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(Guangxi Academy of Medical Sciences), Nanning, Guangxi, China, 2Department of Orthopedic and
Trauma Surgery, The First Affiliated Hospital of Guangxi Medical University, Nanning, Guangxi, China,
3Department of Cardiology, The Affiliated Cardiovascular Hospital of Kunming Medical University
(Fuwai Yunnan Cardiovascular Hospital), Kunming, Yunnan, China
Purpose: Cystatin 2 (CST2) is a cysteine protease inhibitor, and recent research

suggests its potential involvement in cancer development. However, its role in

the occurrence, progression, and prognosis of pan-cancer has not been

systematically investigated.

Materials and methods: This study comprehensively analyzes the differential

expression of CST2 in pan-cancer. The expression distribution patterns of CST2

were examined using single-cell datasets. Furthermore, we conducted a

comprehensive evaluation of the correlation between CST2 expression and

various factors. These factors include prognosis, immune cell infiltration,

immune-related genes, mutations, methylation, tumor mutation burden (TMB),

andmicrosatellite instability (MSI). In addition, we analyzed the sensitivity of drugs

dependent on CST2 expression. We utilized gene set enrichment analysis (GSEA)

analysis to explore the biological functions of CST2 across different cancer types.

Finally, in gastric cancer cell lines, we will investigate the impact of CST2

knockout on expression levels, clonal proliferation, cell apoptosis, and

cell migration.

Results: CST2 exhibits abnormal overexpression in multiple tumors. Single-cell

analysis reveals high expression of CST2 in fibroblasts. CST2 is closely associated

with prognosis, immune cell infiltration, immune-related genes, mutations,

methylation, TMB, and MSI. Enrichment analysis demonstrated a significant

correlation between CST2 and immune-related pathways. In stomach

adenocarcinoma (STAD), CST2-related risk models are associated with prognosis

and demonstrate strong predictive capabilities, while also being closely linked to
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the immune microenvironment. Drug sensitivity analysis indicates the correlation

between CST2 and 21 chemotherapy drugs. Finally, experimental validation

revealed significantly elevated expression of CST2 in STAD, indicating its role as

a driver gene in regulating malignant cell proliferation and migration.

Conclusion: CST2 serves as a potential tumor immune biomarker, playing a

critical facilitating role in the proliferation and migration processes of STAD.
KEYWORDS

cystatin 2 (CST2), pan-cancer, stomach adenocarcinoma (STAD), the tumor
microenvironment (TME), immunotherapy, single-cell
Introduction

Cancer remains a leading cause of global human mortality (1).

Given its high incidence and mortality rates, the pursuit of more

valuable and targeted biomarkers for early diagnosis, treatment, and

prevention is of paramount importance and urgency. The

involvement of the tumor immune microenvironment in cancer

initiation and progression has been gradually elucidated. Currently,

molecular targeted therapies are progressively being applied in

clinical practice. The discovery of biomarkers has significantly

accelerated the development of anti-cancer drugs.

With the widespread adoption of high-throughput sequencing

technologies and the improvement of tumor data sharing platforms,

pan-cancer research is receiving increasing attention. By combining

and analyzing cancers originating from different organs, pan-cancer

studies can provide a deeper and broader understanding of

common oncogenic signaling pathway characteristics, allowing

researchers to focus on datasets with relatively larger sample sizes.

Larger sample sizes enhance the statistical power of the data and

make it easier to identify cancer-associated genomic alterations,

potentially leading to the discovery of previously unidentified drug

targets. Additionally, new tumor classification methods based on an

understanding of common signaling pathway features can help

certain cancer patients receive more personalized treatments,

increasing the likelihood of disease relief (2).

Cystatin 2 (CST2) is a gene encoding a protein that belongs to the

cysteine protease inhibitor superfamily (3). Previous studies have

indicated that CST2 can predict disease progression in certain non-

tumor conditions (4, 5). A recent study discovered that CST2 is

overexpressed in pancreatic cancer, functioning as an oncogene.

Knockdown of CST2 in pancreatic cancer inhibits tumor cell

proliferation, migration, and invasion, while also suppressing the

activation of the PI3K/AKT signaling pathway (6). Elevated levels of

CST2 in colorectal cancer are associated with shortened overall

survival in patients (7). The upregulation of CST2 has been linked

to breast cancer development (8). In gastric cancer samples, CST2 is

upregulated, enhancing tumor cell growth, migration, and invasion

by regulating epithelial-mesenchymal transition (EMT) and the TGF-
02
b1 signaling pathway, leading to poor prognosis in patients (9). CST2

may participate in prostate cancer metastasis by modulating the EMT

signaling pathway (10). CST2 is associated with overall survival rate

(OS) in hepatocellular carcinoma (11). High expression of CST2

promotes bone metastasis occurrence (12), which is common in solid

tumors. Therefore, dysregulation of CST2 is implicated in human

cancer. Nevertheless, there remains a need for a comprehensive

understanding of CST2’s role in pan-cancer. Hence, further

exploration of the mechanisms underlying CST2’s involvement in

tumors holds significant importance in providing new directions and

strategies for clinical cancer treatment.

