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Abstract: Sialylation of glycoproteins is modified by distinct sialyltransferases such as ST3Gal, ST6Gal,
ST6GalNAc, or ST8SIA with α2,3-, α2,6-, or α2,8-linkages. Alteration of these sialyltransferases
causing aberrant sialylation is associated with the progression of colon cancer. However, among
the ST8- sialyltransferases, the role of ST8SIA6 in colon cancer remains poorly understood. In this
study, we explored the involvement of ST8SIA6 in colon cancer using multiple gene databases. The
relationship between ST8SIA6 expression and tumor stages/grades was investigated by UALCAN
analysis, and Kaplan–Meier Plotter analysis was used to analyze the expression of ST8SIA6 on the
survival outcome of colon cancer patients. Moreover, the biological functions of ST8SIA6 in colon
cancer were explored using LinkedOmics and cancer cell metabolism gene DB. Finally, TIMER and
TISMO analyses were used to delineate ST8SIA6 levels in tumor immunity and immunotherapy
responses, respectively. ST8SIA6 downregulation was associated with an advanced stage and poorly
differentiated grade; however, ST8SIA6 expression did not affect the survival outcomes in patients
with colon cancer. Gene ontology analysis suggested that ST8SIA6 participates in cell surface adhesion,
angiogenesis, and membrane vesicle trafficking. In addition, ST8SIA6 levels affected immunocyte
infiltration and immunotherapy responses in colon cancer. Collectively, these results suggest that
ST8SIA6 may serve as a novel therapeutic target towards personalized medicine for colon cancer.

Keywords: bioinformatics application; colon adenocarcinoma (COAD); ST8 sialyltransferases 6;
biological network; tumor immunity; immunotherapy responses
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1. Introduction

Colon cancer is the most common gastrointestinal malignancy. More than 2 million
new colorectal cancer cases and 900,000 deaths have been reported in GLOBOCAN 2020 [1].
Primary prevention and cancer screening remain key strategies in colon cancer treatment [2].
Therefore, it is necessary to identify potential diagnostic biomarkers for colon cancer at an
early stage.

Several studies have shown that protein or lipid sialylation plays a crucial role in
post-translational modifications during malignant tumor progression [3,4]. Most sialyl-
transferases are responsible for adding single sialic acid to glycan chains via α2,3-, and
α2,6-, respectively. Terminal sialic acids play an important role in controlling cellular acti-
vation and transformation differentiation by regulating cellular interactions with ligands
and neighboring cells [5]. Sialyl Lewis x, sialyl Lewis a, sialyl Tn, and polysialic acid
are well-studied and common carbohydrate tumor markers for the diagnosis, prognosis,
and prediction of cancer [6–10]. Moreover, disialic, oligosialic, and polysialic acids can be
obtained by the addition of sialic acids via α2,8-linkage [11]. α2,8-linkage sialylation is
catalyzed by six membranes of the α2,8 sialyltransferases (ST8SIA) family, which has been
correlated with clinical outcomes [12]. Polysialic acid on cell surface proteins is controlled
by increasing ST8SIA2 and ST8SIA4 in metastatic neuroblastoma [13,14]. Disialic acid on
glycoproteins in mammals is associated with ST8SIA3 and ST8SIA6 in the human brain and
other tissues [15–20]. According to Takashima et al. and Teintenier-Lelievre et al. studies
have revealed mouse or human ST8SIA6 generates disialic acid in O-glycosylproteins.
ST8SIA6 generates disialic acids that have been found in the α2,3-sialylated core 1 structure
(Neu5Acα2,8Neu5Acα2,3Galβ1,34GalNAc-O-Ser) [18,21] and is important for binding
to human Siglec-7 and murine Siglec-E. The interaction between Siglec-7 and surface
glycoproteins or glycolipids with disialylation has been associated with human disease
progression [22–24]. In a murine model, ST8SIA6 and Siglec-E expression was involved in
tumor progression and diabetes by altering macrophage polarization and inflammation
status [25,26].

It has rarely been determined whether human disease related disialylation is catalyzed
by ST8SIA6, and the mechanism of colon cancer progression remains still unknown. The
ability to analyze the levels of ST8SIA6 in histological and biological samples, and in cellu-
lar interaction networks and immunotherapy responses, is required to develop effective
approaches for medical intervention. In this study, systematic bioinformatics analysis of
global web resources was highly useful for exploring the function of ST8SIA6 in transcrip-
tional alterations, functional networks, and tumor immunity. Our results could reveal new
targets for colon cancer screening. Furthermore, it is also important to investigate potential
prognostic markers for the tracing and improvement of patient outcomes after treatment in
patients with advanced-stage colon cancer.

2. Materials and Methods
2.1. UALCAN Database Analysis

UALCAN (http://ualcan.path.uab.edu/, accessed on 24 February 2022) was used
to reveal the relative expression of genes across normal and tumor samples with various
subgroups based on individual cancer stages, tumor grade, or other clinicopathological
features according to The Cancer Genome Atlas (TCGA) RNA-seq data from 31 cancer
types [27].

2.2. Kaplan–Meier Survival Curve Analysis

Kaplan–Meier Plotter (http://kmplot.com/analysis, accessed on 24 February 2022)
was used to assess the effect of genes on survival rates in different cancer types [28]. The
correlation between ST8SIA6 expression and overall survival (OS) or relapse-free survival
(RFS) of colon cancer were analyzed using Kaplan–Meier Plotter.

http://ualcan.path.uab.edu/
http://kmplot.com/analysis
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2.3. LinkedOmics Database Analysis

The LinkedOmics database (http://www.linkedomics.org/admin.php, accessed on
24 February 2022) is a web-based platform for analyzing cancer-associated multi-omics
data from 32 TCGA [29]. ST8SIA6 co-expressed genes were analyzed statistically using
Pearson’s correlation coefficient and are presented as heat maps. Gene set enrichment
analysis (GSEA) enriched the functional networks associated with ST8SIA6, including Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The
rank criterion was an FDR < 0.05.

