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High cholesterol is an important factor inducing colorectal cancer (CRC). The study aims to determine the key genes
and regulatory mechanism associated with tumor-infiltrating T cells underlying cholesterol-induced CRC. Gene expres-
sion data and clinical data from CRCS in The Cancer Genome Atlas (TCGA) were selected for differential expression
and survival analysis. A total of 5,815 DEGs and 21 cholesterol-associated KEGG pathways were identified. Subsequently,
128 CRCs and 127 patients without obvious intestinal lesions were recruited to analyze the relationship between GPX3
expression, cholesterol levels, and pathologic condition. The results showed that the expression of cholesterol-related gene
GPX3 was negatively associated with cholesterol level, but positively correlated with Ki-67 proliferation index in CRC. The
expression of GPX3 was higher in CRC patients who were in poorly differentiated and advanced stage. In addition, a mice
model of high-cholesterol diet intervention was constructed to detect the levels of cholesterol and GPX3 in the peripheral
blood of mice, and it was found that the expression level of GPX3 in high-cholesterol mice was lower than that in normal
diet mice. CD8* T cells were isolated from the spleen of mice and the T cell surface receptors were detected. It was found
that the expression of CD69 in CD8* T cells of mice interfered with the high-cholesterol diet, while the expression of PD1,
TIM-3, and CTLA-4 was increased. CD8" T cells were co-cultured with MC38 cells to detect the proliferation rate of CRC
cells. The results showed that the tumor cell proliferation ratio in the high cholesterol group was higher than that in the
control group. Furthermore, GPX3 downstream genes associated with m6A modification and tumor-infiltrating T cells were
screened, and a T cell immune-related ceRNA network was constructed. In total, 53 GPX3 downstream genes associated
with m6A modification and tumor-infiltrating T cells were identified. A PPI network that contained 45 nodes and 85 inter-
action pairs was constructed. The ceRNA network, including 39 miRNA-target and 43 IncRNA-miRNA regulatory pairs,
was constructed. In conclusion, GPX3 is a potential target for cholesterol regulation of T cell immunity in CRC.
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According to the location of the tumor, colorectal cancer
(CRC), the second leading cause of cancer-related death
globally [1], can be divided into colon adenocarcinoma
(COAD) and rectal adenocarcinoma (READ). Despite the
continuous progress of multidisciplinary diagnosis and
treatment, the prognosis of CRC patients is still poor, and
the 5-year survival rate of patients with stage IV CRC is still
less than 20% [2]. The etiology of CRC is complex, involving
genetic, environmental, and lifestyle risk factors (such as
diet) [3]. In particular, high dietary cholesterol intake may
increase the susceptibility to cancer and may even affect the
survival of cancer patients. Cholesterol typically accumulates
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in various malignant tissues, and higher cholesterol levels
may be correlated with cancer development and recurrence
[4-6]. Notably, elevated serum cholesterol levels have been
reported to be related to a higher risk of CRC [7, 8]. However,
the association between cholesterol and CRC, as well as the
underlying mechanism, has not been fully clarified.

Given the potential role of cholesterol in cancer develop-
ment, genes involved in the synthesis, metabolism, and trans-
port of cholesterol have been a research hotspot in recent
years. Elevated StARD3 expression promotes the aggres-
siveness of breast cancer by increasing cholesterol biosyn-
thesis, enhancing Src kinase activity, increasing membrane
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cholesterol, and inducing oncogenic signaling [9]. Genetic
variants of cholesterol pathway genes, including APOB and
CDH13, are associated with survival in non-small cell lung
cancer by affecting their gene expression and modulating
the synthesis, transport, and metabolism of cholesterol [10].
The combined expression of several cholesterol homeostasis
genes, including HMGCR, NR1H3, SREBF2, and NR1H2, is
correlated with poor clinical outcomes in CRC [11]. Eluci-
dating the key cholesterol-related genes and their mecha-
nism in CRC will help us better understand the pathogenesis
of CRC, which could offer new therapeutic opportunities.

