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Overexpression of ST8Sia1 inhibits tumor progression by TGF-β1 signaling 
in rectal adenocarcinoma and promotes the tumoricidal effects of CD8+ T 
cells by granzyme B and perforin
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ABSTRACT
Background:  Rectal adenocarcinoma (READ) involves the dysregulated expression of alpha 
2,8-Sialyltransferase1 (ST8Sia1) although its role during READ’s progression is unclear.
Methods:  The mRNA level of ST8Sia1 was analyzed based on The Cancer Genome Atlas (TCGA), 
Gene Expression Omnibus (GEO), and Tumor Immune Estimation Resource (TIMER) 2.0. 
Furthermore, the prognostic and significance  of ST8Sia1 in READ was assessed through 
Kaplan-Meier curve, univariate, multivariate Cox regression, and receiver operating characteristic 
(ROC) methods. The role of ST8Sia1 in the READ immune microenvironment was explored using 
ESTIMATE analysis and TIMER databases. Furthermore, the expression of ST8Sia1 in tissues was 
analyzed using real-time quantitative polymerase chain reaction (RT-qPCR), western blotting 
(WB), and immunohistochemistry (IHC). Perforin and Granzyme B secretion by CD8+ T cells, as 
well as tumor cell apoptosis, were detected after co-culturing CD8+ T cells with READ tumor 
cells and ST8Sia1-overexpression (ST8Sia1-OE) tumor cells. Furthermore, we examined the 
interaction between ST8Sia1 and TGF-β1 in READ cells.
Results:  ST8Sia1 exhibited excellent diagnostic capability for READ, with positive correlations to 
immune response and negative correlations to tumor purity. Increased levels of perforin and 
Granzyme B from CD8+ T cells were observed in vitro, enhancing tumor cell apoptosis. ST8Sia1 
interacts with TGF-β1, mediating its inhibitory effects on READ development.
Conclusions:  ST8Sia1  is a potential diagnostic biomarker and therapeutic target for READ, 
enhancing CD8+ T cell function and possibly improving patient outcomes through cellular 
immunotherapy.

Abbreviations:  BPs: (biological processes); CCs: (cellular components); COAD: (colon 
adenocarcinoma); ESTIMATE: (Estimation of Stromal and Immune cells in Malignant Tumor 
tissues using Expression data); GEO: (Gene Expression Omnibus); GO: (Gene Ontology); GSEA: 
(Gene Set Enrichment Analysis); GSVA: (Gene Set Variation Analysis); HCK: (hemopoietic cell 
kinase); HNSC: (head and neck squamous cell carcinoma); ICPs: (Immune checkpoints); IHC: 
(Immunohistochemistry); KEGG: (Kyoto Encyclopedia of Genes and Genomes); LCK: 
(lymphocyte-specific kinase); LUSC: (lung squamous cell carcinoma); MHC-I/-II: (major 
histocompatibility complex-I/-II); MFs: (molecular functions); READ: (Rectal adenocarcinoma); 
ROC: (receiver operating characteristic); GalNTs: (GalNAc transferases); OS: (overall survival); 
RT-qPCR: (Real-time quantitative PCR); FUT: (fucosyltransferase); STs: (Sialyltransferases); 
ST8Sias: (alpha2,8-Sialyltransferases); ST8Sia1-OE: (ST8Sia1 overexpression); STAT1: (signal 
transducer and activator of transcription 1); TCGA: (The Cancer Genome Atlas); TIMER 2.0: 
(Tumor Immune Estimation Resource 2.0); TME: (tumor microenvironment); FBS: (Fetal Bovine 
Serum)
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Introduction

Rectal adenocarcinoma (READ) is a common gastroin-
testinal tumor malignancy, with a 5-year survival rate of 
over 90% for patients in the early stage, but less than 
50% in patients in the late stage [1]. Numerous factors 
are related to the etiology of READ, including environ-
mental factors, dietary habits, and genetic factors [2]. 
Moreover, as the most common subtype among Asians, 
READ has increased in the past decade and has been a 
formidable challenge in China [3, 4]. Currently, clinicians 
use surgical resection and chemotherapy as the main 
approaches to decrease the risk of distant metastasis 
and improve the overall survival (OS) of patients with 
READ [5]. However, surgical resection and chemother-
apy may have adverse effects on the human body, such 
as affecting anorectal function [6]. Overall, identifying 
biomarkers is crucial for diagnosing pathological fea-
tures and improving patient prognosis.

Glycosylation is an enzymatic process that forms or 
removes glycosidic linkages between glycans and other 
glycans, proteins, and lipids with glycosyltransferases or 
glycosidases [7]. Glycosylation regulates the localization, 
function, and activity of proteins in tissues and cells, 
affecting various important biological activities, such as 
cell recognition, differentiation, signal transduction, and 
immune response. Abnormal glycosylation is associated 
with differential expression of glycosyltransferases and 
glycosidases in cancer [8]. The aberrant expression of 
sialyltransferases (STs), which are responsible for the 
addition of sialic acid to glycoconjugates, regulates 
tumorigenesis and immune evasion [9–11]. ST8- 
sialyltransferases (ST8Sias), including ST8Sia1, ST8Sia2, 
ST8Sia3, ST8Sia4, ST8Sia5, and ST8Sia6, transfer Neu5Ac 
residues to complex glycans via α-2,8-linkage [12]. 
Increasing evidence has indicated that ST8Sias are asso-
ciated with various cancers. Previous reports have 
demonstrated that ST8Sia1 is overexpressed in mela-
noma, glioblastoma, and estrogen receptor-negative 
breast cancer [13–15]. Additionally, ST8Sia2 promotes 
invasiveness and sensitivity to chemotherapy in hepato-
cellular carcinoma [16]. ST8Sia4 inhibits the occurrence 
of follicular thyroid carcinoma [17]. In contrast, highly 
metastatic breast cancer cells demonstrated higher 
ST8Sia4 levels, and knockdown of ST8Sia4 significantly 
inhibited malignant behavior [18]. Low ST8Sia6 expres-
sion promotes colon cancer progression [19]. However, 
the occurrence and development of abnormal ST8Sia1 
expression remains unclear.

This study revealed downregulated ST8Sia1 mRNA 
levels in the READ tissues and promoter methylation 
levels of ST8Sia1 were upregulated. We revealed the 
molecular functions and underlying immune regulatory 

mechanisms of ST8Sia1 in READ using gene set variation 
analysis (GSVA), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and Gene Ontology (GO) enrichment 
analyses. Upregulated ST8Sia1 may inhibit tumor migra-
tion, invasion, and proliferation. Increased perforin and 
Granzyme B secretion by CD8+ T cells was detected when 
ST8Sia1 overexpressing (ST8Sia1-OE) tumor cells were 
cocultured in vitro, causing a higher rate of tumor cell 
apoptosis. Moreover, the presence of TGF-β1 is crucial for 
restraining the incidence and progression of READ both 
in vivo and in vitro in the context of ST8Sia1-OE.