2.4. Cancer Cell Metabolism Gene DataBase Analysis

A cancer cell metabolism gene database (http://bioinfo.mc.vanderbilt.edu/ccmGDB,
accessed on 24 February 2022) was used to identify the genes involved in cancer metabolism [30].
Interaction networks used the top 20 co-expressed genes for ST8SIA6. ST8SIA6 is colored
in red and metabolism pathways associated with ST8SIA6 are in orange.

2.5. TIMER2.0 Database Analysis

The TIMER2.0 database (http://timer.cistrome.org, accessed on 24 February 2022)
is a web server upgraded from the Tumor Immune Estimation Resource (TIMER) for
the systematic analysis of six major tumor-infiltrating immune subsets from 32 cancer
types [31,32]. The association between tumor-infiltrating immune cells and ST8SIA6 was
explored. The module of somatic copy number alteration (SCNA) provided each immune
cell subset with the somatic copy number aberrations of ST8SIA6 in colon cancer.

2.6. TISMO Database Analysis

Tumor Immune Syngeneic MOuse (TISMO) database (http://tismo.cistrome.org, ac-
cessed on 24 February 2022) is a resource of syngeneic mouse models and tumor models
for the analysis of tumor immunity and immunotherapy response in 23 cancer types [33].
Interactions with colon cancer and immune regulation were studied according to cytokine
treatment and immune checkpoint blockade (ICB) response in syngeneic colon cancer cell
lines with ST8SIA6 gene expression.

2.7. Statistical Analysis

A t-test p < 0.05 was used to show the significance between the subgroups with the
gene expression levels of ST8SIA6. Kaplan–Meier curves were used to compare the survival
times of the different groups. The log-rank test p < 0.05 was used to indicate the significance
of the survival time.

3. Results
3.1. Low ST8SIA6 Expression Promotes Colon Cancer Progression

To investigate the role of ST8SIA6 in colon cancer patients, we evaluated the RNA
transcription levels of ST8SIA6 in multiple colon cancer studies from TCGA. The mRNA
expression of ST8SIA6 from the UALCAN database was significantly decreased in colon
adenocarcinoma (COAD) tissues compared to that in normal tissues (Figure 1A). We further
analyzed subgroups based on histological subtypes, disease stages, and nodal metastasis
status of TCGA colon cancer samples in the UALCAN database, which showed lower
transcriptional levels of ST8SIA6 in colon cancer patients with high-grade patterns than
in normal controls (Figure 1B–D). Moreover, data from the subgroup analysis showed
different transcription levels of ST8SIA6 based on race and body weight (Figure 1E,F). Thus,
ST8SIA6 may serve as a potential diagnostic marker for high-grade colon tumors.

http://www.linkedomics.org/admin.php
http://bioinfo.mc.vanderbilt.edu/ccmGDB
http://timer.cistrome.org
http://tismo.cistrome.org
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Figure 1. The mRNA expression of ST8SIA6 in colon cancer based on the TCGA database from
UALCAN. (A) Boxplot showing relative expression of ST8SIA6 in normal individuals or colon
adenocarcinoma (COAD) patients. (B) Boxplot showing relative expression of ST8SIA6 in normal
individuals or COAD patients based on histological subtypes. (C) Boxplot showing relative expression
of ST8SIA6 in normal individuals or COAD patients with 1, 2, 3, or 4 stages. (D) Boxplot showing
relative expression of ST8SIA6 in normal individuals or COAD patients based on nodal metastasis
status. (E) Boxplot showing relative expression of ST8SIA6 in normal individuals of any ethnic
group or COAD patients of Caucasian, African-American, or Asian ethnic group. (F) Boxplot
showing relative expression of ST8SIA6 in normal individuals or COAD patients with average
weight, extreme weight, obesity, or extreme obesity. p-value Significant Codes: *** <0.001 compared
with normal group.
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3.2. ST8SIA6 Expression Is Not Associated with Survival Outcomes in Colon Cancer

To determine the relationship between ST8SIA6 expression and survival rate in colon
cancer, Kaplan–Meier survival curves were constructed to assess the survival outcomes.
Survival information from the Kaplan–Meier plotter database in colon cancer cohorts
indicated an association between ST8SIA6 mRNA expression and survival outcomes. The
two groups were separated from colon cancer patients according to the median ST8SIA6
expression level in each cohort. The collected data in the colon cancer cohort showed that
overall survival (OS; log-rank test, p = 0.096) (Figure 2A) and relapse-free survival (log-rank
test, p = 0.14) (Figure 2B) had no significant difference in the high ST8SIA6 expression
group and the low ST8SIA6 expression group.

Figure 2. Survival curve analyses show the correlation between ST8SIA6 mRNA expression and
(A) Overall survival (OS) or (B) Relapse-free survival (RFS) in patients with colon cancer. HR = hazard
ratio. HR and 95% CI were estimated.