Recent reports suggested that cholesterol can modify
tumor T cell function with N6-methyladenosine (m6A)
modification. m6A is a prevalent RNA modification that
critically affects mRNA stability and translation [12].
Dysregulated m6A modification in several oncogenes or
tumor suppressors contributes to tumor proliferation and
metastasis [13, 14]. Liu et al. demonstrated that the dysregu-
lation of m6A-related genes, such as METTL3, METTLI16,
and ALKBHS5, was related to the clinical outcomes of
CRC patients [15]. Moreover, the ectopic expression of
mo6A-related genes is associated with the prognosis of
pancreatic adenocarcinoma and affects the tumor micro-
environment (TME) as well [16]. Infiltrated immune
cells within the TME are known to act as key regulators
in tumorigenesis [17]. Cholesterol could induce CD8" T
cell functional exhaustion in the TME [18]. Therefore, the
identification of immune cells and immune-related genes
associated with prognosis may facilitate the development
of immunotherapies for CRC patients [19]. It has been
reported that the cholesterol metabolite 27-hydroxycholes-
terol could promote the metastasis of breast cancer via its
action on immune myeloid cells [20]. It has been found that
the cholesterol transporter ABCG1 regulates tumor growth
by regulating macrophage function within tumors, which
suggests a link between cholesterol homeostasis and cancer
[21]. Despite these findings, there is limited information on
the association between cholesterol, m6A modification, and
immune infiltration in CRC.

In this study, a prognostic cholesterol-related gene,
glutathione peroxidase 3 (GPX3) was identified. The
relationship between GPX3 expression, cholesterol levels,
and pathologic condition in CRC patients was determined.
The effects of cholesterol on CD8" T cell exhaustion and
the role of GPX3 dysregulation in proliferation, invasion,
and migration in CRC were investigated. In addition,
GPX3 downstream genes associated with m6A modifica-
tion and tumor-infiltrating T cells were screened, and a T
cell immune-related competing endogenous RNA (ceRNA)
network was constructed. A flowchart of our study is
presented in Supplementary Figure S1. Our findings will lay
a theoretical foundation for elucidating the mechanism of
cholesterol-induced CRC from the perspective of immunity
and may provide promising targets for the individualized
treatment of CRC patients.

Patients and methods

Data acquisition and preprocessing. The RNA-seq data
and clinical data for COAD and READ were downloaded
from The Cancer Genome Atlas (TCGA) database [22].
In total, 431 samples, including 380 tumor samples and
51 adjacent normal samples, were selected. Based on the
platform ID/gene mapping annotation information in the
Gencode database [23], Ensembl ID was converted to
Symbol_ID. The expression values of mRNAs were obtained
and log2 was transformed.

Besides, the gene expression profile GSE71187 was
downloaded from the Gene Expression Omnibus (GEO)
database as a validation dataset, including 99 CRC samples
and 12 adjacent normal samples. The data were generated
on the GPL6480 Agilent-014850 Whole Human Genome
Microarray 4x44K G4112F

Differential expression analysis. Differentially expressed
genes (DEGs) between tumor and adjacent normal samples
were analyzed using the limma package (version 3.10.3)
[24] in R; The p-value was adjusted using the Benjamini-
Hochberg method; DEGs were identified with a cutoff value
of adjusted p<0.05 and |log fold change (FC)|>1; volcano
plots of DEGs were then used for visualization.

Analysis of cholesterol-related DEGs. Cholesterol-
related genes in cholesterol-related KEGG pathways were
screened using lipid-specific keywords, namely glycolipids,
sterol lipids, sphingolipids, fatty acyls, glycerophospholipids,
prenol lipids, polyketides, and sacharolipids. By intersecting
the DEGs, cholesterol-related DEGs were identified.