By integrating multiple databases, we conducted an analysis of

CST2 expression levels in pan-cancer and its relationship with

tumor-infiltrating immune cells, immune-related genes, mutations,

DNA methylation, tumor mutation burden (TMB), microsatellite

instability (MSI), and their impact on patient prognosis. The results

demonstrate that CST2 overexpression in pan-cancer contributes to

carcinogenesis and is closely associated with the tumor immune

microenvironment (TIM). Furthermore, we performed molecular

biology validation in gastric cancer to further confirm the oncogenic

role of CST2. In summary, CST2 represents a promising therapeutic

target in cancer treatment and serves as a potential biomarker for

predicting immunotherapy efficacy and prognosis.
Materials and methods

CST2 expression analysis in human
pan-cancer

CST2 expression data in 35 normal tissues were obtained and

downloaded from the Genotype-Tissue Expression (GTEx, https://

commonfund.nih.gov/GTEx) database. Additionally, CST2

expression data from 31 tumor cell lines were obtained from

the Cancer Cell Line Encyclopedia (CCLE, https://portals.

broadinstitute.org/ccle/) database. By combining the data from

normal tissues in the GTEx database and the cancer genomic

atlas from The Cancer Genome Atlas (TCGA, https://
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www.cancer.gov/about-nci/organization/ccg/research/structural-

genomics/tcga), the differential expression of CST2 between cancer

tissues and normal tissues was analyzed. Data from 15 different

types of cancer were retrieved from the TCGA database. We also

investigated the expression levels of CST2 in different clinical stages.
Single-cell analysis

To further analyze the single-cell expression distribution

pattern of CST2 in pan-cancer, we analyzed various single-cell

datasets, including BRCA, BTCC, CAC, CCRCC, CRPC, ESCC,

NNSC, ICC, NPC, NSCLC, OV, PDAC, STAD, UCEC. These data

single-cell data were obtained from the Single-cell and Spatially-

resolved Cancer Resources (SCAR) database (http://scaratlas.com).
Prognostic assessment in pan-cancer

Utilize the R package “survival” to establish a univariate Cox

regression model. Evaluate the prognostic value of CST2 in different

tumor types based on Overall Survival (OS), Progression Free Interval

(PFI), Disease Specific Survival (DSS), and Disease Free Interval (DFI).

Plot Kaplan-Meier survival analysis curves to depict the relationship

between CST2 expression and OS, DSS, disease-free interval (DFS),

and progression-free interval (PFS) specifically in STAD. The Gene

Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/)

database was used to validate the prognostic analysis of CST2 in

STAD. We also analyzed the prognostic significance of CST2 in the

immunotherapy cohort. Prognostic evaluation criteria include

Hazard Ratio (HR), 95% confidence intervals, and p-values

considered statistically significant when p<0.05.
Immunological analyses

The TIMER2.0 database (https://cistrome.shinyapps.io/timer/)

and Biomarker Exploration for Solid Tumors database (https://

rookieutopia.hiplot.com.cn/app_direct/BEST/) can be employed to

analyze tumor immune cell infiltration., which can be utilized for

correlation analysis between CST2 and various types of immune cells.

Visualization of the analysis results can be done using the “ggplot2” R

package. Furthermore, the ESTIMATE algorithm can be applied to

calculate the ESTIMATEScore, ImmuneScore, and StromalScore for

different tumor types. Spearman algorithm can be used to determine

the correlation coefficients between CST2 expression and these three

scoring systems.
Immunological correlation analysis

In each sample, the expression data for 130 immune-related genes

were extracted, including 38 chemokines, 43 immunostimulators, 18

receptors, 8 immune checkpoint genes, and 23 immunoinhibitors.

Subsequently, the Spearman algorithm was utilized to calculate the

correlations between CST2 and individual immune-related genes.
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The evaluation of CST2 in pan-cancer
regarding mutations, methylation, TMB,
and MSI

The CBioPortal database (https://www.cbioportal.org/) was

used to explore the mutation characteristics and locations of

CST2 in tumors. To analyze the relationship between CST2

expression levels and the methylation status of its promoter

region, we utilized the TCGA database and visualized the results

using the “ggplot2” R package. We employed Spearman’s test in the

TCGA database to assess the correlation between CST2 expression

and TMB as well as MSI across different tumor types. The

correlation results were then visualized using the “fmsb” R package.
Enrichment analysis of CST2

To gain further insights into the biological functions and

molecular mechanisms of CST2, we conducted Gene Set

Enrichment Analysis (GSEA) using the R package ClusterProfiler.

