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Purpose: ST6 Beta-Galactoside Alpha-2,6-Sialyltransferase 2 (ST6GAL2), a member of the sialic acid transferase family, is 
differentially expressed in diverse cancers. However, it remains poorly understood in tumorigenesis and impacts on immune cell 
infiltration (ICI) in hepatocellular carcinoma (HCC).
Patients and Methods: Herein, the expression, diagnosis, prognosis, functional enrichment, genetic alterations, immune character
istics, and targeted drugs of ST6GAL2 in HCC were researched by conducting bioinformatics analysis, in vivo, and in vitro 
experiments.
Results: ST6GAL2 was remarkably decreased in HCC compared to non-tumor tissues, portending a poor prognosis associated with 
high DNA methylation levels. Functional enrichment and GSVA analyses revealed that ST6GAL2 might function through the 
extracellular matrix, PI3K-Akt signaling pathways, and tumor inflammation signature. We found that ST6GAL2 expression was 
proportional to ICI, immunostimulator, and immune subtypes. ST6GAL2 expression first increased and then decreased during the 
progression of liver inflammation to HCC. The dysfunctional experiment indicated that ST6GAL2 might exert immunosuppressive 
effects during HCC progression through regulating ICI. Several broad-spectrum anticancer drugs were obtained by drug sensitivity 
prediction analysis of ST6GAL2.
Conclusion: In conclusion, ST6GAL2 was a reliable prognostic biomarker strongly associated with ICI, and could be a potential 
immunotherapeutic target for HCC.
Keywords: hepatocellular carcinoma, ST6GAL2, prognosis, immune cell infiltration, biomarker

Introduction
Cancer has been a significant public health challenge in developing and developed countries, with nearly 19.3 million 
new cases of cancer and 10.0 million deaths from cancer each year.1 During tumorigenesis, aberrant glycosylation on cell 
surfaces has been recognized to exert an essential role as glycans are involved in many cancer-related events.2 Among 
the glycosylation changes, the alteration of sialic acid processing is significant in regulating cell metastasis, cell 
apoptosis, cell-cell interaction, recognition, immune cell activation, inflammatory responses, and viral immune 
escape.3–9 It has been reported that aberrant terminal sialylation of specific proteins in cancer cells was crucial in cancer 
progression and significantly impacted malignant phenotypes.10,11 On the other hand, sialylation of receptors and effector 
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proteins in immune cells could regulate downstream signaling activity, and aberrant sialylation is related to an immune- 
dysfunction tumor microenvironment (TME) that also exerts a critical role during the cancer process.12–14

The abnormal sialylation in cancer is mainly regulated by sialyltransferase (STs), which made studies on STs become 
the current research hotspot.15,16 STs are kinds of sialic acid-dependent glycosyltransferases that transfer sialic acids to 
the terminal hydroxyl of glycoprotein and glycolipid oligosaccharide chains, and excessive sialylation of the terminal 
glycocalyx usually causes aberration of intercellular adhesion, metastasis, invasion of tumor cells, and infiltration of 
immune cells.17,18 Moreover, altered glycosylation can modulate the inflammatory response, directly affecting immuno
suppression, and indirectly enhancing immune checkpoints to cause immune escape and facilitate tumor progress.4,19

Twenty distinct human STs have so far been discovered, and they can be classified into four families: ST3GAL, ST6GAL, 
ST6GALNAC, and ST8SIA.20 Among them, the ST6GAL group contains two members of beta-galactoside α 2,6-sialyltransfer
ase including ST6GAL1 and ST6GAL2, which could catalyze the synthesizing of alpha 2, sialylated N-glycans, a representative 
form of salivary acidification.4 Different from ST6GAL1, there were fewer studies of ST6GAL2, which exhibited a very tissue- 
specific expression pattern.21 Functionally, ST6GAL2 mainly exhibited 2.6-sialyltransferase activity toward glycoproteins and 
oligosaccharides that have the LacdiNAc structure (GalNAcβ1-4GlcNAc) and Galβ1-4GlcNAc sequence at the nonreducing end 
of their carbohydrate groups as acceptor substrates. However, it had little or no effect against certain glycoproteins and 
glycolipids.22,23 For the regulation of ST6GAL genes, the researchers have found, contrary to expectations, the majority of 
miRNAs upregulate ST6GAL1 and α-2,6-sialylation in a variety of cancer cells, in contrast, miRNAs that regulate ST6GAL2 
were predominantly downregulatory.24 On the relationship between ST6GAL2 and cancers, there are fewer reports at the 
moment. Overexpression of ST6GAL2 could promote follicular thyroid cancer development in vivo and in vitro.25,26 