Survival analysis. Based on the survival data, such as
overall survival (OS) and OS status, tumor samples were
divided into high- and low-expression groups according to
the median expression value of cholesterol-related DEGs.
Kaplan-Meier survival analysis was performed using the
survival package (version 2.42-6) [25] in R, and then the
log-rank test was processed. The DEGs that were related to
cholesterol with p<0.01 were defined as prognostic choles-
terol-related DEGs.

Validation of the expression of prognostic cholesterol-
related DEGs using the microarray data of GSE71187. The
expression levels of the identified prognostic cholesterol-
related DEGs were further validated using the expression
profile GSE71187. One gene (GPX3), which showed consis-
tent expression patterns in both TCGA dataset and the
GSE71187 dataset, was used as the target gene for subsequent
analysis.

Patient samples. This study was approved by the Ethics
Committee of Zhejiang University Huzhou Hospital (No.
202110018-02) and the Chinese clinical trial registry (http://
www.chictr.org.cn, ChiCTR2200061039). In total, 128 CRC
patients confirmed by pathology were included in the exper-
imental group, and 127 patients without obvious intestinal
lesions on colonoscopy were included in the control group.
Blood samples were taken from all patients in the fasting
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state and centrifuged at 4°C for 20 min, and the serum was
collected. Biochemical indicators, such as triglyceride, high-
and low-density lipoprotein cholesterol, fatty acid, and total
cholesterol levels, were detected in the serum samples of the
two groups. Finally, CRC patients were divided into a high
cholesterol group (=5.17 mmol/l) and a normal cholesterol
group (<5.17 mmol/l) according to their peripheral blood
cholesterol level, and 15 cases in each group were randomly
selected for the follow-up verification.

Immunofluorescence detection of GPX3 expression.
Immunofluorescence was used to detect and localize the
expression of CD8 and GPX3 in tissues. Rabbit Anti-GPX3
(ab275965, Abcam, Cambridge, UK), Mouse Anti-CD8
(66868-1-Ig, Wuhan Sanying Biotechnology Co., LTD,
Wuhan, China), TRITC sheep anti-mouse (115-025-062,
Jackson ImmunoResearch Laboratories, Inc., Commonwealth
of Pennsylvania, USA) and FITC sheep anti-rabbit (111-095-
003, Jackson ImmunoResearch Laboratories, Inc., Common-
wealth of Pennsylvania, USA) were used in the experiments.
Tissues from CRC patients were collected, immediately fixed
with 4% paraformaldehyde at 20-25°C for 48 h, routinely
dehydrated, and embedded in paraffin. Afterward, the colon
cancer tissue was cut into 3.5 pm thick sections. To improve
cell permeability, sections were immersed in 4% paraformal-
dehyde fixative for 30 min and washed 3 times with PBS.
Subsequently, the sections were blocked at room tempera-
ture after dropping H,O,-methanol solution and being rinsed
three times with PBS. About 50-100 pl ready-to-use goat
serum was added and incubated at room temperature for 20
min. About 50-100 ul primary antibody was added, incubated
at 37°C for 2 h in a wet box, and then washed with PBS. Lately,
50-100 pl corresponding TRITC and FITC (1:100 dilution)
secondary antibodies were added, incubated at 37°C for 1
h in the dark, and washed with PBS again. Then, 50-100 pl
DAPI staining solution was added to each slide and placed at
room temperature. The slides were then mounted with anti-
extraction sealing tape. The protein expression was observed
with a confocal microscope and photographed for preser-
vation. According to the expression of GPX3, CRC patients
were divided into a high GPX3 expression group (greater than
70%) and a GPX3 low expression group (less than 50%).

Immunohistochemical staining of Ki-67 proliferation
index. The expression level of Ki-67 was detected by the
IHC method. The paraffin sections were pretreated with the
HE method, and the sections were placed in a staining box,
containing antigen retrieval buffer, and heated for antigen
retrieval. The sections were dropped with 3% of H,O,
-methanol solution and placed at room temperature, rinsed
with PBS, and then blocked by adding goat serum. Antigen-
antibody reactions were performed by dropping 50-100 ul
primary antibody (diluted 1:50) into the sections. After
adding an enhancer, 50 ul universal mouse/rabbit polymer
and goat-anti-rabbit (1:200) secondary antibody was dropped.
DAB was used to develop the color and observed with a
microscope until the staining was complete. After counter-

staining with hematoxylin, the slides were mounted, and then
the protein expression was observed with a light microscope.