Materials and methods

Data sources and preprocessing

The Cancer Genome Atlas (TCGA)-READ mRNA expres-
sion profiles with intact clinical information were 
downloaded from TCGA database. The TCGA-READ 
dataset contained 163 primary tumors and 10 normal 
samples. Supplementary Table 1 lists the detailed 
information. The GSE87211 dataset was downloaded 
from the Gene Expression Omnibus (GEO) database, 
which recorded the gene expression profiling data of 
203 READ tumor tissue samples and 160 normal  
samples (GPL13497 platform) [20]. The R package 
“DESeq2” or “Limma” was used for ST8Sia1 expression 
analysis. Additionally, ST8Sia1 expression in various 
cancer types was investigated using the Tumor IMmune 
Estimation Resource 2.0 (TIMER 2.0) database [21].

Promoter methylation analysis

The UALCAN database [22] was used to explore the 
correlation between the promoter methylation levels 
of ST8Sia1 and their different stages in patients with 
READ. The analysis was conducted by entering ST8Sia1 
symbols with the TCGA dataset “READ” and choosing 
the “Methylation” in the “Links for analysis” module.

ESTIMATE analysis

ESTIMATE method [23] was used to evaluate the 
degrees of immune cells infiltration (ImmuneScore), 
the stromal content (StromalScore), the stromal-immune 
comprehensive score (ESTIMATEScore), and tumor 
purity for each READ sample by “estimate” package in 
R environment.

Immune infiltration analysis

The TIMER online database was used to explore the 
correlation between ST8Sia1 expression and related 
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immune cell infiltration in READ. The “Gene” module 
was used to analyze and visualize associations between 
ST8Sia1 expression and the abundance of 6 
tumor-infiltrating immune cell subtypes (B cells, CD4+ 
T cells, CD8+ T cells, macrophages, neutrophils, and 
dendritic cells). The association of immune cell markers 
and ST8Sia1 expression was evaluated with the 
“Correlation” module in the TIMER database.

GSVA

The list of GO terms for immune processes was 
obtained from the Gene Set Enrichment Analysis 
(GSEA) web portal. The “GSVA” package in R was used 
to calculate the functional enrichment score of each 
READ sample [24]. The results were then drawn using 
the “pheatmap” package or “corrgram” package in the 
R environment.

Gene functional enrichment analysis

The most relevant genes of ST8Sia1 were respectively 
uploaded to the Database for Annotation, Visualization, 
and Integrated Discovery (DAVID 6.8) [25, 26]. GO anal-
ysis, including BPs, CCs, molecular function (MFs), and 
KEGG enrichment results, were obtained. Finally, the 
enrichment results were drawn by the “ggplot2” in R.

Real-time quantitative polymerase chain reaction 
(RT-qPCR)

TRIzol reagent was used to extract total RNA from tis-
sues. The Bio-Rad iScript cDNA synthesis kit was used 
for the reverse transcription of RNA to cDNA. 
Differential mRNA expression was determined using a 
CFX Connect™ Real-time system (Bio-Rad, United States) 
following the manufacturer’s instructions (Applied 
Biosystems). The RT-qPCR results were analyzed using 
the 2−ΔΔCt method. GAPDH was used as the standard 
control. Supplementary Table 2 lists the specific prim-
ers used.

Immunoprecipitation and WB

Overnight incubation with gentle shaking at 4 °C was 
performed using the indicated antibodies (5 μl) and 
the protein lysate (1000 μg). Following this, a mixture 
of 30 μl protein G-sepharose (Beytine, China) was 
added and rotated for 4h at 4 °C. The beads were then 
subjected to three washes with protein lysis buffer, 
and the bound proteins were either boiled for 5 min in 
25 μl of 2 × Laemmli sample buffer or eluted using 

Tris-HCl buffer (pH = 2.5). Protein lysates were 
extracted, loaded onto the SDS polyacrylamide gels, 
and subjected to electrophoresis. Proteins were trans-
ferred to a nitrocellulose membrane after electropho-
resis. Then, the nitrocellulose membranes were 
incubated with primary antibodies at 4 °C overnight. 
the nitrocellulose membranes were incubated with 
secondary antibodies at 37 °C for 1 h after washing 
with TBST. An iBright CL1000 imaging system (Thermo 
Fisher) was used to capture the images. Specific pri-
mary antibodies used are listed in Table 1.

In vivo tumor growth assay

All athymic BALB/c male nude mice (4–6 weeks old) 
were purchased from Shulaibao Biotech (Wuhan, 
China) and maintained at constant temperature (23–
25 °C) with controlled light/dark cycles (12 h/12 h) at 
The Affiliated Yantai Yuhuangding Hospital of Qingdao 
University. A total of 1 × 107 Control, ST8Sia1-OE and 
ST8Sia1-OE-shTGF-β1 HCT15 cells were mixed with 
150 μL PBS buffer and injected into male nude mice. 
Tumor growth was measured weekly. The mice were 
sacrificed using 60% carbon dioxide after 28 days of 
the experiment. Tumor volumes were calculated using 
the following formula: tumor volume = (length) × 
(width)2 × 0.5, and the weights of the tumors were 
recorded. All animal experiments were approved by 
the Ethics Committee of the Affiliated Yantai 
Yuhuangding Hospital of Qingdao University (2022YHDYY- 
16). All investigations adhered to ARRIVE and institu-
tional protocols.

Hematoxylin-eosin (HE) and 
immunohistochemistry (IHC) analysis

There were 10 samples of READ tissues (n = 5) and 
para-cancerous tissues (n = 5) from The Affiliated Yantai 
Yuhuangding Hospital of Qingdao University, which 
were included in the tissue collection. The study was 
conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved 

Table 1.  The list of specific primary antibodies.

Antibody Band
Category 
number

Dilution rate 
with TBST

ST8Sia1 Proteintech 24918-1-AP 1:1000
Bcl-2 Cell Signaling 

Technology
#3498 1:1000

Bax Proteintech 50599-2-Ig 1:1000
Cleaved caspase 

3
Proteintech 25128-1-AP 1:1000

PARP1 Cell Signaling 
Technology

#5625 1:1000

GAPDH Proteintech 60004-1-Ig 1:5000
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by Institutional Review Board of The Affiliated  
Yantai Yuhuangding Hospital of Qingdao University 
(No.2022YHRTLL223). Before the study, we obtained 
the written informed consent of all participants or 
legal guardians to ensure that they have a comprehen-
sive understanding of the purpose, procedures, poten-
tial risks and benefits of the study. HE staining was 
performed on 4-μm-thick sections of mouse tumor tis-
sue from different groups. The staining process lasted 
for 1 min and the sections were subsequently differen-
tiated in acidic alcohol for 30 s. The sections were 
dehydrated in 95% ethanol for 50 s, cleared in xylene, 
and mounted. For IHC, the tissues of patients with 
READ and mouse tumor tissues from different groups 
were fixed with 4% paraformaldehyde, permeabilized 
with 0.5% Triton X-100 in PBS for 15 min, and blocked 
with 3% bovine serum albumin. Then, the tissues were 
incubated overnight at 4 °C with primary antibodies 
(1:100). This study used antibodies similar to the WB. 
Images were obtained using a microscope (Leica, 
Germany). These average values of immune reactivity 
were divided into five scoring groups: 1, not detected; 
2, <10% positive cells; 3, 10-20% weak to moderately 
positive cells; 4, 10-20% strong positive cells or 20-50% 
weak positive cells; 5, 20-50% positive cells with mod-
erate to significant reactivity or >50% positive cells.

