in renal cell carcinoma: Molecular basis and rationale for their use in clinical
practice. Biomedicines 11, 1071. https://doi.org/10.3390/biomedicines11041071 (2023).

31. Xie, Y. et al. High CD204(+) tumor-associated macrophage density predicts a poor prognosis in patients with clear cell renal cell
carcinoma. J. Cancer 15, 1511-1522. https://doi.org/10.7150/jca.91928 (2024).

32. Stevenson, H. C. & Tsang, K. Y. Tumor immunology. Immunol. Ser. 50, 513-533 (1990).

33. Xiong, D. D. et al. Highly expressed carbohydrate sulfotransferase 11 correlates with unfavorable prognosis and immune evasion
of hepatocellular carcinoma. Cancer Med. 12, 4938-4950. https://doi.org/10.1002/cam4.5186 (2023).

34. Park, H. et al. CD47 expression predicts unfavorable prognosis in clear cell renal cell carcinoma after curative resection. Diagnostics
(Basel) 12, 2291. https://doi.org/10.3390/diagnostics12102291 (2022).

35. Netti, G. S. et al. PTX3 modulates the immunoflogosis in tumor microenvironment and is a prognostic factor for patients with
clear cell renal cell carcinoma. Aging (Albany NY) 12, 7585-7602. https://doi.org/10.18632/aging.103169 (2020).

36. Liu, Y. et al. N6-methyladenosine-mediated gene regulation and therapeutic implications. Trends Mol. Med. 29, 454-467. https://
doi.org/10.1016/j.molmed.2023.03.005 (2023).

37. Herman, D. et al. CHST11 gene expression and DNA methylation in breast cancer. Int. J. Oncol. 46, 1243-1251. https://doi.org/
10.3892/1j0.2015.2828 (2015).

Author contributions

W.H.: Conceptualization, Methodology, Validation; Y.C.: Software, Data Curation; L.Z.: Investigation; X.G.:
Validation; X.W.: Investigation; Y.S.: Formal analysis; D.W.: Resources; B.W.: Writing—Review & Editing,
Supervision, Project administration.

Funding

This work was supported by the Beijing Bethune Charitable Foundation, Special Research Fund for Urological
Oncology [Grant Number mnz1202029]; the Research Project Supported by Shanxi Scholarship Council of China
[Grant Number 2021-160].

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-58280-8.

Correspondence and requests for materials should be addressed to B.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, 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 changes were made. 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/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:7704 | https://doi.org/10.1038/s41598-024-58280-8 nature portfolio


https://doi.org/10.1152/physrev.1991.71.2.481
https://doi.org/10.3390/jcm12123888
https://doi.org/10.1634/stemcells.2006-0445
https://doi.org/10.1634/stemcells.2006-0445
https://doi.org/10.1002/stem.610
https://doi.org/10.1002/jgm.3451
https://doi.org/10.1080/15592294.2016.1252891
https://doi.org/10.3390/biomedicines11041071
https://doi.org/10.7150/jca.91928
https://doi.org/10.1002/cam4.5186
https://doi.org/10.3390/diagnostics12102291
https://doi.org/10.18632/aging.103169
https://doi.org/10.1016/j.molmed.2023.03.005
https://doi.org/10.1016/j.molmed.2023.03.005
https://doi.org/10.3892/ijo.2015.2828
https://doi.org/10.3892/ijo.2015.2828
https://doi.org/10.1038/s41598-024-58280-8
https://doi.org/10.1038/s41598-024-58280-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of CHST11, a novel biomarker, on the biological functionalities of clear cell renal cell carcinoma
	Materials and methods
	Collection of clinical specimens
	Determination of the CHST11 gene expression levels from the database
	Clinicopathological analysis of CHST11 and its prognostic value
	Immune infiltration analysis
	m6A methylation analysis of CHST11
	PPI and enrichment analysis
	Quantitative real-time polymerase chain reaction
	IHC analysis
	Cell culture and transfection
	Cell counting kit-8 assay
	Wound healing assay
	Transwell assay
	Statistical analysis
	Ethical approval
	Informed consent

	Results
	CHST11 gene expression level in ccRCC tissues
	Relationship between CHST11 expression levels and clinicopathological features in ccRCC patients
	Diagnostic efficacy and prognostic value of CHST11 in ccRCC​
	Correlation between CHST11 and immune cell infiltration in ccRCC​
	m6A methylation analysis of the CHST11 gene
	PPI and enrichment analyses of CHST11
	CHST11 expression in ccRCC tissues and cells
	CHST11 knockdown inhibited the proliferation, migration, and invasive capabilities of ccRCC cells
	CHST11 overexpression promoted the proliferation, migration, and invasive capabilities of ccRCC cells

	Discussion
	Conclusion
	References