In this analysis, we employed the hallmark gene set from the

Molecular Signatures Database (MSigDB), which consists of 50

gene sets associated with key cancer pathways. For each pathway,

we calculated the Normalized Enrichment Score (NES) and False

Discovery Rate (FDR) to assess the enrichment of CST2. Statistical

significance was determined at a p-value < 0.05.
Drug sensitivity analysis

To investigate the correlation between CST2 expression levels and

drugs, we employed two databases. Firstly, the CellMiner database

(https://ngdc.cncb.ac.cn/databasecommons/database/id/6092) allowed

us to analyze gene expression profiles and their association with

drug response. Furthermore, we explored the expression levels of

CST2 in gastric cancer and its correlation with drugs using the

Genomics of Drug Sensitivity in Cancer (GDSC, https://

www.cancerrxgene.org) database and Cancer Therapeutics

Response Portal (CTRP, https://portals.broadinstitute.org/

ctrp.v2.1/) database.
Cell culture and transfection

Human STAD cell lines MKN-45 and SGC-7901 were obtained

from X-Y Biotechnology and maintained in DMEM medium

supplemented with 10% fetal bovine serum at 37ru in a cell

incubator with 5% CO2. For transfection experiments, 3 × 10^5

thyroid cancer cells were seeded into 6-well dishes and cultured for

24 hours to allow for cell attachment. Transfections were performed

using Lipofectamine 3000 reagent (Thermo Fisher Scientific)

according to the manufacturer’s protocol. Biological experiments

were conducted following the appropriate transfection period. The

siRNA sequences used in this study are as follows: si-CST2-1: 5’-GC

UCCUCGAGACAUGUAAU-3’ (targeting 70-90bp downstream of

the start codon, the Antisense strand: 5’-AUUACAUGACU
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CGAGAAGC-3’), si-CST2-2: 5’-GGACGAGGUUCUUGUAAAU-

3’ (targeting 150-170bp downstream of the start codon, the

Antisense strand: 5’-AUUUCCAAGAACCACGUCC-3’).
Plate clone formation assay

Cells were collected and resuspended to obtain a single-cell

suspension. The cells were seeded in 35 mm cell culture dishes at a

density of 200 cells per dish. The medium was replaced every 2–3

days, with half of the medium being replaced each time. After

approximately 14 days, the colonies were analyzed. Clones with

more than 20 cells were counted under a microscope. Subsequently,

the colonies were fixed with methanol and stained using a 1%

crystal violet staining solution (G1063, Solarbio, China).
Cell migration assay

During the transwell invasion experiment, first add 150 µL of

DMEM culture medium with an additional 10% fetal bovine serum

(FBS) to the lower chamber. Then, seed a total of 2 × 10^4 MKN-45

and SGC-7901 cells in the upper chamber of the transwell device.

After 24 hours of incubation, carefully remove the non-invasive

cells on the membrane surface. Next, fix the cells that have

successfully penetrated the membrane and invaded the lower

surface, followed by staining with crystal violet dye (G1063,

Solarbio, China). Finally, use a microscope to capture images of

the stained invasive cells and quantify the number of invasive cells

by counting the cells in three randomly selected fields per well.
Flow-cytometric analysis

To evaluate cell apoptosis, first seed MKN-45 and SGC-7901 cells

into a 6-well plate. Then, transfect the cells with si-NC and si-CST2

separately for 24 hours. After transfection, digest the cells with trypsin

and wash them twice with pre-chilled PBS (4S-c to remove residual

culture medium and enzymes. The washed cells are resuspended in

binding buffer, and according to the instructions provided by Absin

company (China) using the Annexin V-FITC/PI Cell Apoptosis

Detection Kit (abs50001-25T), stain the cells with Annexin V-FITC

and propidium iodide (PI). The stained cells are transferred to tubes

specifically designed for flow cytometry analysis and cell apoptosis is

detected using a BD FACSCalibur flow cytometer. Data collection and

analysis are performed using FlowJo software. The percentage of

apoptotic cells is accurately calculated by distinguishing Annexin V-

positive and PI-negative cells (early apoptosis) from Annexin V-

positive and PI-positive cells (late apoptosis).
Western blot

The cells are first washed with ice-cold PBS, followed by lysis

using a protein extraction kit (20127ES60, Yeasen). The collected

cell samples are centrifuged at 700g for 10 minutes at 4°C. After
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centrifugation, the supernatant is transferred to a new Eppendorf

tube to avoid particle contamination. Subsequently, at 4tbs the

supernatant is centrifuged again at 14,000g for 30 minutes to pellet

cell membrane debris. The cell pellet is then resuspended in 200 µL

of BCA protein assay kit B solution (containing PMSF), vortexed for

5 seconds, and placed on ice for 5 minutes. This step is repeated

twice. After the initial step, centrifugation is performed at 14,000g

for 5 minutes at 4tn to collect the supernatant containing the

membrane proteins. The protein concentration is determined

using the BCA protein assay kit (20201ES76, Yeasen) following

standard operating procedures. Subsequently, total protein is

separated by electrophoresis on a 4-20% Bis-Tris gel (Genscript

China) and transferred to a PVDF membrane (ISEQ00010,

Millipore). The membrane is initially incubated at room

temperature in TBST buffer (Tris-buffered saline with Tween)

containing 5% skim milk for 1 hour to block non-specific

binding. Following the blocking step, it is further incubated

overnight at 4te with primary antibodies (including Anti-CST2,

1:1000, abs115674, Absin; and Anti-GAPDH, 1:2000, ab8245,

Abcam) diluted in TBST with 0.5% skim milk. After the primary

antibody incubation, the membrane is washed three times with

TBST and subsequently incubated with HRP-conjugated secondary

antibodies (34201ES60, 34101ES60, Yeasen) diluted in TBST at

room temperature for 1 hour. Immunoreactive bands are detected

using an ECL Western blotting substrate (36208ES60, Yeasen).