3.3. Enriched Co-Expression Genes Networks with ST8SIA6 in Colon Cancer

To explore the biological functions of ST8SIA6 in the colon cancer database, the co-
expression genes with ST8SIA6 from the LinkedOmics were used to examine. As shown
in Figure 3A, red dots were significant positive correlations with ST8SIA6, whereas green
dots were significant negative correlations (false discovery rate, FDR < 0.01). The top 50 sig-
nificant genes positively correlated with ST8SIA6 are shown in the heat map (Figure 3B).
The data showed that ST8SIA6 gene expression has a strong positive correlation with
expression of TDP2 (r = 0.3907, p = 2.8714 × 10−15), PLOD2 (r = 0.3722, p = 6.71 × 10−14),
FREM1 (r = 0.3507, p = 2.06 × 10−12), ARHGAP18 (r = 0.3472, p = 3.527 × 10−12), and
FABP1 (r = 0.3455, p = 4.598 × 10−12), etc. (Figure 4A–E). Gene–gene interaction net-
works of ST8SIA6 and the top five co-expressed genes from the Cancer Cell Metabolism
Gene Database (ccmGDB) are shown in Figure 4F. Thus, it is essential to understand the
crosstalk between co-expressed genes and ST8SIA6 regulation in metabolic pathways.
Gene Ontology (GO) term annotation by gene set enrichment analysis (GSEA) showed that
genes co-expressed with ST8SIA6 participate in cell–cell or plasma membrane adhesion,
angiogenesis, vesicle-mediated transport, amoeboid-type cell migration, and inositol lipid-
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mediated signaling (Figure 5A). The molecular function ontologies from GO annotation
showed that ST8SIA6 co-expressed genes are involved in binding to the extracellular matrix
and glycosaminoglycan (Figure 5B). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway-related Panther or Reactome analysis showed the enrichment pathways related
to ST8SIA6 including integrin pathway, TGF-beta pathway, integrin cell surface interac-
tion, extracellular matrix organization, molecules associated with elastic fibers, and cell
surface interaction with the vascular wall, etc. (Figure 5C,D). These results suggest that the
widespread impact of ST8SIA6 expression in colon cancer on the metastasis transcriptome
has been analyzed in more detail.

Figure 3. Using LinkedOmics to identify the relationship between genes differentially expressed and
ST8SIA6 correlations in colon cancer. (A) Pearson correlation coefficient used to analyze correlations
between ST8SIA6 and differentially expressed genes in colon cancer. (B) Heat maps representing the
genes positively correlated with ST8SIA6 in colon cancer.

3.4. ST8SIA6 Is Related to Immune Infiltration Level and Immunotherapy Response in
Colon Cancer

Previous reports have shown that aberrant sialylation is related to immune modulation
during cancer treatment [34,35]. To investigate whether ST8SIA6 expression is correlated
with immune infiltration levels in colon cancer, we used the TIMER database. The results
showed that ST8SIA6 expression has significant correlations with the infiltration levels of
CD4+ T cells (r = 0.165, p = 9.19 × 10−4), macrophages (r = 0.136, p = 6.30 × 10−3), neu-
trophils (r = 0.1, p = 4.62 × 10−2), and dendritic cells (r = 0.108, p = 2.98 × 10−2) (Figure 6A).
Moreover, somatic copy number alterations in ST8SIA6 had been significantly correlated
with the infiltrating levels of B cells and CD8+ T cells (Figure 6B). In addition, we identified
the expression of ST8SIA6 in cancer immunotherapy using TISMO database analysis. The
results showed that ST8SIA6 expression was associated with different immunotherapeutic
responses (Figure 7A,B). The data showed that after antiPD1 treatment, ST8SIA6 expression
levels in the CT26 model are significantly upregulated in the antiPD1 responders, but not
in the non-responders. Thus, after immunotherapy, the expression of ST8SIA6 is related to
response for immune infiltration and the tumor microenvironment.
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Figure 4. The positive genes correlated with ST8SIA6 involved a metabolic pathway in colon cancer.
(A–E) Top 5 co-expressed genes with the highest correlation with ST8SIA6 in colon cancer. (F) Gene–
Gene interaction network of ST8SIA6 and differentially co-expressed genes from ccmGDB. Red nodes
represent input gene, oranges nodes represent cell metabolism genes.
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Figure 5. Cont.
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Figure 5. Enriched GO functions and KEGG pathways of ST8SIA6 in colon cancer. The identified
differentially expressed genes with ST8SIA6 in colon cancer were explored from LinkedOmics for
GO and KEGG pathway analyses. (A) GO term annotation of ST8SIA6 and co-expressed genes by
gene set enrichment analysis (GSEA). (B–D) KEGG pathway-related Panther or Reactome analysis
showed the enrichment pathway related ST8SIA6 and co-expressed genes.
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Figure 6. Correlations of ST8SIA6 expression with immune infiltration level in colon cancer.
(A) ST8SIA6 expression is significantly related to tumor purity and has significant positive cor-
relations with infiltrating levels of CD4+ T cells, macrophages, neutrophils, and dendritic cells in
colon cancer. (B) ST8SIA6 CNA affects the infiltrating levels of B cells and CD8+ T cells in colon cancer.
p-value Significant Codes: *** <0.001, * <0.05 compared with arm-level deletion, diploid/normal
group, and arm-level gain.

Figure 7. Correlations of ST8SIA6 expression with cytokine treatment and immunotherapy response
in CT26 and MC38 colon cancer cells. (A) ST8SIA6 expression is not significantly related to interferon
gamma, interferon beta, and TNF alpha treatment in the CT26 and MC38 colon cancer models.
(B) ST8SIA6 expression in CT26 or MC38 colon cancer model is stimulated by different immune-
checkpoint blockade (ICB) treatments. Boxplot showing ST8SIA6 expression before and after cytokine
treatments and ICB treatments in different comparison conditions. p-value Significant Codes, ** <0.01,
compared with baseline group.
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4. Discussion

Medical screening for colon cancer has been developed over the past 20 years [36].
Combined or single analysis assays of identified tumor markers, including carcinoembry-
onic antigen (CEA), carbohydrate antigen (CA 19.9), and tumor-associated glycoprotein-
72 have been used to detect the transformation of cancer cells for colon cancer diagno-
sis [37–39]. These carbohydrate markers can directly detect glycosylation alternations for
colon cancer diagnosis and treatment. Therefore, the development of a glycobiological
approach has received much attention as a new diagnostic and targeted treatment method
for colon cancer. These proteins with α-2,3, α-2,6, or α-2,8 linkages to sialylation are com-
mon oncogenic features of malignant tumors, which increase cancer cell migration and
metastasis and remodel the tumor microenvironment (TME) to escape immune surveillance
for targeted immunotherapy [40]. To obtain more detailed information on the potential
gene functions of α-2,8 linkages to sialylation and regulatory interaction network with
α-2,8 sialyltransferases, we performed a tumor marker of ST8SIA6 gene expression using
high-throughput bioinformatics analysis from medical and biological data in colon cancer
(Figure 8).