Moreover, ST6GAL2 expression was also found to be associated with glioma development and has been considered 
a therapeutic target and prognostic biomarker.27

Our previous studies initially suggested that ST6GAL2 was notably downregulated in hepatocellular carcinoma (HCC).28 

However, its role in tumorigenesis and impacts on immune cell infiltration (ICI) in HCC remain unclear. Thus, we further 
performed in vivo experiments, in vitro experiments, and bioinformatics analysis to detect the expression of ST6GAL2 in HCC 
and to analyze the potential role of ST6GAL2 in HCC, including expression characteristics, diagnostic and prognostic value, 
enrichment analysis, and genetic alterations. Subsequently, we investigated ST6GAL2’s role in immunotherapy and its potential 
as a therapeutic target by studying its association with ICI and immune checkpoint genes.

Materials and Methods
Data Acquisition
Raw RNA-seq and clinicopathological datasets of 33 tumor types from TCGA and GTEx databases were acquired from 
UCSC Xena (http://xena.ucsc.edu/).29 Gene expression profile of the original datasets (GSE25097 GSE83148 GSE84044 
GSE114564 GSE6764) was derived from the GEO (https://www.ncbi.nlm.nih.gov/geo/). Immunohistochemical staining 
data from the HPA database (http://www.proteinatlas.org).

Analysis of ST6GAL2 Expression in Public Databases
ST6GAL2’s differential expression in normal and tumor tissues was explored via the GEPIA platform (http://gepia. 
cancer-pku.cn/index.html).30 Subsequently, the folds of ST6GAL2 mean values in normal and cancer tissues were 
calculated and presented in table form.

Diagnostic and Survival Analysis of ST6GAL2 in Cancers
Receiver operating characteristic (ROC) curves could predict the diagnostic ability of ST6GAL2. We selected tumor 
types with AUC above 0.7 for demonstration by “pROC” and “ggplot2” R packages. The Kaplan-Meier mapper platform 
(https://www.kmplot.com) was utilized to assess the survival value of ST6GAL2 in various tumors. Nomogram and 
calibration were employed to investigate the impact of clinical characteristics on the prognosis of tumor patients, using 
“rms” and “survival” R packages.31
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Genomic Alteration Analysis of ST6GAL2 in TCGA-HCC Samples
Methylation and copy number variation (CNV) data for ST6GAL2 were retrieved from the MEXPRESS database 
(https://mexpress.be/).32,33 We selected the HCC dataset cg25725843 for analysis, including analyzing correlation with 
ST6GAL2 mRNA expression and methylation and analyzing the differential expression of ST6GAL2 methylation level 
in different tissues. The mutation data were downloaded and visualized via the “map tools” R package.

Differentially Expression Genes (DEGs) and Enrichment Analysis
The “DESeq2” R package and “ggplot2” R were utilized to screen the DEGs of ST6GAL2 and draw the volcano map, 
respectively.34 The enrichment analyses of ST6GAL2-DEGs encoding proteins were conducted by the “cluster Profiler” 
and “org.Hs.eg.db” R packages.35 In addition, the hub genes were screened using the Molecular Complex Detection 
(MCODE) plugin and MCC algorithm of CytoHubba in Cytoscape. The final hub genes of the DEGs were determined by 
plotting a Venn diagram to represent the relationship between the gene datasets obtained by the above two methods.