Finally, the density of the bands is quantitatively analyzed using

ImageJ software.
Results

Aberrant expression of CST2 in human
pan-cancer

Initially, we analyzed the expression of CST2 across 35 normal

tissues utilizing the GTEx database. As depicted in Figure 1A, we

observed relatively high expression levels of CST2 in Fibroblast,

Skin, and Vagina tissues. Additionally, we accessed data from the

CCLE database to investigate CST2 expression in 31 tumor cell

lines. As shown in Figure 1B, CST2 was expressed in all 26 types of

tumor cells examined. To determine the differential expression of

CST2 between tumor and normal tissues, we conducted an analysis

using the TCGA database for 33 different cancer types. The results

revealed significantly higher expression levels of CST2 in BLCA,

BRCA, CHOL, COAD, ESCA, KIRC, KIRP, LIHC, LUAD, LUSC,

PRAD, READ, STAD, THCA, and UCEC tissues when compared to

normal tissues (Figure 1C). Considering the limited number of

normal samples available in TCGA, we integrated data from the

GTEx and TCGA databases to analyze CST2 expression differences

in 15 tumor types. We found that CST2 was significantly

upregulated in 13 tumor types, including BLCA, BRCA, COAD,

ESCA, KIRC, KIRP, LIHC, LUAD, LUSC, PRAD, STAD, THCA,

and UCEC, as compared to their respective normal tissues

(Figure 1D). These findings indicate the aberrant overexpression

of CST2 in human pan-cancer.
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Different clinical stages

Through comprehensive analysis and evaluation, we have

discovered distinct expression patterns of CST2 across different

clinical stages in several tumor types. Specifically, higher levels of

CST2 expression were observed in the advanced stages of STAD,

ACC, BRCA, OV, UCS, LUSC, KIRC, BLCA, THCA, and COAD

(Figure 1E). However, in the case of CESC, CST2 exhibited lower

expression levels in the advanced stages.
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Single-cell analysis

As depicted in Figure 2 and Supplementary Figure S1, the single-cell

analysis results reveal distinct expression patterns of CST2 across various

cancer types. Specifically, in BRCA, STAD, BTCC, NSCLC, and PDAC,

CST2 exhibits predominantly high expression levels in the Fibroblast cell

population. In CRPC, CST2 is primarily highly expressed in the Luminal

cell population. On the other hand, inOV and ICC, CST2 shows elevated

expression levels mainly in the Malignant cell population.
FIGURE 1

Cystatin 2 (CST2) aberrant expression and its correlation with clinical stages in human pan-cancer (A) Expression of CST2 across 35 tissues in the
Genotype-Tissue Expression (GTEx) database. (B) Expression of CST2 in 31 tumor cell lines in the Cancer Cell Line Encyclopedia (CCLE) database. (C)
Differential expression of CST2 between cancerous and normal tissues in The Cancer Genome Atlas (TCGA) database. (D) Aberrant overexpression of
CST2 in 13 types of cancer based on analysis of the GTEx and TCGA databases. (E) Variations in CST2 expression levels among distinct clinical stages
in STAD, ACC, BRCA, OV, CESC, UCS, LUSC, KIRC, BLCA, THCA, and COAD. (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Survival analysis

COX regression analysis revealed that high expression of CST2 is

a risk factor for OS in 10 tumor types, including STAD, SKCM,

READ, PAAD, LGG, KIRP, KIRC, HNSC, GBM, and COAD

(Figure 3A). Further investigations demonstrated a significant

correlation between CST2 expression and PFI in several cancer

categories, including STAD, SKCM, READ, PAAD, LGG, KIRC,

GBM, and COAD (Figure 3B). Moreover, elevated expression of

CST2 in STAD, SKCM, PAAD, LGG, KIRP, KIRC, GBM, and COAD

was associated with improved DSS (Figure 3C). Additionally, the

univariate Cox regression model established a link between CST2

expression and adverse prognosis in DFI for STAD and PAAD

(Figure 3D). The survival analysis of CST2 in OS, PFI, DSS, and

DFI highlighted its prognostic value across STAD (Figure 3E).