Figure 8. Workflow of the study. The graphical figure indicates a bioinformatics analysis of ST8SIA6
gene expression as tumor marker of colon cancer using web based and high-throughput approaches.

Initially, we demonstrated that ST8SIA6 mRNA levels were significantly decreased
in colon cancer tissues compared to normal tissue by analyzing the transcriptome from
clinical patient data that was categorized across various subgroups. In particular, obesity
in colon cancer patients has been associated with ST8SIA6 expression [41]. In our study, we
demonstrated the correlation between the downregulation of ST8SIA6 and clinicopatholog-
ical characteristics or the risk of colon cancer from TCGA database. However, the results of
KM plots revealed ST8SIA6 expression in colon cancer patients had no correlation with
overall survival and relapse-free survival. The low expression of ST8SIA in colon cancer
patients with high-grade colon cancer may be associated with poor outcomes after primary
treatment. Thus, the relationship between the expression of ST8SIA6 and survival rates
should be studied by collecting more data.

We further revealed the ST8SIA6 co-expression networks in colon cancer. According to
GO function annotation results and KEGG pathway enrichment analysis, the upregulated
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functional genes with ST8SIA6 were mainly enriched in cell surface adhesion, angiogenesis,
membrane vesicle trafficking, and lipid-mediated metabolic pathways. A recent study has
found a network constructed to identify TDP2, PLOD2, FREM1, ARHGAP18, and FABP1
genes. Bian et al. [42] revealed that the regulation of TDP2 activity by post-translational
modification is significantly increased by cancer cells’ DNA damage response and chemore-
sistance in patients. PLOD2 is a potential therapeutic target that increases cancer cell
resistance and inhibits drug-induced apoptosis [43,44]. Li et al. [45] revealed that FREM1 is
a favorable prognostic marker and is correlated with immune infiltrating levels in breast
cancer. Overexpression and downregulation of ARHGAP18 inhibit metastasis by regulat-
ing cytoskeleton remodeling [46,47]. Liu et al. [48] demonstrated that decreased FABP1
is related to gastric disease progression by regulating tumor immunity. These networks
are associated with ST8SIA6, which affects cancer cell metabolism, invasion, metastasis,
tumor-associated microenvironment, and immune infiltration status. The findings from
unpublished studies demonstrated that the downregulation of ST8SIA6 in COAD tissues
from our Biobank promoted cancer stemness and migration in colon cancer by increasing
membrane-bound protein levels. Thus, ST8SIA6 co-expressed genes and ST8SIA6 may
drive multiple oncogenic pathways with abnormal glycosylation in cancer cells and serve
as a potential tumor biomarker for colon cancer.

Finally, we predicted that alterations in the expression of ST8SIA6 in colon cancer are
involved in tumor immunity and immunotherapy responses based on transcriptomic anal-
ysis. The clinical implications of glycosylation modification as a biomarker and molecular
modifier of antibody-mediated immunity are explored in [49,50]. Targeted disialic acid is
generated by ST8SIA6 and Siglec specifically in tumor or pathogen infection, and has al-
ready shown treatment efficacy [51,52]. However, disialylation may contribute to ST8SIA6
and ST8SIA3 expression. ST8SIA3 deficiency reduces the disialic acid level [15]. Recently,
Friedman et al. [25] demonstrated that ST8SIA6 overexpression promoted tumorigenesis by
interacting with disialic acid in cancer cells and Siglec-E in macrophages. Altered immune
responses in the tumor microenvironment, which are dependent on Siglec-E or Siglec-
7/9 expression, have been found in tumor-infiltrating cells from murine tumor models
or human cancer [53,54]. Targeted interaction disialylation by ST8SIA6 on tumor cells
and tumor-infiltrating immune cells is important for cancer immunotherapy. According
to TIMER-provided immune cell infiltration in TCGA tumor profiles, cells of the innate
immune system with ST8SIA6 might have a strong influence on the pathogenesis of colon
cancer. On the TISMO website, different immune checkpoint molecule treatment response
groups group analyses showed that the expression of ST8SIA6 with antiPD1 treatment
might have a strong immune response in colon cancer.

5. Conclusions

In conclusion, this study provides multilevel relationships for the oncogenic roles
of ST8SIA6 and its co-expressed genes in colon cancer and its potential as a diagnostic
marker for colon cancer. Our results suggest that ST8SIA6 downregulation in colon cancer
is related to multiple biological effects. Furthermore, ST8SIA6 has been linked to the
tumor-associated microenvironment and immunotherapy responses. We also identified
ST8SIA6 co-expression genes in colon cancer using more molecular biology experiments
and further clinical research. These findings aim to help achieve personalized medicine
using bioinformatics analysis for the diagnosis and treatment of colon cancer.

Author Contributions: Conceptualization, Y.-K.L., C.-C.H., C.-Y.K. and T.-H.C.; methodology, Y.-K.L.,
C.-Y.K. and T.-H.C.; software, Y.-K.L. and T.-H.C.; validation, Y.-K.L., T.-H.C., C.-C.H., C.-C.L., P.-C.S.
and C.-H.L.; formal analysis, Y.-K.L., T.-H.C., C.-C.H., C.-C.L., P.-C.S. and C.-H.L.; resources, Y.-K.L.,
C.-Y.K., T.-H.C., H.-P.C., S.-C.H., C.-L.C., S.-J.T. and T.-Y.C.; writing—original draft preparation,
Y.-K.L., C.-C.H. and T.-H.C.; writing—review and editing, Y.-K.L., C.-C.H., C.-F.C., C.-Y.K. and T.-H.C.
All authors have read and agreed to the published version of the manuscript.



J. Pers. Med. 2022, 12, 401 13 of 15

Funding: This research and APC were funded by Kaohsiung Armed Forces General Hospital, grant
number KAFGH_D_111049; and the Ministry of Science and Technology, Taiwan, grant numbers
107-2314-B-650-013-, 108-2314-B-650-010-, and 109-2327-B-006-009-.