Cell culture and transfection

HCT-116 (CCL-247), HCT-15 (CCL-225), and FHC 
(CRL-1831) cells were purchased from ATCC (USA) and 
cultured in McCoy’s 5 A or RPMI-1640 medium supple-
mented with 10% Fetal Bovine Serum (FBS) and 1% 
penicillin/streptomycin. Cells were incubated in 5% 
CO2 at 37 °C. CD8+ T cells were derived from the 
human peripheral blood. Briefly, peripheral blood from 
healthy volunteers was extracted using a disposable 
sterile syringe, followed by red blood cell lysis. Immune 
magnetic beads (Becton, Dickinson and Company, 
USA) were used for separation to obtain CD8+ T cells, 
which were then co-cultured with HCT-116 or HCT-15 
cells. HCT-116 or HCT-15 cells (1 × 105/well) were 
seeded in a 6-well plate on the previous day, and puri-
fied CD8+ T cells (5 × 105/well) were seeded in the 
upper chamber of the transwell chamber. ST8Sia1-OE 
and control plasmids were constructed (ABM, Nanjing, 
China). The lipo3000 reagent (Invitrogen, USA) was 
used to transfect cells following the manufacturer’s 
protocol. Puromycin (Beyotime, China) was used for 
drug screening after incubating the cells for 48 h, and 
the efficiency of ST8Sia1-OE was measured by RT-qPCR 
and WB. The co-culture system was maintained for 
48-72 h and further analyzed. The CD8+ T cells located 

in the upper chamber of the transwell system were 
harvested for perforin and granzyme B analysis, while 
the HCT-116 or HCT-15 cells situated in the lower 
chamber were collected to assess apoptosis.

Enzyme-linked immunosorbent assay (ELISA)

The TGF-β1 content in the culture medium of 
co-cultured CD8+ T cells and READ cells was measured 
using a TGF-β1 ELISA Kit (E-EL-0162, Elabscience, 
Wuhan, China). According to the instructions provided 
in the experimental manual. In brief, TGF-β1 in the 
sample binds to the pre-coated anti-TGF-β1 antibody 
on the ELISA plate, and the free components were 
washed away. Biotinylated anti-TGF-β1 antibody and 
horseradish peroxidase-conjugated avidin were then 
added. The anti-TGF-β1 antibody binds to TGF-β1 
bound to the coated antibody, and biotin specifically 
binds to avidin to form an immunocomplex. The free 
components were washed away. Substrate (TMB) was 
added, which turned blue under the catalysis of horse-
radish peroxidase. After the stop solution was added, 
the color turned yellow. The OD value was measured 
at 450 nm using an enzyme immunoassay analyzer, 
and TGF-β1 concentration was proportional to the 
OD450 value. The TGF-β1 concentration in the samples 
was calculated by plotting a standard curve. Cell cul-
ture supernatants from co-cultured CD8+ T cells and 
READ cells were collected after 72 h, and analyzed for 
the presence of IFN-γ using an ELISA kit according to 
the manufacturer’s instructions (R&D Systems).

Cell invasion assay

Approximately 5 × 104 HCT-116 and HCT-15 cells, trans-
fected with either the ST8Sia1-OE or the control plas-
mid, were placed into the upper chamber (Corning, 
USA) with 40 μl of Matrigel in a 24-well transwell 
chamber. The cells were cultured in 200 μl of medium 
without FBS. A medium containing 10% FBS was 
added to the lower chamber. The cells were fixed with 
a solution of 4% paraformaldehyde after a 48-h incu-
bation period. Cells that invaded the surface of the 
chamber were stained with 1% crystal violet and 
washed with water. After drying, the chamber was 
counted under a high-magnification microscope (Leica, 
Germany).

Wound healing assay

A wound healing assay was performed to evaluate cell 
migration. Briefly, cells (7 × 105/well) were seeded in a 
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6-well plate and allowed to form a confluent mono-
layer. Subsequently, a wound was created by scratch-
ing with a 200-μl of a pipette tip and photographed 
immediately with a microscope at 100× magnification. 
The same regions were subsequently imaged following 
an incubation period of 24 h in medium contain-
ing 2% FBS.

5-ethynyl-2’-deoxyuridine (EdU) and reactive 
oxygen species (ROS) assay

EdU, a nucleoside analog of thymidine, is involved in 
DNA synthesis. Cell proliferation and cell cycle distribu-
tion were measured. Cells were plated at a density of 
2.5 × 105/well in a 6-well plate with 5% CO2 at 37 °C. 
Cells were incubated with EdU or ROS staining kit 
(Beyotime, Shanghai, China) for 48 h following the man-
ual with 2 h for immunofluorescence staining. DAPI was 
used to stain the cell nuclei for 5 min, and fluorescence 
was observed under a microscope. The percentage of 
EdU- and ROS-positive cells was calculated.

Colony forming assay

Approximately 1 × 103 cells were seeded in 6-well 
plates. After 14 days of culture, the cells were fixed 
with 4% paraformaldehyde for 30 min and then stained 
with 1% crystal violet for 30 min. The cell clusters com-
prised more than 50 cells and were counted using the 
ImageJ software (version 4.0).

Flow cytometry assay

The identification of apoptosis in cells was conducted 
using the Annexin V-FITC Apoptosis Detection kit and 
following the manufacturer’s recommended analysis 
protocol (BD Pharmingen, USA) to detect tumor cell 
apoptosis after co-culture of CD8+ T cells (5 × 105/well) 
and HCT-116 or HCT-15 cells (1 × 105/well) for 48-72 h. 
Additionally, CD8+ T cells were harvested and stained 
for flow cytometric analysis. Cells were suspended in 
100 μl of cold PBS containing appropriate concentra-
tions of Granzyme B and Perforin (Cell Signaling 
Technology, USA) and incubated in the dark at 37 °C 
for 60 min. The cells were resuspended in PBS and ana-
lyzed on a BD Accuri™ C6+ flow cytometer, and FlowJo 
software was used to analyze the data.

Ethical considerations

The authors are accountable for all aspects of the work 
in ensuring that questions related to the accuracy or 

integrity of any part of the work are appropriately 
investigated and resolved. The study was conducted in 
accordance with the Declaration of Helsinki (as revised 
in 2013). The study was approved by Institutional 
Review Board of The Affiliated Yantai Yuhuangding 
Hospital of Qingdao University (No.2022YHRTLL223). 
Before the study, we obtained the written informed 
consent of all participants or legal guardians to ensure 
that they have a comprehensive understanding of the 
purpose, procedures, potential risks and benefits of  
the study. All animal experiments were approved by 
the Ethics Committee of the Affiliated Yantai Yuhuangding 
Hospital of Qingdao University (2022YHDYY-16). All 
investigations adhered to ARRIVE and institutional 
protocols.

Statistical analysis

Statistical analyses and visualizations were performed 
using R 4.1.3, Statistical Product Service Solutions 
(SPSS 26.0), GraphPad Prism 8.0, and ImageJ software 
v.4.0. Student’s t-test was used for comparisons 
between the two groups. Statistical significance was 
set at p < 0.05.