Furthermore, Kaplan-Meier survival analysis curves were employed

to explore the relationship between CST2 expression and OS, DSS,

DFS, and PFS specifically in STAD. It was observed that patients with

low CST2 expression had better outcomes compared to those with

high CST2 expression (Figure 3F). The GEO database validated the

relationship between CST2 and STAD prognosis in OS (Figure 4A),

RFS (Figure 4B) and PFS (Figure 4C).
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Immune cell infiltration

The correlation heatmap reveals that CST2 is closely associated

with various immune cells in pan-cancer, including cancer-

associated fibroblasts (CAF), endothelial cells, hematopoietic stem

cells, regulatory T cells (Tregs), B cells, macrophages, monocytes,

myeloid dendritic cells, and CD8+ T cells (Figures 5A, B).

According to the results obtained from the ESTIMATE algorithm,

CST2 exhibits a significant positive correlation with the

ESTIMATEScore, ImmuneScore, and StromalScore across

different tumor types such as GBM, UCEC, KIRP, LUSC, KIRC,

SARC, COAD, READ, BLCA, LIHC, HNSC, STAD, ESCA, THYM,

PAAD, PCPG, THCA, and LGG (Figure 6A).
Correlation analysis of CST2 and immune-
related genes

The study findings indicate that CST2 exhibits significant

positive correlations with several chemokines, such as CCL19,

CCL21, CCL11, CCL26, CXCL14, CX3CL1, and CXCL12, in most

tumors (Figure 6B). Furthermore, CST2 shows significant positive
FIGURE 2

Analysis of single-cell expression distribution patterns of CST2 in pan-cancer.
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correlations with immunostimulators, including CD48, LTA, CD27,

TNFRSF4, IL2RA, TNFRSF9, CD80, and CD86 (Figure 6C).

Additionally, CST2 demonstrates significant positive correlations

with receptors such as CXCR4, CCR7, CXCR3, XCR1, CCR2,

CCR4, CCR8, CXCR5, CCR3, CXCR6, CCR1, and CCR5

(Figure 6D). Moreover, CST2 exhibits significant positive

correlations with immune checkpoint genes, including CD274,

CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, SIGLEC15, and

TIGIT (Figure 6E). Lastly, CST2 shows significant positive

correlations with immunoinhibitors like CSF1R, HAVCR2,

PDCD1LG2, LAG3, CD96, PDCD1, CTLA4, TIGIT, BTLA, and

IL10 (Figure 6F).
The immunotherapeutic potential of CST2

Prognostic analysis within the immunotherapy cohorts reveals

that high expression of CST2 improves patient prognosis in the

Lauss cohort 2017 (CAR-T) (Figure 7A). Conversely, low
Frontiers in Immunology 07
expression of CST2 enhances patient prognosis in the Kim cohort

2019 (Anti-PD-1/PD-L1), Nathanson cohort 2017 (Anti-CTLA-4),

and IMvigor210 cohort 2018 (Anti-PD-L1) (Figure 7A). Low

expression of CST2 enhances prognosis in Anti-PD-1/PD-L1

treatment. Furthermore, drug sensitivity analysis demonstrates a

significant association between CST2 and 21 chemotherapy drugs.

Examples include Pyrazoloacridine, XL-147, Lificguat, Ethinyl

estrdiol, Curcumin, Vincristine, Floxuridine, Fenretinide,

Entinostat, RH1, Fluorouracil, (+)-JQ1, Axitinib, Temsirolimus,

Batracylin, Lapatinib, AT-13387, Cordycepin, Benzimate, 5-fluoro

deoxy uridine, and Triapine (Figure 7B). GDSC database

(Figure 7C) and CTRP database (Figure 7D) validate this result.
Correlation analysis of CST2 with
mutations, methylation, TMB, and MSI

The predominant mutation type observed is “Mutation,” with

the highest mutation frequency of CST2 found in Uterine corpus
FIGURE 3

Univariate COX regression analysis was performed to examine the association of CST2 with Overall Survival (OS), Progression Free Interval (PFI),
Disease Specific Survival (DSS), and Disease Free Interval (DFI) in pan-cancer. The correlation between CST2 expression and OS (A), PFI (B), DSS (C),
and DFI (D). (E) Cox regression analysis in STAD from TGCA and GEO database. (F) Survival analysis using Kaplan-Meier (KM) curves was conducted
to investigate the expression of CST2 and its relationship with OS, DSS, progression-free interval (PFS), and disease-free interval (DFS) in STAD.
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endometrioid carcinoma (Figure 8A). In pan-cancer analysis, a

significant correlation is observed between CST2 and methylation

(Figure 8B). The specific mutation sites of CST2 are illustrated in

Figure 8C. Furthermore, STAD patients were categorized into two

groups based on the median expression level of CST2, and a

comparison of gene mutations was conducted between these two

groups. The results indicate that patients with low CST2 expression

in STAD exhibit a higher frequency of gene mutations compared to

those with high CST2 expression (Figure 8D). Additionally,

Figure 8E depicts a significant positive correlation between CST2

and TMB in TGCT and THCA. However, in BRCA, LUAD, and

STAD, CST2 exhibits a significant negative correlation with TMB.