Data Availability Statement: The data that have been used to support the findings of this study can
be requested through the corresponding author. The data sets can be accessed at http://ualcan.path.
uab.edu/, http://kmplot.com/analysis, http://www.linkedomics.org/admin.php, http://bioinfo.
mc.vanderbilt.edu/ccmGDB, http://timer.cistrome.org, and http://tismo.cistrome.org (accessed on
24 February 2022), respectively.

Acknowledgments: We are grateful for the funding support from Kaohsiung Armed Forces General
Hospital. We would like to acknowledge Pei-Hsuan Wu, Yi-Ting Wu, and Shieh Yueh-Yuan for their
excellent technical support at Laboratory of Research and Medical Education and Research Center,
Kaohsiung Armed Forces General Hospital.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Navarro, M.; Nicolas, A.; Ferrandez, A.; Lanas, A. Colorectal cancer population screening programs worldwide in 2016: An update.
World J. Gastroenterol. 2017, 23, 3632–3642. [CrossRef]

3. Wong, C.H. Protein glycosylation: New challenges and opportunities. J. Org. Chem. 2005, 70, 4219–4225. [CrossRef] [PubMed]
4. Blixt, O.; Head, S.; Mondala, T.; Scanlan, C.; Huflejt, M.E.; Alvarez, R.; Bryan, M.C.; Fazio, F.; Calarese, D.; Stevens, J.; et al. Printed

covalent glycan array for ligand profiling of diverse glycan binding proteins. Proc. Natl. Acad. Sci. USA 2004, 101, 17033–17038.
[CrossRef] [PubMed]

5. Sato, C.; Kitajima, K. Disialic, oligosialic and polysialic acids: Distribution, functions and related disease. J. Biochem. 2013, 154,
115–136. [CrossRef] [PubMed]

6. Varki, A.; Gagneux, P. Multifarious roles of sialic acids in immunity. Ann. N. Y. Acad. Sci. 2012, 1253, 16–36. [CrossRef]
7. Zhang, S.; Zhang, H.S.; Cordon-Cardo, C.; Ragupathi, G.; Livingston, P.O. Selection of tumor antigens as targets for immune

attack using immunohistochemistry: Protein antigens. Clin. Cancer Res. 1998, 4, 2669–2676.
8. Inoue, M.; Fujita, M.; Nakazawa, A.; Ogawa, H.; Tanizawa, O. Sialyl-Tn, sialyl-Lewis Xi, CA 19-9, CA 125, carcinoembryonic

antigen, and tissue polypeptide antigen in differentiating ovarian cancer from benign tumors. Obstet. Gynecol. 1992, 79, 434–440.
[CrossRef]

9. Nakagoe, T.; Fukushima, K.; Tanaka, K.; Sawai, T.; Tsuji, T.; Jibiki, M.; Nanashima, A.; Yamaguchi, H.; Yasutake, T.; Ayabe, H.;
et al. Evaluation of sialyl Lewis(a), sialyl Lewis(x), and sialyl Tn antigens expression levels as predictors of recurrence after
curative surgery in node-negative colorectal cancer patients. J. Exp. Clin. Cancer Res. 2002, 21, 107–113.

10. Wang, X.; Li, X.; Zeng, Y.N.; He, F.; Yang, X.M.; Guan, F. Enhanced expression of polysialic acid correlates with malignant
phenotype in breast cancer cell lines and clinical tissue samples. Int. J. Mol. Med. 2016, 37, 197–206. [CrossRef]

11. Guo, X.; Elkashef, S.M.; Patel, A.; Ribeiro Morais, G.; Shnyder, S.D.; Loadman, P.M.; Patterson, L.H.; Falconer, R.A. An assay for
quantitative analysis of polysialic acid expression in cancer cells. Carbohydr. Polym. 2021, 259, 117741. [CrossRef] [PubMed]

12. Rodrigues, E.; Macauley, M.S. Hypersialylation in Cancer: Modulation of Inflammation and Therapeutic Opportunities. Cancers
2018, 10, 207. [CrossRef] [PubMed]

13. Cheung, I.Y.; Vickers, A.; Cheung, N.K. Sialyltransferase STX (ST8SiaII): A novel molecular marker of metastatic neuroblastoma.
Int. J. Cancer 2006, 119, 152–156. [CrossRef] [PubMed]

14. Scheer, M.; Bork, K.; Simon, F.; Nagasundaram, M.; Horstkorte, R.; Gnanapragassam, V.S. Glycation Leads to Increased
Polysialylation and Promotes the Metastatic Potential of Neuroblastoma Cells. Cells 2020, 9, 868. [CrossRef]

15. Lin, C.Y.; Lai, H.L.; Chen, H.M.; Siew, J.J.; Hsiao, C.T.; Chang, H.C.; Liao, K.S.; Tsai, S.C.; Wu, C.Y.; Kitajima, K.; et al. Functional
roles of ST8SIA3-mediated sialylation of striatal dopamine D2 and adenosine A2A receptors. Transl. Psychiatry 2019, 9, 209.
[CrossRef]

16. Sato, C.; Fukuoka, H.; Ohta, K.; Matsuda, T.; Koshino, R.; Kobayashi, K.; Troy, F.A., 2nd; Kitajima, K. Frequent occurrence
of pre-existing alpha 2–>8-linked disialic and oligosialic acids with chain lengths up to 7 Sia residues in mammalian brain
glycoproteins. Prevalence revealed by highly sensitive chemical methods and anti-di-, oligo-, and poly-Sia antibodies specific for
defined chain lengths. J. Biol. Chem. 2000, 275, 15422–15431. [CrossRef]

17. Yamaji, T.; Teranishi, T.; Alphey, M.S.; Crocker, P.R.; Hashimoto, Y. A small region of the natural killer cell receptor, Siglec-7, is
responsible for its preferred binding to alpha 2,8-disialyl and branched alpha 2,6-sialyl residues. A comparison with Siglec-9.
J. Biol. Chem. 2002, 277, 6324–6332. [CrossRef]