Results

ST8Sia1 is significantly reduced in tumor tissues 
of READ

Utilizing the RNA sequencing profiles derived from 
TCGA and GEO RNA-seq datasets, we analyzed READ 
tumor tissues from afflicted patients alongside 
non-tumor tissue specimens from healthy controls. A 
significant reduction in ST8Sia1 mRNA levels was 
observed in READ tissues (Figure 1A). Additionally, we 
assessed the expression of ST8Sia1 across various 
stages of READ and found a decrease in expression 
correlating with the progressive stages of READ. 
Additionally, the expression of ST8sia1 was lower than 
normal at the four different stages of READ (Figure 
1B). Moreover, a notable decrease in ST8Sia1 mRNA 
levels was confirmed in READ tissues in the GSE87211 
dataset (Figure 1C).

In a subsequent analysis, ST8Sia1 mRNA levels were 
found to be significantly lower in READ tumor tissues 
as sourced from GEPIA and TIMER 2.0, underscoring 
the potential pivotal roles of ST8Sia1 in tumorigenesis 
(Figure 1D and E). Our findings were further corrobo-
rated by an additional validation of ST8Sia1 expression 
in patients with READ, in which a significant reduction 
in ST8Sia1 mRNA expression was observed in the tumor 
tissues of these patients (Figure 1F). Complementarily, 
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Figure 1.  The down-regulated ST8Sia1 expression in patients with READ. (A) Comparison of ST8Sia1 transcriptional levels between 
tumor tissues (N = 163) from READ and non-tumor tissues (N = 10) from healthy control by Student’s t-test based on TCGA-READ data-
bases. (B) Correlations between the ST8Sia1 expression and the main pathological stages, including stage 1 (N = 28), stage 2 (N = 51), 
stage 3 (N = 51), and stage 4 (N = 23) of were investigated based on the TCGA database. (C) The mRNA expression levels of ST8Sia1 in 
READ tumor tissues (N = 203) and normal tissues (N = 160) in the GEO database (GSE87211). (D) ST8Sia1 expression in tumor tissues of 
READ patients and normal tissues from the TCGA database analyzed by the GEPIA database. (E) ST8Sia1 expression in different types 
of tumor tissues and normal tissues from the TCGA database analyzed by the TIMER 2.0 database. The red and blue boxes represent 
tumor tissues and normal tissues, respectively. The purple box represents metastasis tumor. The ST8Sia1 level was detected in tumor 
tissues and adjacent normal tissues of patients with READ by RT-qPCR (F) and WB analysis (G) (n = 3). GAPDH served as a control. (H) 
Representative picture of ST8Sia1 was detected in tumor tissues and adjacent normal tissues of patients with READ by IHC (n = 3). Scale 
bars = 200 μm. (I) Kaplan-Meier curve was used to evaluate the prognostic risk of ST8Sia1 gene. (J) ROC curve analysis of the diagnos-
tic value of ST8Sias for READ. (K) DNA methylation level of ST8Sia1 gene in patients with READ were higher than in normal tissues. 
P-values of <0.05 were considered statistically significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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the results of WB and IHC analyses were consistent 
with those of RT-qPCR, confirming the consistency of 
our research findings. (Figure 1G and H). Furthermore, 
we investigated the association between ST8Sia1 
expression and prognosis using the Kaplan-Meier (K-M) 
curve. Remarkably, patients with READ exhibiting 
higher levels of ST8Sia1 were associated with improved 
Overall Survival (OS) compared to those with lower 
ST8Sia1 levels (Figure 1I). The ROC curve demonstrated 
a compelling AUC value of 0.9534 for ST8Sia1 expres-
sion (Figure 1J). Intriguingly, an upregulation in the 
DNA methylation of ST8Sia1 was identified in READ, in 
contrast to the downregulated expression of the 
ST8Sia1 gene (Figure 1K and Supplementary Figure 1). 
In addition, the upregulation of DNA methylation of 
ST8Sia1 in four different stages of tumors in READ var-
ies, especially in the second and fourth stages, and the 
upregulation of DNA methylation of ST8Sia1 is more 
pronounced.

The ST8Sia1 gene may regulate immune response 
in READ

In our study, genes most closely related to ST8Sia1 
were selected from the TCGA-READ database, followed 
by functional enrichment analysis conducted using the 
DAVID 6.8 database. The Biological Processes (BPs) pre-
dominantly associated with ST8Sia1 encompass 
immune response, inflammatory response, signal trans-
duction, cell migration, and cell adhesion (Figure 2A). 
These genes were significantly correlated with the 
plasma membrane within Cellular Components (CCs) 
(Figure 2B). Furthermore, ST8Sia1 was associated with 
extracellular matrix structural constituents, heparin 
binding, and transmembrane signaling receptor activ-
ity (Figure 2C). Remarkably, these genes were mainly 
enriched in cell adhesion molecules and selected sig-
naling pathways (PI3K-Akt and Rap1 signaling path-
ways) as identified by KEGG analysis (Figure 2D).

We delved deeper into the effect of ST8Sia1 on 
immune regulation. The level of ST8Sia1 showed a 
positive association with numerous immune functions, 
including immune response regulation and T/B cell 
activation involved in the immune response (Figure 
2E). We further investigated the role of ST8Sia1 in 
immune cell infiltration in READ. Notably, the ST8Sia1 
level was significantly correlated with the abundance 
of infiltrating immune cells in READ and inversely cor-
related with tumor purity in READ (Figure 2F).

In a subsequent analysis, the correlation between 
ST8Sia1 expression and immune cell markers was exam-
ined using TIMER 2.0. Almost all immune cell markers 
were correlated with the ST8Sia1 gene (Table 2).  

The expression of CD8+ and CD4+ T cells was downreg-
ulated in READ tissues compared to adjacent normal 
tissues, as determined by IHC (Figure 2G and H). 
Collectively, our findings underscore the probable piv-
otal role of ST8Sia1 in modulating immune responses 
and in contributing to tumorigenesis in READ.

The ST8Sia1 gene may predict the immunotherapy 
response of READ

We investigated the association between ST8Sia1 lev-
els and four types of ESTIMATE scores to elucidate the 
role of ST8Sia1 in the tumor microenvironment (TME) 
of READ. A strong positive correlation was observed 
between ST8Sia1 levels and stromal score, immune 
score, and ESTIMATEScore in READ (Figure 3A–C). 
Conversely, ST8Sia1 levels were negatively correlated 
with tumor purity (Figure 3D). These findings suggest 
that downregulation of ST8Sia1 may contribute to an 
immunosuppressive state in READ. The correlations 
between ST8Sia1 and these seven metagenes were 
illustrated using corrgrams (Figure 3E), where ST8Sia1 
showed a positive correlation with HCK, interferon, 
LCK, MHC-II, and STAT1 metagenes. Subsequently, we 
validated the correlations between ST8Sia1 and multi-
ple immune checkpoint proteins (ICPs) in READ sam-
ples to explore the potential implications of ST8Sia1 in 
immunotherapy, utilizing TIMER 2.0. Our analysis 
revealed a prominent positive association between 
ST8Sia1 and most ICPs (Figure 3F). Furthermore, we 
assessed the relationship between ST8Sia1 and 
immune function by calculating correlations with 
seven inflammatory activity-related metagene clusters 
encompassing 104 genes (Supplementary Table 3). 
These clusters include HCK, IgG, interferon, LCK, 
MHC-I/-II, and STAT1 [27, 28]. Collectively, our data 
suggest that ST8Sia1 may serve as a predictive marker 
for immunotherapy response in patients with READ.