Regarding MSI, CST2 shows a significant positive correlation with

MSI in SKCM and TGCT. Conversely, in BRCA, KIRC, LGG,

LUAD, LUSC, MESO, PCPG, STAD, and UCEC, CST2

demonstrates a s ignificant negat ive corre lat ion with

MSI (Figure 8F).
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The results of GSEA

The GSEA results depicted in Figure 9A demonstrate that CST2

exhibits a significant positive correlation with various biological

processes and signaling pathways in the majority of tumors.

Specifically, CST2 shows significant positive correlations with

myogenesis, KRAS signaling up, interferon gamma response,

interferon alpha response, inflammatory response, IL6 JAK STAT3

signaling, IL2 STAT5 signaling, epithelial-mesenchymal transition,

complement, coagulation, apical junction, angiogenesis, allograft

rejection, and PI3K AKT mtor signaling (Figure 9A). In STAD, GO

analysis reveals that CST2 is significantly enriched in External

encapsulating structure organization, Collagen fibril organization,

Collagen metabolic process (Figure 9B). Furthermore, KEGG analysis

demonstrates significant enrichment of CST2 in Hedgehog signaling

pathway, Glycosphingolipid biosynthesis globo series, Gap junction,

and Wnt signaling pathway in STAD (Figure 9C).
FIGURE 4

Prognostic analysis of CST2 in the immunotherapy cohort, including OS (A), RFS (B) and PFS (C).
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Enrichment analysis of CST2 positively and
negatively co-expressed genes

Applying the Spearman algorithm, we identified the top 20

genes that showed positive and negative co-expression with CST2 in

STAD (Figure 10A). The heatmap (Figure 10B) depicts the

expression levels of these genes. Positive co-expressed genes with

CST2 were notably enriched in extracellular matrix organization

and extracellular structure organization (Figure 10C). Conversely,

negative co-expressed genes with CST2 were significantly enriched

in the regulation of mitotic cell cycle phase transition and regulation

of cell cycle phase transition (Figure 10D).
Validating the key role of CST2 in
STAD development

We selected two STAD cell lines, MKN-45 and SGC-7901, and

used gene knockdown techniques to decrease the expression level of

CST2. Western blot analysis confirmed a significant reduction in

CST2 expression (Figures 11A, B). Furthermore, to comprehensively
Frontiers in Immunology 09
evaluate the effect of CST2 in STAD, we performed transwell

migration assays to investigate its impact on cell migration ability.

Under conditions of CST2 silencing, cell migration was significantly

reduced, which was confirmed by crystal violet staining (Figure 11C).

To further explore the impact of CST2 on cancer cell proliferation, we

conducted colony formation assays. The results demonstrated a

significant decrease in the proliferation ability of both cell lines

following CST2 knockdown (Figures 11D–F), highlighting the

crucial role of CST2 in maintaining malignant cell proliferation.

Additionally, the levels of apoptosis were significantly increased in

both cell lines following CST2 knockdown (Figures 11G, H), further

supporting the influence of CST2 on cancer cell survival. These

findings underscore the central role of CST2 in STAD pathogenesis,

influencing disease progression by regulating cancer cell proliferation

and migration.
Discussion

In recent years, mounting evidence has shown the

overexpression of CST2 in gastric cancer, colorectal cancer,
FIGURE 5

The Relationship of CST2 expression with immune cell infiltration analysis. Immunoinfiltration analysis from Timer2.0 database (A) and best
database (B).
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prostate cancer, hepatocellular carcinoma, and breast cancer.

In these cancers, CST2 functions as an oncogene. However, its

role in other malignancies remains largely unknown.

Previous studies have demonstrated that overexpression of

CST2 contributes to the progression of pancreatic cancer.

Analysis of the TCGA and GTEx databases has confirmed

abnormally high expression of CST2 in 15 types of tumors. COX

regression analysis demonstrates significant correlations between

CST2 and OS in STAD, SKCM, READ, PAAD, LGG, KIRP, KIRC,

HNSC, GBM, and COAD. Particularly in STAD and PAAD, CST2

exhibits associations with OS, DSS, DFS, and PFS. Further analysis

using Kaplan-Meier survival curves demonstrates the prognostic

value of CST2 in STAD, where lower expression is associated with

better patient outcomes. CST2 shows potential as a reliable

biomarker, supported by COX regression analysis and KM

survival curves. Additionally, overexpression of CST2 at both

mRNA and protein levels is correlated with poor prognosis in

late-stage cancer across multiple types, emphasizing its significance

in cancer progression. These findings provide direct evidence of

CST2’s involvement in cancer initiation and development,
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solidifying its potential as a target for cancer diagnosis, treatment,

and prognosis. However, more research is still needed to confirm

the overexpression of CST2 and its oncogenic role in cancer.