Immunohistochemical staining of CD8 expression level.
CD8* T cells in paraffin sections were counted by immuno-
histochemical detection. The sections were dried at 25°C
and washed three times with 0.01 mol/l PBS. After that, 50 ul
anti-CD8 (SP16) rabbit monoclonal antibody ready-use
(ZA-0508, Beijing Zhongshan Jinqiao Biotechnology Co.,
Ltd., Beijing, China) (PBS dilution ratio 1:200) was added. The
specific operations were carried out according to the instruc-
tions. Each step was washed with 0.01 mol/LPBS (pH 7.4) for
3 times (5 min for each). Finally, a light microscope was used
to observe with a high magnification field (100x and 200x).
Light yellow to tan cytoplasm was CD8 positive cells. At least,
2 pathologists evaluated the percentage of CD8 positive cells.

Establishment of a high-cholesterol mouse model. All
procedures, involving experimental mice, were approved by
the Huzhou Central Hospital Animal Ethics Committee (No.
202111002). Six-week-old C57/BL6 mice (Beijing Weitong
Lihua Experimental Animal Technology Co., Ltd., Beijing,
China) were housed under standard conditions (constant
temperature (20+1°C), 50% of humidity, and 12 h light/dark
cycle) with free access to water. According to the previous
method [26], the AOM/DSS inflammatory-induced mouse
model was first established, after which the mice were
randomly assigned to the control (n=10) or the high choles-
terol (n=10) group. Mice in the high cholesterol group were
given basic feed containing 1.25% of cholesterol and 0.5% of
bile salts for 3 months, and mice in the control group were
given basic feed containing 0.5% of bile salts for 3 months.

Enzyme-linked immunosorbent assay (ELISA). The
expression of GPX3 in peripheral blood samples from mice
in different groups was detected using an ELISA kit (ALPCO
Diagnostics, Salem, NH, USA) following the operation
instructions.

Detection of peripheral blood total cholesterol level
by enzyme colorimetric assay. Cholesterol levels in the
peripheral blood of patients with CRC, high-cholesterol-fed
mice, and control mice were measured using an enzymatic
cholesterol determination kit (Abbott GmbH & Co. KG,
Wiesbaden, Germany) following the protocol provided by
the manufacturer. OLYMPUS AU400 automatic biochemical
analyzer was selected for the analysis.

Flow cytometric analysis. The spleens of mice were
extracted under aseptic conditions, cut into small pieces
approximately 1 mm in size, and digested in a solution
containing 0.1% collagenase (5 ml) at 37 °C. Subsequently, 10
ml of PBS was added to the cell suspension, which was then
filtered through a nylon membrane and centrifuged at 300xg
for 10 min at 4°C. The resulting cell pellet was washed twice
with PBS. Following the washing and counting steps, the cells
were either immunophenotyped or used for the isolation of
CD8* cells, depending on the experimental requirements.

For cell phenotype analysis, cells were incubated with
CD69-FITC (Abcam, Cambridge, MA, USA), PDI-PE
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(Abcam), CTLA-4-APC (Thermo Fisher Scientific, Waltham,
MA, USA), and TIM-3-PE (Thermo Fisher Scientific) for
30 min in the dark. Afterward, 400 pl of PBS was added,
and the fluorescence signals of 10,000 cells in each sample
were analyzed using a FACSCalibur flow cytometer (Becton
Dickinson, Mountain View, CA, USA) with CellQuest
software (Becton Dickinson).