ST8Sia1-OE inhibited the biological function of 
READ cells

Compared with FHC cells, a normal human colorectal 
epithelial cell, HCT-15 and HCT-116 cells showed sig-
nificantly lower expression of ST8Sia1 (Supplementary 
Figure 2). Therefore, we engineered elevated expres-
sion of ST8Sia1 in HCT-15 and HCT-116 cells to eluci-
date the functional role of ST8Sia1 in READ cells. Both 
protein and transcriptional levels of ST8Sia1 were 
markedly augmented in ST8Sia1-OE cells (Figure 4A–C). 
EdU and colony-forming assays demonstrated a reduc-
tion in tumor cell proliferation with increased ST8Sia1 
expression (Figure 4D–E and G). Furthermore, ST8Sia1-OE 

https://doi.org/10.1080/07853890.2024.2439539
https://doi.org/10.1080/07853890.2024.2439539
https://doi.org/10.1080/07853890.2024.2439539
https://doi.org/10.1080/07853890.2024.2439539
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Figure 2.  The ST8Sia1 gene may regulate immune response in READ. (A-D) GO and KEGG pathway enrichment analysis of the 
most associated 1372 genes of ST8Sia1 using DAVID 6.8 and the “ggplot2” in R. The size of the point indicated the count of genes 
in the pathway and the color depth indicated the degree of statistical significance. The deeper the color of the point represented 
the more statistically significant the corresponding pathway. (E) The heatmap revealed the expression of ST8Sia1 and the enrich-
ment scores of the immune functions of each patient from the TCGA database. The specific correlation coefficients and P-value 
were shown on the right. (F) The relationship between the ST8Sia1 expression and the infiltration degree of six types of immune 
cells in READ via TIMER 2.0 database. The representative picture of CD8 (G) and CD4 (H) was detected in tumor tissues and the 
normal group of patients with READ by IHC (n = 3). Scale bars = 200 μm. P-values of <0.05 were considered statistically significant, 
**p < 0.01 and ***p < 0.001.
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cells exhibited decreased levels of oxidative stress 
compared with those in the control group (Figure 4F). 
The wound healing assay results indicated that 
enhanced ST8Sia1 expression impeded tumor cell 
migration (Figure 4H and I). Moreover, invasion  
activities (Figure 4J) were significantly curtailed and 
the apoptosis rates (Figure 4K and Supplementary 
Figure  3) were obviously increased in the ST8Sia1-OE 
cell group relative to the control group, indicating that 
ST8Sia1-OE can temper the biological functionality of 
READ cells.

The impact of ST8Sia1-OE on CD8+ T cell function 
and tumor cell apoptosis

Subsequently, we explored the effect of ST8Sia1-OE on 
CD8+ T cell functionality after co-culture with HCT-15 
and HCT-116 cells. CD8+ T cells were successfully puri-
fied with high fidelity in the peripheral blood of 
healthy volunteers (Figure 5A). Following the co-culture 
of CD8+ T cells with HCT-15 or HCT-116 cells, we 
assessed the apoptosis rate in HCT-15 and HCT-116 
cell populations in the lower chamber. Our findings 
illustrated a significant increase in the apoptosis rates 
of both HCT-15 and HCT-116 cells (Figure 5B and C). 
Additionally, an observable reduction in the 
anti-apoptotic molecule Bcl-2 was recorded in 
ST8Sia1-OE cells, whereas the expression of 
pro-apoptotic molecules Bax, Cleaved caspase 3, and 
PARP1 was elevated in ST8Sia1-OE cells (Figure 5D and 
E). Then, we assessed the expression levels of Granzyme 
B and perforin in CD8+ T cells in the upper chamber. 
Notably, Granzyme B levels were increased in CD8+ T 
cells co-cultured with ST8Sia1-OE cells compared to 
the control group (Figure 5F and G). Similarly, an 
increase in perforin levels was noted in ST8Sia1-OE 
cells relative to the control group (Figure 5H and I). 
The expression of IFN-γ and some damage-associated 
molecular pattern (DAMPs) molecules (HSP, HMGB-1, 
IL-1α, CRT) was increased in CD8+ T cells co-cultured 
with ST8Sia1-OE cells compared to the control group 
(Figure 5J–M).

ST8Sia1 interacts with TGF-β1 in HCT-15 cell

To elucidate the impact of ST8Sia1 on the onset and 
progression of READ, we stratified the READ data into 
two distinct cohorts, the ST8Sia1 high-expression 
group and the ST8Sia1 low-expression group, based 
on the median value of ST8Sia1 expression. Employing 
GSEA, we found that the ST8Sia1 high-expression 
group predominantly enriched the TGF-β signaling 
pathway (Figure 6A). Both the protein and mRNA 
expression levels of TGF-β1 were significantly dimin-
ished in the tumor tissues harvested from patients 
with READ (Figure 6B and C). Subsequently, we engi-
neered elevated TGF-β1 expression in ST8Sia1-OE 
HCT-15 cells to delineate the functional role of TGF-β1 
(Figure 6D). Nevertheless, the content of TGF-β1 
remained unchanged in different cell culture media, 
implying that the secretion of TGF-β1 was unaffected 
by the overexpression of ST8Sia1 in HCT-15 cells 
(Supplementary Figure 4). Moreover, immunoprecipita-
tion assays revealed an interaction between ST8Sia1 
and TGF-β1 in HCT15 cells (Figure 6E and F).

Table 2.  The ST8Sia1 expression was significantly correlated 
with the infiltration levels of various immune cell markers 
based on TIMER 2.0 database.
Gene Name Gene Marker Corelation P-value

CD8+ T cell CD8A 0.45 1.21E-09
CD8B 0.308 5.43E-05

T cell CD3D 0.417 2.33E-08
CD3E 0.475 9.84E-11
CD2 0.562 3.14E-15

B cell CD19 0.282 2.36E-04
CD79A 0.362 1.66E-06

Natural killer cell KIR2DL1 0.178 2.21E-02
KIR2DL3 0.157 4.31E-02
KIR3DL1 0.196 1.14E-02
KIR3DL3 0.085 2.74E-01
NCAM1 0.566 1.97E-15

Neutrophil ITGAM(CD11b) 0.586 1.07E-16
CEACAM8(CD66b) −0.221 4.16E-03
CCR7 0.395 1.36E-07
CD59 0.507 3.30E-12

Type 1 T helper cell TBX21 0.433 5.44E-09
STAT4 0.546 2.75E-14
STAT1 0.538 7.42E-14
IFNG (IFN-γ) 0.344 5.71E-06
TNF-α (TNF) 0.48 6.02E-11

Type 2 T helper cell STAT5A 0.282 2.36E-04
IL13 0.293 1.29E-04
GATA3 0.49 2.18E-11
STAT6 0.099 2.06E-01
CCR4 0.533 1.38E-13

Type 17 T helper 
cell

STAT3 0.407 5.17E-08

IL17A −0.141 7.06E-02
T follicular helper 

cell
IL21 0.104 1.83E-01

BCL6 0.406 5.60E-08
Tumor associated 

macrophages
CCL2 0.68 6.92E-24

IL10 0.432 6.23E-09
CD68 0.389 2.27E-07

Dendritic cell CD1C(BDCA-1) 0.513 1.54E-12
NRP1(BDCA-4) 0.703 5.07E-26
HLA-DPB1 0.571 9.83E-16
HLA-DQB1 0.351 3.47E-06
HLA-DPA1 0.609 3.09E-18
HLA-DRA 0.547 2.60E-14
ITGAX(CD11c) 0.593 4.06E-17