Immune-Related Characteristics of ST6GAL2 in TCGA-HCC Samples
The enrichment scores of 10 HCC-infiltrating immune cells between different ST6GAL2 expression groups were evaluated by the 
GSVA R package.36 In HCC samples, the ssGSEA algorithm was used to calculate Spearman’s association between infiltrating 
immune cells and ST6GAL2 expression. TISIDB database was utilized to evaluate the correlations between ST6GAL2 
expression and immunostimulator or immune inhibitor in HCC.37 We also selected two immune checkpoints from HCC with 
the most vital correlation points with ST6GAL2 expression for further analysis.

Immunotherapy and Sensitive Drug Prediction Analysis of ST6GAL2
TISMO (http://tismo.cistrome.org)38 and TIDE (http://tide.dfci.harvard.edu) were used to assess the ST6GAL2 expression 
levels before and after ICB treatment in different cohorts and its ability to predict immunotherapy response. In addition, we 
applied the Genomics of Drug Sensitivity in Cancer (GDSC) database for drug sensitivity prediction of ST6GAL2.39

Animals and HCC Rat Model
Twelve 8-week-old male Wistar rats, weighing 273.4 ± 8.415 g (Mean ± SD) were purchased from Beijing Vital River Laboratory 
Animal Technology Co. Ltd (license: SCXK (Beijing) 2016–0006). The study was conducted by the Chinese National Standard 
for Laboratory Animals (GB14925-2010) and the ARRIVE guidelines. The Experimental Animal Ethics Committee of 
Dongzhimen Hospital, Beijing University of Traditional Chinese Medicine (No. 21–10) approved the study. The HCC rat 
model was constructed by intraperitoneal injection of diethylnitrosamine (Psaitong, N60001, 50 mg/kg/week, CN). The rats were 
randomly divided into control and model groups. The control rats were treated with saline by intraperitoneal injection. After 
sixteen weeks, the rats were sacrificed and livers were obtained for the next experiments.

Cell Culture and Stimulation
Human normal hepatocyte cell line LO2, human hepatic stellate cell line LX2, and human HCC cell lines (Huh7, HepG2, and 
HepG2.215) were purchased from the American Typical Culture Collection (Manassas, VA, USA) and cultured in Dulbecco’s 
Modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomy
cin. 37°C, 5% CO2, and humidity (between 50% and 60%) made up the culturing environment. Lipopolysaccharide (LPS, 
Solarbio, L8880, CN) was used to activate LO2 and LX2 cells for 24 hours with 100 ng/mL of final concentration.

Plasmids and Transfection
A human ST6GAL2 cDNA clone (NM_032528, 1590bp) was constructed into a GV657 vector, which can express wild- 
type ST6GAL2 protein with a Flag-tag in the C terminal. All plasmids were transfected into cells using lipofectamine 
2000 (Invitrogen, Carlsbad, CA) following the instructions.
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Cell Viability Assay
A total of 1×104 cells were seeded in 96-well plates for duplications, after being incubated for 24 and 72 hours, a CCK-8 
assay kit (Solarbio, CN) was carried out to assess the ability of cell growth by measuring the absorbance at the 
wavelength of 450 nm by the TECAN infinite M200 Multimode microplate reader (Tecan, Mechelen, Belgium).

Quantitative Reverse Transcription-PCR (qRT-PCR)
The qRT-PCR procedure and the associated kits were consistent with our previous study.40 The gene primer sequence is 
listed in Table 1.

Western Blot
The procedure and reagents used in this Western blot (WB) experiment were consistent with previous studies.40 For 
Western blot, the protein lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) (Epizyme Biomedical Technology, PG112, CN) and then electrophoretically transferred onto the poly
vinylidene fluoride membranes (Epizyme Biomedical Technology, WJ001, CN). The antibodies utilized in this study 
were rabbit anti-ST6GAL2 (Proteintech, 28367-1-AP, 1:1000, US), mouse anti-GAPDH (MBL, M171-3, 1:5000, JPN), 
and mouse anti-β-ACTIN (Proteintech, 66009-1-Ig, 1:5000, US). Image J software was employed for subsequent 
analysis.