Recently, a study has suggested that CST2 may promote the

malignant progression of pancreatic cancer through the activation

of the PI3K AKT signaling pathway (6). EMT is known to be one of

the major factors contributing to tumor cell proliferation, invasion,

and metastasis (13). Furthermore, EMT is a crucial factor in the

development of drug resistance in cancer treatment (14–16). In

gastric cancer, CST2 promotes tumor cell growth, migration, and

invasion by modulating EMT and the TGF-b1 signaling pathway

(17). Additionally, CST2 may be involved in prostate cancer cell

migration through the regulation of the EMT signaling pathway

(10). Approximately 1/5 of cancer patients have RAS mutations,

which play a significant role in tumorigenesis and progression (18).

KRAS is the most common subtype among RAS mutations and is

correlated with poor prognosis in cancer patients (19). Interferon

gamma levels significantly increase upon stimulation by CST2 (20).

In the tumor microenvironment, the IL2 STAT5 signaling pathway

can induce CD8+ T cell exhaustion (21).
FIGURE 6

CST2 correlates with immune-related genes. (A) Correlation of CST2 with three scores including ESTIMATEScore, ImmuneScore and StromalScore.
The Relationship of CST2 expression with (B) Chemokine, (C) Immunostimulator, (D) receptor, (E) immune checkpoint genes, and (F)
Immunoinhibitor (*p < 0.05 and **p < 0.01).
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The tumor microenvironment (TME) is a complex ecosystem

consisting of various immune cell types, CAFs, and endothelial cells

that surround cancer cells, all embedded within the extracellular

matrix (ECM) (22). These cells have been demonstrated to play

critical roles in cancer pathogenesis. In our study, we discovered that

CST2 is closely associated with multiple immune cells, including

CAFs, endothelial cells, hematopoietic stem cells, regulatory T cells

(Tregs), B cells, macrophages, monocytes, myeloid dendritic cells,

and CD8+ T cells, in pan-cancer. CAFs are an essential cell

population in the TME and have been demonstrated to promote

tumorigenesis and lead to poorer survival outcomes (23). TAMs are

another significant component of the TME, playing roles in

coordinating angiogenesis, ECM remodeling, cancer cell

proliferation, metastasis, immunosuppression, and resistance to
Frontiers in Immunology 11
chemotherapy and immune checkpoint blockade therapy (24). CD8

+ T cells are potent effector cells that play a crucial role in anti-tumor

immune responses, including ICB and adoptive T-cell therapy (25).

In cancer, CD4+ T cells exhibit a dual role. Th1 subtype CD4+ T cells

contribute to anti-tumor activity by assisting cytotoxic CD8+ T cells

and B cells and directly killing cancer cells through interferon and

tumor necrosis factor-alpha production. Conversely, Th2 subtype

CD4+ T cells secrete anti-inflammatory mediators, promoting tumor

growth (26). Tregs, on the other hand, are essential for regulating

immune homeostasis and can inhibit effective anti-tumor immunity

through various mechanisms (27). Additionally, B cells in cancer

exert anti-tumor effects through antibody-dependent cellular

cytotoxicity and complement activation (28). These observations

highlight the potential role of CST2 in tumor progression by
FIGURE 7

Immunotherapy analysis. (A) CST2 expression and prognostic analysis of chimeric antigen receptor-modified T (CAR-T), anti-programmed cell death
protein 1/programmed cell death ligand 1 (PD-1/PD-L1), anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), and anti-PD-L1
immunotherapy cohorts. Drug sensitivity analysis of CST2 from cellMiner (B), Genomics of Drug Sensitivity in Cancer (GDSC) database (C) and
Cancer Therapeutics Response Portal (CTRP) database (D).
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modulating the functions of various immune cells mentioned earlier.

Therefore, CST2 represents an attractive therapeutic target in

cancer treatment.

Survival analysis demonstrated that high CST2 expression is

associated with improved PFS in patients undergoing chimeric

antigen receptor-modified T (CAR-T) cell therapy. These findings

suggest that patients exhibiting elevated CST2 levels may experience

enhanced survival rates following CAR-T treatment. In contrast, low

CST2 expression correlates with increased PFS in patients receiving

anti-programmed cell death protein 1/programmed cell death ligand 1

(PD-1/PD-L1) therapy, as well as improved OS in those treated with

anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) therapy.

CAR-T cell therapy represents a groundbreaking approach in adoptive

immunotherapy, significantly broadening the horizons for cancer

treatment (29). Immune checkpoint proteins, such as PD-1 and PD-

L1, are frequently overexpressed in cancer cells and tumor-associated

myeloid cells, leading to the suppression of immune surveillance by

adaptive immune cells within the TME. Consequently, targeting the

PD-1/PD-L1 axis through immune checkpoint blockade (ICB) has

emerged as a standard therapeutic strategy for various malignancies

(30). Additionally, CTLA-4, another inhibitory immune checkpoint
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expressed on activated T cells, serves as an effective target for cancer

therapy. Agents that inhibit both the PD-1/PD-L1 and CTLA-4

pathways have received approval for the treatment of multiple cancer

types. Our research further indicates that among tumor patients

receiving CAR-T cell therapy, those with CST2 overexpression are at

a lower risk of mortality and demonstrate a better prognosis.