Regulatory T cell FOXP3 0.601 1.06E-17
STAT5B 0.512 1.72E-12
TGF-B1(TGFβ1) 0.522 5.34E-13

Monocyte CD86 0.646 5.11E-21
CSF1R(CD115) 0.604 6.83E-18

M1 macrophage NOS2 −0.123 1.15E-01
PTGS2(COX2) 0.292 1.33E-04

M2 macrophage CD163 0.617 8.99E-19
VSIG4 0.503 4.93E-12
MS4A4A 0.619 5.79E-19

https://doi.org/10.1080/07853890.2024.2439539
https://doi.org/10.1080/07853890.2024.2439539
https://doi.org/10.1080/07853890.2024.2439539
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Figure 3.  The ST8Sia1 gene may predict the immunotherapy response of READ. Correlation analysis between ST8Sia1 mRNA 
expression levels and StromalScore (a), ImmuneScore (B), EstimateScore (C), and TumorPurity (D) in READ. The data was obtained 
using the “estimate” package in the R environment. (E) The correlation matrix of ST8Sia1 and inflammatory-related metagenes. The 
correlation coefficients were demonstrated as the proportion of the pie charts, and the specific correlation coefficients were 
shown on the left. The red parts represented a positive correlation, and the green parts represented a negative correlation. (F) 
Spearman correlation of ST8Sia1 with ICPs. The width of the band represented the R-value. The color of the band represented the 
P-value. P-values of <0.05 were considered statistically significant, ****p < 0.0001.
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Figure 4. S T8Sia1 overexpression inhibited the biological function of READ cells. The protein expression of ST8Sia1 between the 
ST8Sia1-OE group and control group in HCT-15 cell (A) and HCT-116 cell (B). (C) The mRNA level of ST8Sia1 in the ST8Sia1-OE group 
and the control group in HCT-15 and HCT-116 cell. EdU assays to detect cell proliferation in HCT-15 (D) and HCT-116 (E) overexpressed 
with ST8Sia1, Scale bars = 100 μm. (F) ROS assay in HCT-15 and HCT-116 overexpressed with ST8Sia1, Scale bars = 100 μm. (G) Colony 
forming assay to detect cell proliferation in HCT-15 and HCT-116 overexpressed with ST8Sia1. Wound healing assays to detect cell 
migration in HCT-15 (H) and HCT-116 (I) cells overexpressed with ST8Sia1, Scale bars = 200 μm. (J) Represented results of the transwell 
of HCT-15 and HCT-116 cells overexpressed with ST8Sia1, Scale bars = 200 μm. (K) The rate of apoptosis between the control group and 
ST8Sia1-OE group in HCT-15 and HCT-116 cells. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns: no statistical significance.
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Figure 5.  The impact of ST8Sia1 overexpression on CD8+ T cell function and tumor cell apoptosis. (A) The CD8+ T cells were 
selected by magnetic beads. (B) Typical flow images of HCT-15 cell apoptosis in each group after co-cultures of CD8+ T and 
HCT-15 cells (ST8Sia1-OE and control groups). (C) Typical flow images of HCT-116 cell apoptosis in each group after co-cultures of 
CD8+ T and HCT-116 cells (ST8Sia1-OE and control groups). The protein expression of Bcl-2, Bax, Cleaved caspase 3, and PARP1 in 
HCT-15 cell (D) and HCT-116 cell (E). Typical flow images of Granzyme B expression for each group of CD8+ T cells co-cultured 
with HCT-15 cells (ST8Sia1-OE and control groups) (F) and HCT-116 (ST8Sia1-OE and control groups) (G). Typical flow images of 
perforin expression for each group of CD8+ T cells co-cultured with HCT-15 cells (ST8Sia1-OE and control groups) (H) and HCT-116 
(ST8Sia1-OE and control groups) (I). The level of IFN-γ for each group of CD8+ T cells co-cultured with HCT-15 cells (ST8Sia1-OE 
and control groups) (J) and HCT-116 (ST8Sia1-OE and control groups) (K). The mRNA expression of HSP, HMGB-1, IL-1α, CRT in 
each group of CD8+ T cells co-cultured with HCT-15 cells (ST8Sia1-OE and control groups) (L) and HCT-116 (ST8Sia1-OE and control 
groups) (M). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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ST8Sia1-OE inhibited the biological function of 
READ cells by TGF-β1

Subsequently, we investigated whether ST8Sia1 miti-
gated the onset and progression of READ by modulat-
ing TGF-β1. Colony forming assays revealed that 
TGF-β1 knockdown augmented tumor cell proliferation 
relative to that in the ST8Sia1-OE group (Figure 7A). 
Invasive capabilities were significantly higher in the 
ST8Sia1-OE-shTGF-β1 cohort than in the ST8Sia1-OE 
group (Figure 7B). The wound healing assay outcomes 
indicated that TGF-β1 downregulation enhanced tumor 

cell migration (Figure 7C). Upon evaluating apoptosis 
in HCT-15 cells, we observed a significant reduction in 
the apoptosis rate in the ST8Sia1-OE-shTGF-β1 group 
compared to the ST8Sia1-OE group (Figure 7D). 
Moreover, the anti-apoptotic molecule Bcl-2 exhibited 
elevated expression in ST8Sia1-OE-shTGF-β1 cells, 
whereas the expression of pro-apoptotic molecules 
Bax, Cleaved caspase 3, and PARP was attenuated in 
ST8Sia1-OE-shTGF-β1 cells (Figure 7E).

Additionally, to delineate the impact of ST8Sia1 on 
the in vivo development of READ, we extended our 
investigation by inoculating athymic male nude mice 

Figure 6. S T8Sia1 interacts with TGF-β1 in HCT-15 cell. (A) GSEA plot presentation of significant gene set indicative of the devel-
opment of a typical TGF-β signaling pathway. The TGF-β1 levels were detected in tumor tissues and adjacent normal tissues of 
patients with READ by WB (B), and RT-qPCR (C) (n = 6). GAPDH served as a control. (D) The protein expression of TGF-β1 between 
the control group, ST8Sia1-OE group and ST8Sia1-OE-shTGF-β1 in HCT-15 cell. Immunoprecipitation (IP) followed by immunoblot 
assay with the whole lysates of HCT-15 cells. Antibodies including IgG and anti-ST8Sia1 were used for IP, with ST8Sia1 and TGF-β1 
in both IP products and inputs analyzed (E), antibodies including IgG and anti-TGF-β1 were used for IP, with ST8Sia1 and TGF-β1 
in both IP products and inputs analyzed (F). **p < 0.01 and ****p < 0.0001, compared to control group. ##p < 0.01, compared to 
ST8Sia1-OE group.
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Figure 7. S T8Sia1-OE inhibited the biological function of READ cells by TGF-β1 in vitro. (A) Colony forming assay to detect cell 
proliferation in different group. (B) Represented results of the transwell in different group. Scale bars = 200 μm. (C) Wound healing 
assays to detect cell migration in different group, Scale bars = 200 μm. (D) Typical flow images of HCT-116 cell apoptosis in each 
group. (E) The protein expression of Bcl-2, Bax, Cleaved caspase 3, and PARP1 in HCT-15 cell. ****p < 0.0001, compared to control 
group. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, compared to ST8Sia1-OE group.
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with Control, ST8Sia1-OE, and ST8Sia1-OE-shTGF-β1 
HCT15 cells. Remarkably, mice injected with ST8Sia1-OE 
HCT15 cells exhibited significantly reduced tumor vol-
umes and weights compared to those injected with 
Control HCT15 cells. However, this phenomenon was 
reversed by TGF-β1 knockdown (Figure 8A–C). Consistent 
with these findings, immunohistochemical analyses 
revealed that the expression levels of ST8Sia1, TGF-β1, 
Bax, Caspase 3, and Caspase 9 in the tumor tissues of 
nude mice were significantly diminished in the 
ST8Sia1-OE-shTGF-β1 group relative to the ST8Sia1-OE 
group. Conversely, the expression level of Bcl-2 was sig-
nificantly elevated in the ST8Sia1-OE-shTGF-β1 group 
(Figure 8D and E). Collectively, these findings under-
score the role of TGF-β1 in mediating the inhibitory 
effects of ST8Sia1-OE on READ onset and progression.