Statistics
The t-test and Wilcoxon rank sum test were utilized to compare the differences between the groups. Paired samples t-test 
was used for the comparison of differences between paired samples. All correlation analyses were performed using 
Spearman’s method. |R| > 0.1 was considered as correlations and P < 0.05 was considered statistically significant.

Table 1 The Gene Primer Sequence Was Used for qRT-PCR

Species Gene Sequence

Rat ST6GAL2 F: TGCCAATCTTAACCTGTGGT

R: AGTTGGGTATTTCAGGCGA

GAPDH F: AGACAGCCGCATCTTCTTGT

R: CTTGCCGTGGGTAGAGTCAT

Human ST6GAL2 F: AAGGGGAACGTCTCTTCCAAA

R: CTTGTTGGCGGTCAGGTAATC

GAPDH F: GGAGCGAGATCCCTCCAAAAT

R: 

GGCTGTTGTCATACTTCTCATGG

COL1A1 F: CCTGGATGCCATCAAAGTCT

R: CGCCATACTCGAACTGGAAT

ACTA2 F: CCGGGAGAAAATGACTCAAA

R: GCAAGGCATAGCCCTCATAG

COL3A1 F: TTGAAGGAGGATGTTCCCATCT

R: 

ACAGACACATATTTGGCATGGTT
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Results
ST6GAL2 Expression in HCC
In comparison to normal tissues, ST6GAL2 was downregulated in 15 cancer tissues, whereas it was increased in 12 other 
cancers (Figure 1A). Subsequently, we calculated the fold change of ST6GAL2 expression among normal and cancer 
tissues. Figure 1B demonstrated that ST6GAL2 was notably lower expressed in HCC tissues than average (fold = 0.133, 
P < 0.001). Besides, in paired specimens, ST6GAL2 in HCC tissues was notably downregulated than in adjacent tissues 
(P < 0.0001) (Figure 1C). The GSE25097 dataset, which contained sequencing data from 519 human liver samples,41 

also demonstrated the downregulation of ST6GAL2 mRNA in HCC (Figure 1D). We further detected ST6GAL2 
expression in the liver tissues of normal and HCC rats. According to qRT-PCR and WB analyses, ST6GAL2 expression 
was lower in HCC tissues than in normal tissues (Figure 1E and F). Immunohistochemical staining results from the HPA 
database were consistent with our findings (Figure 1G).

In addition, ST6GAL2 was markedly decreased in hepatoma cell lines (Huh7, HepG2, HepG2.215) compared to 
normal hepatocyte cell line LO2 by qRT-PCR and WB analyses (Figure 1H and I). To further explore the effect of 
ST6GAL2 expression on the cell viability of hepatoma cells, we constructed the ST6GAL1 over-expression plasmid and 
transfected it into HepG2 cells (Figure 1J and K). The results showed that ST6GAL2 overexpression did not affect the 
cell viability of HepG2 in 24 hours, while inhibited the cell viability of HepG2 in 72 hours (Figure 1L).

Diagnostic and Prognostic Value of ST6GAL2
The diagnostic utility of ST6GAL2 was assessed for different tumor types using ROC curve analysis. ST6GAL2 had 
a high clinical diagnostic value for HCC (AUC: 0.893, Cl: 0.863–0.923) (Figure 2A). In addition, ST6GAL2 also had an 
excellent diagnostic value (AUC>0.7) in 16 other tumors (Figure S1). Subsequently, the Kaplan-Meier survival analysis 
suggested high ST6GAL2 expression was related to good overall survival (OS) in HCC patients (Figure 2B). 
Furthermore, ST6GAL2 expression levels were remarkably related to OS in the other six tumors (Figure S2). The 
nomogram demonstrated the predictive ability of ST6GAL2 in combination with multiple clinical prognostic factors in 
HCC. A higher point on the nomogram represented a worse prognostic factor, which indicated that the nomograms may 
be better models for predicting survival in HCC patients than individual prognostic factors (Figure 2C and D).