Co-culture of CD8+ T cells and CRC cells. The pellet of
107 cells was resuspended in 90 pl of buffer, and 10 pl of CD8
sorting magnetic beads were added, followed by incubation
at 4°C for 15 min. The samples were then washed with PBS,
centrifuged at 300xg for 7 minutes, and the supernatant was
discarded. The cells were re-suspended in 500 ul of buffer
and transferred to a magnetic field for 6-8 minutes. After
removing the supernatant, the samples were taken out of the
magnetic field, washed again, and finally re-suspended in the
washing buffer for future use.

MC38 colon adenocarcinoma cells at the logarithmic
proliferation stage were digested with 0.25% of trypsin into
a single-cell suspension and plated in the lower chamber of a
6-well plate at a density of 2x10° cells/well. CD8* T cells were
placed in Transwell culture inserts at the same density. After
co-culture in RPMI-1640 medium at 37 °C with 5% of CO,,
CD8" T cells in the upper inserts and MC38 cells in the lower
inserts were collected for subsequent experiments.

CCK-8 assay for cell proliferation detection. CRC cells
from the three groups were digested and suspended. A 200 pl
cell suspension (1x10°cells/ml) was plated in a 96-well plate. At
the indicated time points, 10 pl of CCK-8 solution (Beyotime,
Jiangsu, China) was added to each well and incubated at 37°C.
The optical density at 450 nm wavelength was measured using
a microplate reader (Bio-Rad, Hercules, CA, USA).

Association analysis of GPX3 expression and clinical
phenotypes. According to the median GPX3 expression,
patients were divided into the GPX3 high- and low-expres-
sion group. The clinical factors, including gender, age, TNM
stage, and pathologic stage between the two groups were
analyzed by the chi-squared (y?) test. Clinical factors with
p<0.05 were associated with GPX3 expression.

Analysis of GPX3-related DEGs. The limma package
(version 3.10.3) [23] in R was selected to perform the differ-
ential expression analysis between the GPX3 high- and
low-expression groups. GPX3-related DEGs were selected
with a cutoff value of adjusted p<0.05 and |log FC|>1.

Identification of m6A target genes. The target genes of
m6A were downloaded from the Potential Targets module
of the m6A2Target database (http://m6a2target.canceromics.
org). By intersecting with GPX3-related DEGs, cholesterol-
related m6A target genes were identified.

Immune infiltration analysis. Using the RNA-seq data
of cholesterol-related m6A target genes, the abundance of
22 types of infiltrating immune cells in tumor tissues was
evaluated by the CIBERSORT algorithm [27] with the LM22
signature as a reference. The parameters were set as follows:
PERM = 100 and QN = FE. Then, the differences in the infil-

tration proportion of immune cells between the GPX3 high-
and low-expression groups were compared by t-test using the
vioplot (version 0.3.2) package in R. T cells with p<0.01 were
selected for subsequent analysis.

Screening of T cell immune-related genes. T cell
immune-related genes were further screened by analyzing
the correlation between cholesterol-related m6A target genes
and T cells using Pearson’s correlation coefficient. Finally, the
value of p that was less than 0.01 was set as the threshold
value for selecting T cell immune-related genes.

Functional enrichment analysis. To clarify the function
of T cell immune-related genes, KEGG [28] pathway and GO
BP [29] enrichment analyses were performed using cluster
Profiler (version 3.16.0) [30]. Count >2 and p<0.05 indicated
enrichment results with a statistical difference.

Construction of the protein-protein interaction (PPI)
network. To predict the PPI pairs between T cell immune-
related genes, the STRING (version 11.0) database [31] was
used. The species was set as human, and the PPI score was
0.4. Finally, the Cytoscape (version 3.6.1) [32] was selected to
construct the PPI network.