Discussion

READ combined with colon adenocarcinoma ranks 
third in the incidence of all tumor cases, and this rate 
is increasing [27]. The correlation between abnormal 
glycosylation and the occurrence of READ has been 
previously reported. The expression of ST6Gal1, which 
is a primary transferase, has increased and may medi-
ate chemoradiotherapy resistance in READ by inhibit-
ing apoptosis following chemoradiotherapy [28]. The 
α1,6-fucosyltransferase level is increased during the 
malignant transformation of COAD [29]. Downregulating 
the expression of Fut5 and Fut6, which are overex-
pressed in COAD tissues, can halt the invasion and 
angiogenesis of COAD cells [30]. ST3Gal2 knockdown 
decreases the tumoral characteristics of COAD cells 
[31]. The expression of ST3Gal5 is increased in READ 
tissues and may be involved in rectal carcinogenesis, 
although the detailed mechanism is unknown [32]. We 
first authenticated ST8Sias expression in TCGA, GEO, 
and TIMER 2.0, and revealed their downregulation in 
the mRNA levels in READ tissues versus normal tissues. 
ST8Sia2 downregulation results in poor READ progno-
sis. Univariate and multivariate Cox regression analyses 
further verified that ST8Sia2 may serve as an indepen-
dent prognostic factor for OS in patients with READ. 
Generally, ST8Sia1 is considered to be a “tumor sup-
pressor gene” in READ. Finally, we found that 
ST8Sia1-OE inhibited tumor cell proliferation, migra-
tion, and invasion. The expression of Granzyme B and 
Perforin on CD8+ T cells significantly increased, indicat-
ing a significant enhancement in tumor-killing func-
tion, while the apoptosis rate of tumor cells significantly 
increased after co-culturing CD8+ T cells with upregu-
lated ST8Sia1 in HCT-15 and HCT-116 cells. Finally, the 
presence of TGF-β1 was crucial in restraining the 

incidence and progression of READ both in vivo and in 
vitro in the context of ST8Sia1-OE (Figure 9).

Our observations indicate increased recruitment of 
CD4+ and CD8+ T cells in the healthy rectal tissues adja-
cent to tumors in READ patients compared to the tumor 
tissues themselves. This can be explained by the 
immune evasion mechanisms that tumors, including 
READ, commonly employ. These tactics include express-
ing immune checkpoint molecules such as PD-L1, 
secreting immunosuppressive cytokines like TGF-β and 
IL-10, and promoting regulatory T cells (Tregs), all of 
which suppress the activity of cytotoxic T lymphocytes 
(CTLs) within the tumor microenvironment (TME) [33]. 
Moreover, the extracellular matrix (ECM) in tumor tis-
sues tends to be denser and more cross-linked than in 
normal tissues, posing a physical barrier to immune cell 
infiltration. The TME is often characterized by hypoxia, 
acidity, and nutrient depletion, further deterring T cell 
functionality [34, 35]. In contrast, the tumor-adjacent 
healthy tissues likely preserve functional antigen- 
presenting cells (APCs) such as dendritic cells, which 
effectively present tumor antigens to T cells. This may 
explain the higher T cell recruitment and activation in 
these regions, supported by lower levels of immuno-
suppressive factors relative to the TME [36]. Chemokine 
and chemokine receptor expression differences between 
tumor and adjacent healthy tissues also influence T cell 
migration. For example, the presence of CXCL10 and 
CCL5 in non-tumor tissues attracts CXCR3+ and CCR5+ T 
cells, respectively [37]. Past research has noted variabil-
ity in effector, memory, and naïve T cell subset propor-
tions within tumor versus adjacent normal tissues, with 
memory T cells demonstrating preference for non- 
tumorous tissues due to their superior tissue-residency 
capabilities [38]. To thoroughly understand the differen-
tial recruitment in READ, examining the chemokine- 
chemokine receptor profiles, ECM characteristics, APC 
presence, and tumor cell immune evasion strategies in 
both tissue types is crucial. Additionally, assessing the 
functionality of CD4+ and CD8+ T cells in these diverse 
contexts would provide deeper insight into their poten-
tial roles in anti-tumor responses or suppressive 
activities.

The activation of CD8+ T cells generally involves 
T-cell receptor (TCR) interaction with peptide-MHC 
class I complexes on the target cells, leading to T-cell 
activation, proliferation, and cytotoxic function. In the 
typical scenario involving direct cell contact, this inter-
action is crucial for the specificity and restriction of 
the CD8+ T cell response. However, in a transwell sys-
tem, this direct interaction is impeded, prompting an 
investigation into how activation occurs in this setting. 
Several studies have shown that apart from direct 
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cell-cell interaction, CD8+ T cells can also be activated 
by tumor-derived soluble factors. These factors, often 
cytokines and chemokines, can stimulate T cells in a 
manner that does not strictly require TCR-MHC class I 
interaction. This type of activation is sometimes 
referred to as "bystander activation" where T cells can 
become activated without specific antigen recognition 
through their TCR. For instance, interleukin-15 (IL-15) is 
a cytokine known to enhance the cytotoxicity of CD8+ 
T cells by increasing the production of granzyme B 
and perforin independently of TCR specificity [39]. 

IL-15 can be produced by various tumor cells and 
might act on nearby CD8+ T cells, leading them to 
exhibit cytotoxic behaviors even without specific anti-
gen engagement. Furthermore, other soluble factors 
such as IL-12, IL-18, and IFNs have also been reported 
to activate CD8+ T cells and increase their cytolytic 
activity [40]. These cytokines may be part of the milieu 
produced by tumor cells (including HCT cells) and 
could contribute to the activation observed in the 
transwell systems. Regarding the specificity and restric-
tion typically required for CD8+ T cell activation, these 

Figure 8. S T8Sia1-OE inhibited the biological function of READ cells by TGF-β1 in vivo. (A) Control, ST8Sia1-OE and 
ST8Sia1-OE-shTGF-β1 HCT cells were injected into nude mice to detect tumor formation in vivo. (B) The tumor weight of Control, 
ST8Sia1-OE and ST8Sia1-OE-shTGF-β1 group. (C) Tumor volume in nude mice was calculated using the formula: 1/2 × 
(length × width2) (n = 4). (D) The images of H&E staining results for normal and tumor patient tissues (n = 3), Scale bars = 50 μm. 
(E) The images of immunohistochemical staining results of different proteins in normal and tumor patient tissues (n = 3), Scale 
bars = 100 μm. ****p < 0.0001, compared to Control group. **p < 0.01 and ***p < 0.001, compared to ST8Sia1-OE group.