Genetic Alterations of ST6GAL2 in HCC
In HCC, ST6GAL2 expression was not significantly different in the gene copy number variation (CNV) gain and deletion 
groups (Figure 3A). Subsequently, we found that a negative correlation existed between ST6GAL2 gene methylation and 
ST6GAL2 mRNA expression in HCC (r = −0.246, P < 0.0001) (Figure 3B). Meanwhile, the methylation level of the 
ST6GAL2 gene was notably higher in HCC tissues than in normal and paracancerous tissues (Figure 3C and D). 
Furthermore, the mutational landscape of ST6GAL2 in HCC was further explored. We found that 271 (75.7%) of 358 
HCC samples had gene mutations, among which missense mutation was the most common variant classification, SNP 
was the most common variant type, and C>T was the most significant single-nucleotide variant (SNV) class (Figure 3E). 
The Waterfall plot showed that the genes with high mutation frequency were TP53, TTN CTNNB1, etc. (Figure 3F).

Functional Enrichment Analysis of ST6GAL2-Related Differentially Expressed Genes 
(DEGs) in HCC
According to the expression of ST6GAL2, we first divided TCGA-HCC samples into ST6GAL2 low and high expression 
groups. Between the two groups, 562 DEGs were retrieved, comprising 115 downregulated DEGs and 447 upregulated 
DEGs (Figure 4A). There were 417 protein-encoding genes among the DEGs, and we then performed the Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis. The GO analysis 
revealed that these DEGs were mainly enriched in extracellular structure organization, collagen−containing extracellular 
matrix, and extracellular matrix structural constituents (Figure 4B). These DEGs were mainly related to the PI3K-Akt 
signaling pathway, human papillomavirus infection, focal adhesion, protein digestion and absorption, and ECM-receptor 
interaction pathways (Figure 4C). Subsequently, we constructed two hub gene sets from these DEGs by cytoscape’s 
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Figure 1 Expression of ST6GAL2 in HCC. (A) The ST6GAL2 mRNA expression of tumor and normal tissues in the TCGA and GTEx databases. (B) The folds of mean values of 
ST6GAL2 expression between normal and tumor tissues in different types of cancer. (C) ST6GAL2 expression in HCC (n = 50) and its paired adjacent tissues (n = 50). (D) The 
ST6GAL2 mRNA expression in normal (n = 10), adjacent non-HCC (n = 243), and HCC human liver tissues (n = 268) in the GSE25097 dataset. (E) The ST6GAL2 mRNA expression 
levels in normal liver tissues (n = 6) and HCC rat liver tissues (n = 6), GAPDH as the internal reference. (F) The ST6GAL2 protein expression in normal liver tissues (n = 4) and HCC rat 
liver tissues (n = 4), GAPDH as the internal reference. (G) The ST6GAL2 protein expression in normal and HCC liver tissues in the HPA database. (H, I) ST6GAL2 expression in normal 
hepatocytes and hepatoma cell lines on both mRNA and protein levels. (J, K) The vector and ST6GAL2 over-expression plasmids were transfected into HepG2 cells, and the mRNA 
expression of ST6GAL2 (J) and protein expression of ST6GAL2 (K) were detected. (L) After the vector and ST6GAL2 over-expression plasmids were transfected into HepG2 cells for 
24 hours and 72 hours, the cell viability was detected by CCK-8 assay. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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MCODE component and cytoscape’s cytoHubba component, respectively (Figure 4D, 4E). We took the intersection of 
these two gene sets and finally obtained 17 overlapped hub genes (Figure 4F). Subsequently, we revealed a remarkable 
positive association between ST6GAL2 and all 17 hub genes (Figure S3A). In addition, the enrichment analysis results of 
17 hub genes were similar to those of ST6GAL2-DEGs (Figure S3B). These results suggested that ST6GAL2 might 
regulate the PI3K-Akt signaling pathway and the ECM receptor pathway through the hub genes, as mentioned above, 
which ultimately affected the progression of HCC.