Construction of the ceRNA network. The miRNAs of
genes with a degree >5 in the PPI network were predicted
using miRWalk 2.0 [33, 34]. The miRNA-target gene
pairs found in the miRWalk, Microt4, miRanda, miRDB,
RNA22, and Targetscan databases were selected for network
construction. Afterward, the miRNA-related IncRNAs were
predicted using the Prediction Module of DIANA-LncBase
v2 [35], and IncRNA-miRNA regulatory relationships with
scores = 1 were obtained. The IncRNA-miRNA-mRNA
ceRNA network was constructed by integrating the miRNA-
target gene pairs and IncRNA-miRNA regulatory relation-
ships. Furthermore, the network topology properties of
nodes, including the node degree, were analyzed using
CytoNCA (version 2.1.6) [36].

Statistical analysis. Statistical analysis was performed
using SPSS 18.0 (IBM Corp., Armonk, NY, USA). The data
are expressed as the mean + standard deviation, and differ-
ences between groups were analyzed by Student’s t-test. The
correlation between cholesterol levels and GPX3 expression
was evaluated by Pearson’s correlation analysis. A value of
p<0.05 was considered statistically significant.

Results

GPX3 as a prognostic cholesterol-related DEG in CRC.
With a cutoff value of adjusted p<0.05 and |log FC|>1, 5,815
DEGs between tumors and adjacent normal samples were
selected, consisting of 2,191 upregulated genes and 3,624
downregulated ones. A volcano plot of the DEGs is shown
in Figure 1A. Using lipid-specific keywords, 21 cholesterol-
related KEGG pathways (Supplementary Table S1) corre-
sponding to 555 genes were identified. By further inter-
secting the DEGs, 197 cholesterol-related DEGs were identi-
fied (Figure 1B). Further survival analysis revealed that 6
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cholesterol-related DEGs (GPX3, FABP4, PRKG1, PTGIS,
TMEMI189-UBE2V1, and CPT2) were significantly associ-
ated with patient prognosis (Figure 1C). Among them,
GPX3 (p=0.002), FABP4 (p=2e-04), PRKG1 (p=0.0094), and
PTGIS (p=0.00081) were negatively correlated with the good
prognosis of CRC, while TMEM189-UBE2V1 (p=0.0091)
and CPT2 (p=0.0098) were positively correlated with the
prognosis. The expression levels of the 6 cholesterol-related
DEGs were further validated using the expression profile
GSE71187 that was downloaded from GEO. The expres-
sion patterns of 5 genes were consistent in TCGA and GEO
datasets, and only GPX3 was significantly differentially
expressed (|log FC|>1) in both datasets (Figure 1D). There-
fore, GPX3 was selected for subsequent analyses.

Relationship between GPX3 expression, cholesterol
levels, and pathologic condition in CRC patients. The
biochemical indicators of patients with CRC and healthy
controls are illustrated in Table 1. The levels of TG, LDL, and
Tcin CRC patients were higher than those in healthy controls,
while the levels of APOA1 and APOE in CRC patients were
lower than those in healthy controls. To investigate the
correlation between GPX3 expression and cholesterol levels,
GPX3 protein expression in cancerous tissues with CRC
was determined. The expression of GPX3 was negatively
correlated with cholesterol levels (R?=0.4667, p<0.001)
(Figures 2A, 2B). Moreover, the relationship between GPX3
expression and pathologic condition was further analyzed.
The results proved that the expression of GPX3 was higher
in CRC patients who were in poorly differentiated and
advanced stage (Figures 2C-2E). The expression of GPX3
was positively correlated with the Ki-67 proliferation index
in CRC patients (Figures 2F, 2G). Furthermore, the expres-
sion of CD8* T cells in the cancerous tissues with different
levels of cholesterol was analyzed. The results indicated that
the expression level of CD8* T cells in the high cholesterol
group was lower than that in the normal cholesterol group
(Figures 2H, 2I). The expression of GPX3 in CD8* T cells was
lower in cancerous tissues than that in paracancerous tissues
(Figures 2], 2K).