Annals of Medicine 17

processes in the context of cytokine-driven activation 
can be less strict. While TCR specificity and MHC Class 
I restriction are central to traditional antigen-specific 
T-cell responses, the actions of these cytokines sug-
gest parallel pathways that can coax CD8+ T cells into 
a functional state. These alternative activation routes 
are particularly crucial in tumor immunity, where 
tumor cells might evade immune surveillance by 
downregulating MHC molecules or altering antigen 
processing machinery.

Aberrant DNA methylation changes, including both 
DNA hypermethylation and hypomethylation events, are 
closely associated with cancer occurrence, and disruption 
of cancer is a characteristic of DNA methylation [41, 42]. 
The upregulated N-acetylgalactosaminyltransferase 2/14 
(GalNT2/14) and their methylation expression levels were 
reversed, and lung adenocarcinoma patients with upreg-
ulated GalNT2/14 expression had poor overall  
survival (OS) [43]. Additionally, hypermethylation levels of 
GAL, GALR1, and GALR2 exhibited the strongest associa-
tion with poor survival in patients with HNSC [44]. Our 

study revealed that the DNA methylation levels of 
ST8Sia1 were upregulated in READ and negatively cor-
related with downregulated ST8Sia1 expression. 
Furthermore, the hypermethylation status of ST8Sia1 may 
serve as an important biomarker for predicting the devel-
opment and progression of READ.

The status of tumor-infiltrating lymphocytes regu-
lates tumorigenesis and tumor progression [45, 46]. 
However, whether ST8Sia1 regulates tumor-infiltrating 
immune cells in READ remains unclear. ST8Sia1 was 
positively related with the StromalScore, ImmuneScore, 
and ESTIMATEScore in READ. This indicates that ST8Sia1 
regulates the TME, which explains the immunosup-
pressive state of low ST8Sia1 expression. We examined 
the link between ST8Sia1 and immune-related path-
ways by GSVA and revealed that ST8Sia1 expression 
was positively correlated with the immune response, 
including the T/B cell-related immune response. The 
expression of ST8Sia1 may regulate the immune 
response in READ, indicating its potential of ST8Sia1 as 
a READ immunotherapy target. These results strongly 

Figure 9.  The mechanism of overexpressed ST8Sia1 inhibits tumor progression and promotes the tumoricidal effects of CD8+ T 
cells in rectal adenocarcinoma (READ) is through TGF-β1 signaling. In READ tissues compared to normal tissues, there was a 
down-regulation in the mRNA levels of ST8Sia1. Tumor cell proliferation, migration, and invasion were inhibited by ST8Sia1 over-
expression (ST8Sia1-OE). The increase in the expression of granzyme B and perforin on CD8+ T cells indicates a significant improve-
ment in their tumor-killing function, while the apoptosis rate of tumor cells also significantly increases when CD8+ T cells are 
co-cultured with HCT-15 or HCT-116 cells that have up-regulated ST8Sia1. The presence of TGF-β1 is crucial in limiting the occur-
rence and advancement of READ both in vivo and in vitro in the context of ST8Sia-OE.
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indicated the potential of ST8Sia1 as an anticancer 
immunotherapy target.

Through GSEA, we found that the high-expression 
group of ST8Sia1 was mainly enriched in the TGF-β sig-
naling pathway. Furthermore, subsequent studies have 
shown that the expression levels of TGF-β1 protein and 
mRNA were significantly decreased in the tumor tissues 
of patients with READ. Immunoprecipitation experi-
ments revealed an interaction between ST8Sia1 and 
TGF-β1 in HCT-15 cells. Moreover, in further investiga-
tions, we found that overexpression of ST8Sia1 in cells 
with knockdown of TGF-β1, its inhibitory effect on 
tumor cells. The role of TGF-β and its signaling pathway 
molecules has been studied in various cancers, includ-
ing CRC. It is an effective regulator of cell adhesion, 
movement, extracellular matrix production, angiogene-
sis and immunosuppression [47, 48]. High TGF-β expres-
sion is often associated with late disease, tumor 
recurrence, and reduced patient survival. Several studies 
have shown that increased TGF-β expression is associ-
ated with reduced disease progression and survival in 
CRC patients [49]. TGF-β promotes fibrosis of the 
tumoral stroma; thus, immune cell infiltration is inhib-
ited [50]. However, low TGF-β1 protein expression is 
associated with an adverse prognosis in patients with 
stage III rectal cancer [51]. In our study, we found that 
ST8Sia1 significantly promoted TGF-β1 expression. 
Knockdown of TGF-β1 can prevent the overexpression 
of ST8Sia1 and suppress READ, suggesting that TGF-β1 
is ST8Sia1 necessary to suppress READ. TGFβ1 is known 
for its dual role in the immune context, where it gener-
ally acts as an immunosuppressive molecule but can 
also promote immunogenic responses under certain 
conditions [52]. The interaction between ST8Sia1 and 
TGFB1 suggests a novel axis through which ST8Sia1 
may modify the tumor microenvironment to favor an 
immune-responsive condition via modulating TGFβ1 
dynamics, consequently enhancing effector functions of 
CD8+ T cells. Given these results, we hypothesize that 
the overexpression of ST8Sia1 in tumor cells may lead 
to an altered TGFβ1 profile, which in turn modulates 
the cytotoxic activity of neighboring CD8+ T cells. This 
modulation likely tilts the balance from an immunosup-
pressive to a more immunogenic milieu, promoting the 
release of factors like perforin and granzyme B that are 
crucial for CD8+ T cell-mediated cytotoxicity. Further 
investigations should focus on detailed pathways link-
ing TGFB1 and ST8Sia1 interaction to changes in the 
tumor microenvironment, and how these alterations 
influence the priming and activation of naive or 
unspecific CD8+ T cells. Comprehensive studies could 
include the use of cytokine profiling, advanced imaging 

technologies, and functional assays to map the regula-
tory networks influenced by ST8Sia1 and TGFB1 in vari-
ous cancer models. In conclusion, our data propose a 
novel mechanistic insight into how ST8Sia1 overexpres-
sion in tumor cells can potentiate the cytotoxic activity 
of CD8+ T cells through a TGFβ1-dependent pathway. 
This underscores the potential of ST8Sia1 as a therapeu-
tic target in cancer immunotherapy strategies aimed at 
enhancing CD8+ T cell functions.

Conclusion

This study revealed downregulated expression levels of 
ST8Sia1 in READ tissues versus normal tissues, which 
were negatively correlated with methylation levels. In 
addition, we revealed the underlying immune regula-
tory mechanisms of ST8Sia1 in READ. Ultimately, 
ST8Sia1-OE can help restore immune cell function and 
provide a clinical approach for the combined cellular 
immunotherapy of READ. Overall, ST8Sia1 may be a 
novel diagnostic marker and immune cell infiltration 
predictor in patients with READ.
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