18. Takashima, S.; Ishida, H.K.; Inazu, T.; Ando, T.; Ishida, H.; Kiso, M.; Tsuji, S.; Tsujimoto, M. Molecular cloning and expression of a
sixth type of alpha 2,8-sialyltransferase (ST8Sia VI) that sialylates O-glycans. J. Biol. Chem. 2002, 277, 24030–24038. [CrossRef]

http://ualcan.path.uab.edu/
http://ualcan.path.uab.edu/
http://kmplot.com/analysis
http://www.linkedomics.org/admin.php
http://bioinfo.mc.vanderbilt.edu/ccmGDB
http://bioinfo.mc.vanderbilt.edu/ccmGDB
http://timer.cistrome.org
http://tismo.cistrome.org
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3748/wjg.v23.i20.3632
http://doi.org/10.1021/jo050278f
http://www.ncbi.nlm.nih.gov/pubmed/15903293
http://doi.org/10.1073/pnas.0407902101
http://www.ncbi.nlm.nih.gov/pubmed/15563589
http://doi.org/10.1093/jb/mvt057
http://www.ncbi.nlm.nih.gov/pubmed/23788662
http://doi.org/10.1111/j.1749-6632.2012.06517.x
http://doi.org/10.1097/00006250-199203000-00022
http://doi.org/10.3892/ijmm.2015.2395
http://doi.org/10.1016/j.carbpol.2021.117741
http://www.ncbi.nlm.nih.gov/pubmed/33674001
http://doi.org/10.3390/cancers10060207
http://www.ncbi.nlm.nih.gov/pubmed/29912148
http://doi.org/10.1002/ijc.21789
http://www.ncbi.nlm.nih.gov/pubmed/16450393
http://doi.org/10.3390/cells9040868
http://doi.org/10.1038/s41398-019-0529-z
http://doi.org/10.1074/jbc.275.20.15422
http://doi.org/10.1074/jbc.M110146200
http://doi.org/10.1074/jbc.M112367200


J. Pers. Med. 2022, 12, 401 14 of 15

19. Sato, C.; Yasukawa, Z.; Honda, N.; Matsuda, T.; Kitajima, K. Identification and adipocyte differentiation-dependent expression
of the unique disialic acid residue in an adipose tissue-specific glycoprotein, adipo Q. J. Biol. Chem. 2001, 276, 28849–28856.
[CrossRef]

20. Sato, C.; Matsuda, T.; Kitajima, K. Neuronal differentiation-dependent expression of the disialic acid epitope on CD166 and its
involvement in neurite formation in Neuro2A cells. J. Biol. Chem. 2002, 277, 45299–45305. [CrossRef]

21. Teintenier-Lelievre, M.; Julien, S.; Juliant, S.; Guerardel, Y.; Duonor-Cerutti, M.; Delannoy, P.; Harduin-Lepers, A. Molecular
cloning and expression of a human hST8Sia VI (alpha2,8-sialyltransferase) responsible for the synthesis of the diSia motif on
O-glycosylproteins. Biochem. J. 2005, 392, 665–674. [CrossRef] [PubMed]

22. Mitic, N.; Milutinovic, B.; Jankovic, M. Assessment of sialic acid diversity in cancer- and non-cancer related CA125 antigen using
sialic acid-binding Ig-like lectins (Siglecs). Dis. Markers 2012, 32, 187–194. [CrossRef] [PubMed]

23. Ito, A.; Handa, K.; Withers, D.A.; Satoh, M.; Hakomori, S. Binding specificity of siglec7 to disialogangliosides of renal cell
carcinoma: Possible role of disialogangliosides in tumor progression. FEBS Lett. 2001, 498, 116–120. [CrossRef]

24. Yoshimura, A.; Asahina, Y.; Chang, L.Y.; Angata, T.; Tanaka, H.; Kitajima, K.; Sato, C. Identification and functional characterization
of a Siglec-7 counter-receptor on K562 cells. J. Biol. Chem. 2021, 296, 100477. [CrossRef]

25. Friedman, D.J.; Crotts, S.B.; Shapiro, M.J.; Rajcula, M.; McCue, S.; Liu, X.; Khazaie, K.; Dong, H.; Shapiro, V.S. ST8Sia6 Promotes
Tumor Growth in Mice by Inhibiting Immune Responses. Cancer Immunol. Res. 2021, 9, 952–966. [CrossRef]

26. Belmonte, P.J.; Shapiro, M.J.; Rajcula, M.J.; McCue, S.A.; Shapiro, V.S. Cutting Edge: ST8Sia6-Generated alpha-2,8-Disialic Acids
Mitigate Hyperglycemia in Multiple Low-Dose Streptozotocin-Induced Diabetes. J. Immunol. 2020, 204, 3071–3076. [CrossRef]

27. Chandrashekar, D.S.; Bashel, B.; Balasubramanya, S.A.H.; Creighton, C.J.; Ponce-Rodriguez, I.; Chakravarthi, B.; Varambally, S.
UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia 2017, 19, 649–658.
[CrossRef]

28. Lanczky, A.; Gyorffy, B. Web-Based Survival Analysis Tool Tailored for Medical Research (KMplot): Development and Implemen-
tation. J. Med. Internet Res. 2021, 23, e27633. [CrossRef]

29. Vasaikar, S.V.; Straub, P.; Wang, J.; Zhang, B. LinkedOmics: Analyzing multi-omics data within and across 32 cancer types. Nucleic
Acids Res. 2018, 46, D956–D963. [CrossRef]

30. Kim, P.; Cheng, F.; Zhao, J.; Zhao, Z. ccmGDB: A database for cancer cell metabolism genes. Nucleic Acids Res. 2016, 44, D959–D968.
[CrossRef]