Figure 2 The diagnosis and prognosis value of ST6GAL2 in HCC. (A) The receiver operating characteristic curve of ST6GAL2 expression in HCC (n = 424). (B) The 
overall survival (OS) analysis between ST6GAL2 expression and HCC. (C) A nomogram that combines ST6GAL2 and other prognostic factors in HCC. (D) The calibration 
curve of the nomogram.

Figure 3 Genetic alterations of ST6GAL2 in HCC. (A) The ST6GAL2 mRNA expression in tumor tissues of gene copy neutral (n = 283), deletion (n = 45), and duplication 
(n = 40) groups in the TCGA-HCC database. ns: no significant difference. (B) The correlation between ST6GAL2 mRNA expression and gene methylation in HCC. (C) The 
ST6GAL2 methylation levels in HCC (n = 377) and its adjacent liver tissues (n = 50). (D) The ST6GAL2 methylation levels in HCC (n = 50) and its paired adjacent tissues 
(n = 50). (E) The information of variant classification, variant type, SNV class, variants per sample, variant classification summary, and top 10 mutated genes in HCC. (F) The 
mutation distribution of the top 10 mutated genes in ST6GAL2 high and low groups in HCC.
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Figure 4 Functional enrichment analysis of ST6GAL2-related DEGs in HCC. (A) Volcano plot of ST6GAL2 related DEGs. (B, C) GO and KEGG functional enrichment 
analysis of ST6GAL2-related DEGs. (D) Hub genes were selected from the PPI network of ST6GAL2-related DEGs by the MCODE component (red: upregulated DEGs 
genes of the PPI network). (E) Hub genes were selected from the PPI network of ST6GAL2-related DEGs by the cytoHubba component. (F) The intersection of two sets of 
hub genes.

https://doi.org/10.2147/JIR.S437291                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 572

Liu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ST6GAL2 Regulates Immune Cell Infiltration (ICI) in HCC
For ICI analysis, a higher enrichment score indicates that the immune cell is more abundant in the sample analyzed.42 For HCC, 
the enrichment scores of B cells, T cells, CD8+ T cells, TFH cells, DCs, macrophages, mast cells, neutrophils, and NK cells were 
remarkably upregulated in high ST6GAL2 expression group compared with low ST6GAL2 expression group (Figure 5A) and 
positively correlated to ST6GAL2 expression (Figure 5B). The detailed information on association analysis between ST6GAL2 
and gene markers of immune cells or different types of T cells was in Tables S1 and S2. Because immunomodulators have a large 
impact on the immunological microenvironment, we investigated the relationship between ST6GAL2 and immunostimulator/ 
immune inhibitor in HCC. Results suggested that ST6GAL2 was positively related to most immunomodulators in HCC 
(Figure 5C). Among the immunostimulators, ST6GAL2 positively correlated with TMEM173 and CXCL12 in HCC (Figure 5D).

Consequently, GSVA analysis suggested that ST6GAL2 was remarkably positively related to ferroptosis, PI3K-AKT, 
ECM, and P53 pathways, indicating that ST6GAL2 was significant in the invasion and migration of HCC (Figure 5E-H). 
Moreover, ST6GAL2 also displayed a remarkably positive relation to tumor inflammation signature and inflammatory 
response pathways, indicating that ST6GAL2 was strongly correlated with ICI in HCC (Figure 5I and J).

ST6GAL2’s Expression Correlates to Liver Inflammation
Next, we investigated how ST6GAL2 expression is linked to inflammation in the liver. First, the correlation of ST6GAL2 
with serum hepatic inflammatory indicators of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) was 
analyzed in two GEO datasets.43,44 In both the GSE83148 and GSE84044 datasets, ST6GAL2 was more highly 
expressed in the ALT- and AST-high-level group than in the ALT- and AST-low-level group (Figure 6A-D).