Cholesterol-induced CD8* T cell exhaustion in mice.
The cholesterol levels were significantly increased in high-
cholesterol-fed mice compared with control mice in vivo
experiments, which suggested that a high cholesterol model
was successfully established (Figures 3A, 3B). Further-
more, ELISA revealed that GPX3 expression was markedly
decreased in the peripheral blood samples of high cholesterol
mice compared with those of control mice (Figure 3C).

Whats more, CD8" T cells were isolated from high choles-
terol mice and their cell phenotypes were detected by flow
cytometry. The results demonstrated that CD69 expres-
sion was significantly decreased in high cholesterol mice
compared with control mice, whereas the expression of PD-1,
CTLA-4, and TIM-3 was remarkably increased (p<0.05,
Figure 3D, Supplementary Figure S2), which suggested that
high cholesterol-induced CD8* T cell exhaustion.

Moreover, CD8" T cells were co-cultured with MC38
cells to detect the CRC cell proliferation ratio. According
to the results, the tumor cell proliferation ratio in the high
cholesterol group was higher than that in the control group
(Figure 3E). These results revealed that GPX3 may be a
potential target for high cholesterol-induced CD8" T cell
exhaustion in CRC.

Association of GPX3 expression with the clinical pheno-
type. To clarify the correlation between GPX3 and clinical
phenotype (including age, gender, TNM stage, pathologic
stage), patients were divided into two groups with high and
low expression according to the median expression of GPX3.
The chi-square test was used to calculate p-value, and clinical
factors with p<0.05 were related to the group. These results
illustrated that there were significant differences in GPX3
expression levels in the clinical stage (p<0.001), but no differ-
ences among gender and age, which suggested the potential
of GPX3 in predicting the clinical stage (Table 2).

Table 1. Biochemical indicators of patients with colorectal cancer and
healthy controls.

Healthy controls

Indicators (+s) CRC (x+s) t-value  p-value
TG (mmol/l) 1.23+0.16 1.32+0.14 -4.75 <0.001
HDL (mg/dl) 44.24+1.22 43.91+2.69 1.25 0.214
LDL (mg/dl) 98.08+7.15 145.98+5.15 -61.38 <0.001
Tc (mmol/l) 4.15%0.08 4.57+0.23 -19.50 <0.001
LP (a) (g/1) 20.60+1.11 20.37+1.34 1.51 0.133
APOAL1 (g/l) 1.44+0.05 0.97+0.04 82.17 0.033
APOB (g/l) 0.95%0.05 0.94+0.04 1.20 0.232
APOE (g/1) 60.74+0.68 45.18+0.10 145.20 <0.001
FFA (mmol/l) 532.40+6.51 533.04+7.72 -0.72 0.474
ALT (IU/1) 22.02+0.70 22.20+0.81 -1.92 0.056
AST (1U/1) 26.33£0.83 26.62+1.50 -1.94 0.054
Glu (mmol/l) 5.46+0.32 5.51+0.35 -1.33 0.186
OT (umol/l) 11.97+0.18 11.98+0.23 -2.06 0.837
DT (umol/l) 4.74+0.23 4.78%0.19 -1.18 0.070

Table 2. Analysis of clinical factors associated with GPX3 expression.

Clinical - - GPX3 -
factors High-expression group Low-expression group p-value
(N=190) (N=190)

Gender 1
Female 87.0 (45.8%) 87.0 (45.8%)
Male 103 (54.2%) 103 (54.2%)

Age (years) 0.303
<65 93.0 (48.9%) 82.0 (43.2%)
=265 97.0 (51.1%) 108 (56.8%)