31. Li, T.; Fan, J.; Wang, B.; Traugh, N.; Chen, Q.; Liu, J.S.; Li, B.; Liu, X.S. TIMER: A Web Server for Comprehensive Analysis of
Tumor-Infiltrating Immune Cells. Cancer Res. 2017, 77, e108–e110. [CrossRef]

32. Li, T.; Fu, J.; Zeng, Z.; Cohen, D.; Li, J.; Chen, Q.; Li, B.; Liu, X.S. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic
Acids Res. 2020, 48, W509–W514. [CrossRef] [PubMed]

33. Zeng, Z.; Wong, C.J.; Yang, L.; Ouardaoui, N.; Li, D.; Zhang, W.; Gu, S.; Zhang, Y.; Liu, Y.; Wang, X.; et al. TISMO: Syngeneic
mouse tumor database to model tumor immunity and immunotherapy response. Nucleic Acids Res. 2022, 50, D1391–D1397.
[CrossRef] [PubMed]

34. Cohen, M.; Elkabets, M.; Perlmutter, M.; Porgador, A.; Voronov, E.; Apte, R.N.; Lichtenstein, R.G. Sialylation of 3-
methylcholanthrene-induced fibrosarcoma determines antitumor immune responses during immunoediting. J. Immunol.
2010, 185, 5869–5878. [CrossRef]

35. Wang, L.; Li, S.; Yu, X.; Han, Y.; Wu, Y.; Wang, S.; Chen, X.; Zhang, J.; Wang, S. alpha2,6-Sialylation promotes immune escape in
hepatocarcinoma cells by regulating T cell functions and CD147/MMP signaling. J. Physiol. Biochem. 2019, 75, 199–207. [CrossRef]
[PubMed]

36. Xie, Y.H.; Chen, Y.X.; Fang, J.Y. Comprehensive review of targeted therapy for colorectal cancer. Signal Transduct. Target. Ther.
2020, 5, 22. [CrossRef] [PubMed]

37. Stiksma, J.; Grootendorst, D.C.; van der Linden, P.W. CA 19-9 as a marker in addition to CEA to monitor colorectal cancer. Clin.
Colorectal. Cancer 2014, 13, 239–244. [CrossRef] [PubMed]

38. Chen, J.S.; Chen, K.T.; Fan, W.C.; Yu, J.S.; Chang, Y.S.; Chan, E.C. Combined analysis of survivin autoantibody and carcinoem-
bryonic antigen biomarkers for improved detection of colorectal cancer. Clin. Chem. Lab. Med. 2010, 48, 719–725. [CrossRef]
[PubMed]

39. Guadagni, F.; Roselli, M.; Cosimelli, M.; Mannella, E.; Tedesco, M.; Cavaliere, F.; Grassi, A.; Abbolito, M.R.; Greiner, J.W.; Schlom, J.
TAG-72 (CA 72-4 assay) as a complementary serum tumor antigen to carcinoembryonic antigen in monitoring patients with
colorectal cancer. Cancer 1993, 72, 2098–2106. [CrossRef]

40. Peixoto, A.; Relvas-Santos, M.; Azevedo, R.; Santos, L.L.; Ferreira, J.A. Protein Glycosylation and Tumor Microenvironment
Alterations Driving Cancer Hallmarks. Front. Oncol. 2019, 9, 380. [CrossRef]

41. Dong, Y.; Zhou, J.; Zhu, Y.; Luo, L.; He, T.; Hu, H.; Liu, H.; Zhang, Y.; Luo, D.; Xu, S.; et al. Abdominal obesity and colorectal
cancer risk: Systematic review and meta-analysis of prospective studies. Biosci. Rep. 2017, 37, 37. [CrossRef]

42. Bian, K.; Muppani, N.R.; Elkhadragy, L.; Wang, W.; Zhang, C.; Chen, T.; Jung, S.; Seternes, O.M.; Long, W. ERK3 regulates
TDP2-mediated DNA damage response and chemoresistance in lung cancer cells. Oncotarget 2016, 7, 6665–6675. [CrossRef]

43. Wang, X.; Guo, J.; Dai, M.; Wang, T.; Yang, T.; Xiao, X.; Tang, Q.; Zhang, L.; Jia, L. PLOD2 increases resistance of gastric cancer
cells to 5-fluorouracil by upregulating BCRP and inhibiting apoptosis. J. Cancer 2020, 11, 3467–3475. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M104148200
http://doi.org/10.1074/jbc.M206046200
http://doi.org/10.1042/BJ20051120
http://www.ncbi.nlm.nih.gov/pubmed/16120058
http://doi.org/10.1155/2012/309203
http://www.ncbi.nlm.nih.gov/pubmed/22377735
http://doi.org/10.1016/S0014-5793(01)02476-0
http://doi.org/10.1016/j.jbc.2021.100477
http://doi.org/10.1158/2326-6066.CIR-20-0834
http://doi.org/10.4049/jimmunol.2000023
http://doi.org/10.1016/j.neo.2017.05.002
http://doi.org/10.2196/27633
http://doi.org/10.1093/nar/gkx1090
http://doi.org/10.1093/nar/gkv1128
http://doi.org/10.1158/0008-5472.CAN-17-0307
http://doi.org/10.1093/nar/gkaa407
http://www.ncbi.nlm.nih.gov/pubmed/32442275
http://doi.org/10.1093/nar/gkab804
http://www.ncbi.nlm.nih.gov/pubmed/34534350
http://doi.org/10.4049/jimmunol.1001635
http://doi.org/10.1007/s13105-019-00674-8
http://www.ncbi.nlm.nih.gov/pubmed/30972697
http://doi.org/10.1038/s41392-020-0116-z
http://www.ncbi.nlm.nih.gov/pubmed/32296018
http://doi.org/10.1016/j.clcc.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25442815
http://doi.org/10.1515/CCLM.2010.123
http://www.ncbi.nlm.nih.gov/pubmed/20178447
http://doi.org/10.1002/1097-0142(19931001)72:7&lt;2098::AID-CNCR2820720707&gt;3.0.CO;2-G
http://doi.org/10.3389/fonc.2019.00380
http://doi.org/10.1042/BSR20170945
http://doi.org/10.18632/oncotarget.6682
http://doi.org/10.7150/jca.41828
http://www.ncbi.nlm.nih.gov/pubmed/32284742