To further validate the above speculation, we stimulated LX2 and LO2 cells with lipopolysaccharide (LPS) 
respectively, and detected the expression of ST6GAL2. After LPS stimulation, ACTA2, COL1A1, and COL3A1 
mRNA expression were significantly elevated in LX2 and LO2 cells, which indicated inflammatory response occurrence 
(Figure 6E-H). Moreover, ST6GAL2 was notably upregulated in LX2 cells and downregulated in LO2 cells upon LPS 
stimulation (Figure 6I-K). Since HCC develops over time,45 we looked into how ST6GAL2 levels changed at various 
stages of liver disease. We discovered that ST6GAL2 was increased in the inflammatory stage and progressively 
decreased after entering the cancer stage (Figure 6L and M). The above results suggested that ST6GAL2 might be 
related to liver inflammation and influenced the procession of HCC.

Immunotherapy Response and Sensitivity Drug Prediction for ST6GAL2
To comprehensively evaluate the promise of ST6GAL2 as a novel immune-related target, we explored the response of ST6GAL2 
to ICB therapy in different cohorts. The results showed that ST6GAL2 significantly predicted immunotherapeutic response in 2 
mouse immunotherapy cohorts (Figure 7A). Next, results compared with recognized immunotherapy response biomarkers 
showed that in 7 of 25 immunotherapy cohorts, the AUC for ST6GAL2 alone exceeded 0.5. Furthermore, ST6GAL2 showed 
the same predictive value as B. clonality (Figure 7B). Sensitivity drug prediction results suggested that ST6GAL2 was positively 
related to 17-AAG, AZD8055, and Phenformin in the GDSC database (Figure 7C). The immunosuppressive milieu could be 
reversed by 17-AAG as an immunogenic cell death inducer, facilitating checkpoint blockade treatment.46

Discussion
Existing studies have demonstrated that abnormal sialylation was a common alteration in tumors and could affect tumor 
cell invasion, dissociation, angiogenesis, metastasis, immune modulation, and cell-matrix interactions.2,4,47 In recent 
years, ST6GAL2, a key regulator of sialylation, has gradually gained attention in carcinogenesis, but its function has yet 
to be elucidated. Here, we first found that in tissue levels, the expression of ST6GAL2 significantly downregulated in 
HCC, which predicted a poorer prognosis for HCC patients. At the cell level, we found that compared to the normal 
hepatocytes, ST6GAL2 is downregulated in hepatoma cells. Overexpressed ST6GAL2 in hepatoma cells exerted an 
inhibiting effect on cell viability, which indicated that ST6GAL2 might exert anti-HCC function by regulating hepatoma 
cells’ proliferation. However, there should be more in vitro and in vivo experiments to study.

To explain ST6GAL2 expression change in HCC, we analyzed epigenetic modification and genic change of 
ST6GAL2 and found that a strong inverse relationship between ST6GAL2 expression and gene methylation in HCC 
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Figure 5 ST6GAL2 expression correlates with immune cell infiltration. (A) Immune cell infiltration levels of high- and low-ST6GAL2 expression groups in HCC. (B) 
Correlation between ST6GAL2 mRNA expression and immune cell infiltration in HCC. (C) Correlation between ST6GAL2 mRNA expression and immunostimulators or 
immunoinhibitors in HCC. (D) Correlation between ST6GAL2 mRNA expression and TMEM173 and CXCL12 in HCC. (E-J) The relationship between ST6GAL2 and 
ferroptosis (E), PI3K-AKT (F), ECM (G), P53 (H), tumor inflammation signature (I), and inflammatory response (J) pathways. **p < 0.01, ***p < 0.001, ns: no significant 
difference.
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Figure 6 ST6GAL2’s expression correlates to the liver inflammation. (A-D) Correlation between ST6GAL2 mRNA expression and ALT, and AST levels in the GSE83148 
and GSE84044 databases. (E-H) Changes in ACTA2, COL3A1, and COL1A1 expression in LX2 and LO2 cells after stimulation by LPS. (I-K) Changes in ST6GAL2 mRNA 
and protein expression in LX2 and LO2 cells after stimulated by LPS. (L) ST6GAL2 expression of normal liver, chronic hepatitis, liver cirrhosis, early HCC, and advanced 
HCC in GSE114564 dataset. (M) ST6GAL2 expression of normal liver, cirrhotic livers, low-grade dysplastic liver, high-grade dysplastic liver, very early HCC, early HCC, 
advanced HCC, and very advanced HCC in GSE6764 dataset. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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existed. Meanwhile, aberrant DNA methylation is an essential epigenetic regulator driving tumor progression, and DNA 
methylation analysis could be a novel adjunct to improve the accuracy of pathological diagnosis.48 Thus, ST6GAL2 gene 
methylation is also a potential pathological diagnostic indicator in HCC, which needs further study.