Conversely, in patients undergoing anti-PD-1/PD-L1 and anti-

CTLA-4 treatments, those with low CST2 expression exhibit more

favorable prognoses.

Immunotherapy has become a crucial approach in human anti-

tumor treatment, but it has certain limitations (31). Due to the

heterogeneity of the TME, immunotherapy is not effective for all

cancer patients. The prediction of biomarkers enables more accurate

identification of individuals who are likely to benefit from

immunotherapy. This precise guidance for treatment helps in

determining the appropriate course of action. In tumors, CST2

primarily exhibits mutations at the DNA level. Methylation at the

DNA, RNA, and protein levels and their associated downstream

signaling pathways participate in various biological processes (32).

The use of methylation for cancer diagnosis and treatment is an

intriguing research direction. We have observed a significant
FIGURE 8

The correlation of CST2 expression with mutation, DNA methylation, tumor mutation burden (TMB), and microsatellite instability (MSI). (A) The
mutation frequency and corresponding mutation types of CST2 in different cancers. (B) The correlation between CST2 expression and DNA
methylation. (C) Mutation sites of CST2. (D) The R package “mafTools” was used to calculate the top 15 genes with the highest mutation frequencies
in the low-CST2 (left) and high-CST2 (right) groups of STAD, respectively. Radar plots represent the correlation of CST2 expression with TMB (E) and
MSI (F) in pan-cancer (*p < 0.05 and **p < 0.01).
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correlation between CST2 and methylation in pan-cancer. Therefore,

CST2 holds promise as a diagnostic marker for detecting mutations

and epigenetic alterations across various types of cancer. TMB and

MSI are two closely related biomarkers that play important roles in

tumor diagnosis, treatment, and prognosis assessment (33, 34). TMB

has been used as a predictive biomarker for the efficacy of various

immunotherapies, particularly PD-1/PD-L1 inhibitors. Currently, in

clinical practice, MSI and TMB are detected to determine if a tumor

patient is suitable for immunotherapy and to predict the response

and outcome of immunotherapy (35). MSI and TMB, as tumor

biomarkers, play significant roles in precision medicine, guiding

treatment decisions and improving treatment outcomes. Our study

found a significant correlation between CST2 and TMB/MSI in

various tumors such as TGCT, THCA, BRCA, LUAD, STAD,

SKCM, KIRC, LGG, LUSC, MESO, PCPG, STAD, and UCEC.

Thus, CST2 can serve as a predictive biomarker for

immunotherapy efficacy in these specific cancers.
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In addition, we also analyzed the sensitivity of CST2-related

drugs. We identified 21 chemotherapy drugs, including

Pyrazoloacridine, XL-147, Lificguat, Ethinyl estradiol, Curcumin,

Vincristine, Floxuridine, Fenretinide, Entinostat, RH1, Fluorouracil,

(+)-JQ1, Axitinib, Temsirolimus, Batracylin, Lapatinib, AT-13387,

Cordycepin, Benzimate, 5-fluoro deoxy uridine, and Triapine, that

are associated with CST2 expression. CST2 has the potential to serve

as a predictive marker for the efficacy of chemotherapy drugs.

In summary, CST2 is upregulated in various tumor types and is

associated with unfavorable prognosis in stomach adenocarcinoma. It

is linked to gene mutations, methylation patterns, tumor mutational

burden (TMB), microsatellite instability (MSI), immune regulatory

genes, immune checkpoint genes, immune cell infiltration, and

sensitivity to chemotherapy drugs. While potential molecular

mechanisms and related signaling pathways of CST2 have been

identified, it is important to note that these findings are primarily

based on gastric cancer. Further investigation is necessary to establish
FIGURE 9

(A) gene set enrichment analysis (GSEA) of CST2 in hallmarks gene set. CST2 in STAD for (B) Gene Ontology (GO), and (C) Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis.
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FIGURE 10

Enrichment analysis of CST2. (A) positive and negative co-expression with CST2 in STAD. (B) Heatmap. Enrichment analysis of positive (C) and
negative (D) co-expression with CST2.
FIGURE 11

Experimental validation analysis of CST2 in STAD. (A) WB showing decreased CST2 expression after CST2 knockout. (B) Differential expression
analysis. (C) Cell migration. (D-F) Significant impact on cell cloning afterCST2 knockout. (G, H) Apoptosis analysis. Increased levels of apoptosis in
both cell lines after CST2 knockdown. *p < 0.05, **p < 0.01, ***p < 0.001.
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whether CST2 can serve as a novel target for cancer diagnosis,

treatment, and prognosis across different cancer types, as well as its

potential value in predicting the efficacy of anti-tumor immune

responses. These insights contribute to a better understanding of

the molecular mechanisms underlying CST2’s involvement in tumor

initiation and progression, laying the groundwork for future research

into targeted therapies and precision medicine.
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