J. Pers. Med. 2022, 12, 401 15 of 15

44. Shao, Y.; Xu, K.; Zheng, X.; Zhou, B.; Zhang, X.; Wang, L.; Sun, Y.; Li, D.; Chen, T.; Wang, J.; et al. Proteomics profiling of colorectal
cancer progression identifies PLOD2 as a potential therapeutic target. Cancer Commun. 2021, 42, 164–169. [CrossRef] [PubMed]

45. Li, H.N.; Li, X.R.; Lv, Z.T.; Cai, M.M.; Wang, G.; Yang, Z.F. Elevated expression of FREM1 in breast cancer indicates favorable
prognosis and high-level immune infiltration status. Cancer Med. 2020, 9, 9554–9570. [CrossRef] [PubMed]

46. Humphries, B.; Wang, Z.; Li, Y.; Jhan, J.R.; Jiang, Y.; Yang, C. ARHGAP18 Downregulation by miR-200b Suppresses Metastasis of
Triple-Negative Breast Cancer by Enhancing Activation of RhoA. Cancer Res. 2017, 77, 4051–4064. [CrossRef] [PubMed]

47. Vautrin-Glabik, A.; Botia, B.; Kischel, P.; Ouadid-Ahidouch, H.; Rodat-Despoix, L. IP3R3 silencing induced actin cytoskeletal
reorganization through ARHGAP18/RhoA/mDia1/FAK pathway in breast cancer cell lines. Biochim. Biophys. Acta Mol. Cell Res.
2018, 1865, 945–958. [CrossRef] [PubMed]

48. Liu, S.; Ni, C.; Li, Y.; Yin, H.; Xing, C.; Yuan, Y.; Gong, Y. The Involvement of TRIB3 and FABP1 and Their Potential Functions in
the Dynamic Process of Gastric Cancer. Front. Mol. Biosci. 2021, 8, 790433. [CrossRef]

49. Bhat, J.; Kabelitz, D. Protein Glycosylation: “New-yet-Old” Target for Immunotherapy. Clin. Cancer Res. 2020, 26, 5778–5780.
[CrossRef]

50. Bharadwaj, P.; Ackerman, M.E. Glycosylation of Antigen-Specific Antibodies: Perspectives on Immunoglobulin G Glycosylation
in Vaccination and Immunotherapy. Exp. Suppl. 2021, 112, 565–587. [CrossRef]

51. Barenwaldt, A.; Laubli, H. The sialoglycan-Siglec glyco-immune checkpoint—A target for improving innate and adaptive
anti-cancer immunity. Expert Opin. Ther. Targets 2019, 23, 839–853. [CrossRef] [PubMed]

52. Khatua, B.; Roy, S.; Mandal, C. Sialic acids siglec interaction: A unique strategy to circumvent innate immune response by
pathogens. Indian J. Med. Res. 2013, 138, 648–662. [PubMed]

53. Stanczak, M.A.; Siddiqui, S.S.; Trefny, M.P.; Thommen, D.S.; Boligan, K.F.; von Gunten, S.; Tzankov, A.; Tietze, L.; Lardinois, D.;
Heinzelmann-Schwarz, V.; et al. Self-associated molecular patterns mediate cancer immune evasion by engaging Siglecs on
T cells. J. Clin. Invest. 2018, 128, 4912–4923. [CrossRef] [PubMed]

54. Benmerzoug, S.; Chevalier, M.F.; Villier, L.; Nguyen, S.; Cesson, V.; Schneider, A.K.; Dartiguenave, F.; Rodrigues-Dias, S.C.; Lucca,
I.; Jichlinski, P.; et al. Siglec-7 May Limit Natural Killer Cell-mediated Antitumor responses in Bladder Cancer Patients. Eur. Urol.
Open Sci. 2021, 34, 79–82. [CrossRef] [PubMed]

http://doi.org/10.1002/cac2.12240
http://www.ncbi.nlm.nih.gov/pubmed/34862750
http://doi.org/10.1002/cam4.3543
http://www.ncbi.nlm.nih.gov/pubmed/33058542
http://doi.org/10.1158/0008-5472.CAN-16-3141
http://www.ncbi.nlm.nih.gov/pubmed/28619708
http://doi.org/10.1016/j.bbamcr.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29630900
http://doi.org/10.3389/fmolb.2021.790433
http://doi.org/10.1158/1078-0432.CCR-20-3364
http://doi.org/10.1007/978-3-030-76912-3_18
http://doi.org/10.1080/14728222.2019.1667977
http://www.ncbi.nlm.nih.gov/pubmed/31524529
http://www.ncbi.nlm.nih.gov/pubmed/24434319
http://doi.org/10.1172/JCI120612
http://www.ncbi.nlm.nih.gov/pubmed/30130255
http://doi.org/10.1016/j.euros.2021.10.001
http://www.ncbi.nlm.nih.gov/pubmed/34825225

	Introduction 
	Materials and Methods 
	UALCAN Database Analysis 
	Kaplan–Meier Survival Curve Analysis 
	LinkedOmics Database Analysis 
	Cancer Cell Metabolism Gene DataBase Analysis 
	TIMER2.0 Database Analysis 
	TISMO Database Analysis 
	Statistical Analysis 

	Results 
	Low ST8SIA6 Expression Promotes Colon Cancer Progression 
	ST8SIA6 Expression Is Not Associated with Survival Outcomes in Colon Cancer 
	Enriched Co-Expression Genes Networks with ST8SIA6 in Colon Cancer 
	ST8SIA6 Is Related to Immune Infiltration Level and Immunotherapy Response in Colon Cancer 

	Discussion 
	Conclusions 
	References