Our enrichment analysis indicated that ST6GAL2 might impact the development of HCC by regulating the ECM. It 
has been confirmed that ECM promotes cancer growth and spread by promoting cancer cell proliferation, migration, 
invasion, angiogenesis, and immune evasion.49 For HCC, overproduction of ECM components increases stromal stiffness 
and thus causes an increase in VEGF expression in HCC cells, thereby increasing cancer development and 

Figure 7 Immunotherapy response, biomarker evaluation, and sensitive drug prediction of ST6GAL2 in pan-cancer. (A, B) Immunotherapy response (A) and biomarker 
evaluation (B) of ST6GAL2 in immunotherapy cohorts. (C) Sensitive drug prediction of ST6GAL2 in pan-cancer based on the GDSC dataset.
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aggressiveness.50 In addition, ECM sclerosis promoted cancer drug resistance, suggesting that ECM hardness was 
a determinant of response to pathway-targeted anticancer agents.49 Focal adhesion and PI3K-Akt signaling pathways 
were also enriched, which were involved in regulating HCC growth, metabolism, proliferation, and metastasis.51–53 Focal 
adhesion signaling mediates ECM signaling to tumor cells and promotes activation of the PI3K-Akt signaling pathway, 
thereby increasing glycolysis and regulating tumor cell metabolism.54,55 These results further revealed that ST6GAL2’s 
function in tumors was correlated to regulating ECM and downstream signaling pathways.

TME is essential for tumorigenesis, development, metastasis, and therapeutic response, and the infiltration and 
activation status of immune cells could greatly influence their function.56,57 The higher density of tumor-infiltrating 
T and B cells was related to smaller tumor size, good differentiation, and better clinical outcomes in HCC.58,59 The 
closeness of tumor-infiltrating T and B cells contributed to a better prognosis for HCC patients.60 In addition, the 
immune-high subtype in the immune microenvironment of HCC is distinguished by increased infiltration of B and 
T cells.61 For DC, it is a central player in adaptive immune response, which can reduce cancer progression and improve 
patients’ survival by inducing B cell and T cell responses.62 Besides, positive associations existed between ST6GAL2 
expression and infiltration of neutrophils, macrophages, NK cells, and mast cells. However, the regulation of ST6GAL2 
in intrahepatic immune cells and HCC TME should be further explored in vivo and in vitro experiments.

We also found that in the hepatitis stage, ST6GAL2 expression was positively correlated to the levels of liver 
inflammation at the tissue level. Furthermore, at the cell level, ST6GAL2 expression was significantly upregulated in 
LPS-stimulated LX2 cells. Based on this, we speculated that downregulated ST6GAL2 exerted an inhibiting inflamma
tion effect during the transformation of inflammation to HCC, and accompanied by a disrupted immune homeostasis in 
the liver. Meanwhile, the strong association between ST6GAL2 and ICB indicated that ST6GAL2 might be a promising 
target for immunotherapeutic response. The drug sensitivity prediction analysis on ST6GAL2 demonstrated that it was 
a promising target for cancer therapy and could contribute to studying anti-cancer drug resistance mechanisms.

Conclusions
In conclusion, ST6GAL2 is significantly downregulated in HCC tissues and has a high diagnostic and prognostic value for HCC 
and a close relationship with tumor immunity regulatory mechanisms. This evidence suggested that ST6GAL2 has the potential to 
be a viable target for cancer immunotherapy as well as a novel immune-related biomarker for HCC diagnosis and prognosis.
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