Stage <0.001
NA 10.0 (5.3%) 9.00 (4.7%)
Stage I 18.0 (9.5%) 38.0 (20.0%)
Stage II 58.0 (30.5%) 78.0 (41.1%)
Stage III 73.0 (38.4%) 43.0 (22.6%)
Stage IV 31.0 (16.3%) 22.0 (11.6%)
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Analysis of GPX3-related DEGs. To further elucidate
the regulatory mechanism of GPX3, differential expression
analysis between the GPX3 high- and low-expression groups
was performed. A total of 2,351 DEGs (2,320 upregulated
and 31 downregulated) were identified (Figure 4A). In total,
1,747 target genes of m6A were downloaded from the Poten-
tial Targets module of the m6A2Target database. By inter-

secting with GPX3-related DEGs, 59 cholesterol-related
mo6A target genes were identified (Figure 4B). Moreover, the
abundance of 22 types of infiltrating immune cells in tumor
tissues was evaluated using the CIBERSORT algorithm. The
abundance of 9 infiltrating immune cells showed significant
differences between the GPX3 high- and low-expression
groups, which included plasma cells, memory CD4 T cells,
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activated memory CD4 T cells, follicular helper T cells, M1
macrophages, M2 macrophages, activated dendritic cells,
resting mast cells, and activated mast cells (Figure 4C). By
analyzing the correlation between cholesterol-related m6A
target genes and tumor-infiltrating T cells using Pearson’s
correlation coefficient, 53 T cell immune-related genes were
identified, all of which were upregulated.

Functional enrichment analysis for T cell immune-
related genes. To clarify the function of T cell immune-
related genes, KEGG pathway and GO BP enrichment
analyses were carried out. T cell immune-related genes
were significantly enriched in 20 KEGG pathways (such as
proteoglycans in cancer, regulation of actin cytoskeleton,
and phagosome) and 417 GO BP terms (such as muscle
system process, leukocyte migration, and cell-substrate
adhesion). The top 10 enrichment results of KEGG
pathways and GO BP terms are shown in Figures 5A and
5B, respectively.

PPI network analysis for T cell immune-related
genes. Based on the STRING database, a PPI network was
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constructed, with 45 nodes and 85 interaction pairs. Nodes
with a node degree >5 included FN1 (degree = 19), FLNA
(degree = 9), VIM (degree = 8), CAV1 (degree = 8), ACTC1
(degree = 7), TPM2 (degree = 7), ITGA5 (degree = 7),
ACTG2 (degree = 6), ICAM1 (degree = 6), and SERPINEI
(degree = 6) (Figure 5C).

Analysis of the T cell immune-related ceRNA network.
Using miRWalk 2.0, 62 miRNAs that could target 7 T cell
immune-related genes with a degree >5 in the PPI network
were identified. ACTC1 (degree = 18) was targeted by
the greatest number of miRNAs, followed by SERPINEI
(degree = 16) and FN1 (degree = 11). Seven IncRNAs that
could regulate 39 miRNAs were predicted using DIANA-
LncBase v2. Among these IncRNAs, chr22-38_28785274-
29006793.1 interacted with the greatest number of miRNAs.
By integrating the miRNA-target gene pairs and IncRNA-
miRNA regulatory relationships, a T cell immune-related
ceRNA network was constructed, including 7 IncRNAs, 39
miRNAs, 7 immune-related genes, 39 miRNA-target gene
pairs, and 43 IncRNA-miRNA regulatory relationships
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Figure 3. Cholesterol-induced CD8* T cell exhaustion in mice. A) Enzymatic determination of cholesterol in the peripheral blood samples of high
cholesterol mice and control mice. B) H&E-stained section of high cholesterol mice and control mice colonic tissue under 100x and 200x microscope.
C) ELISA of GPX3 in the peripheral blood samples of high cholesterol mice and control mice. D) Flow cytometry shows the expression of CD69, PD-1,
CTLA-4, and TIM-3 in the CD8* T cells of high cholesterol mice. D) Flow cytometry shows the expression of CD69, PD-1, CTLA-4, and TIM-3 in the
CD8* T cells of high cholesterol mice. E) CCK-8 assay of cell proliferation in different groups, *p<0.05. **p<0.01, ***p<0.005, ****p<0.001
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(Figure 5D). Several ceRNAs were identified, such as chr22-
38_28785274-29006793.1/hsa-miR-507/ACTCI1, chr22-
38_28785274-29006793.1/hsa-miR-298/FN1, and chr22-
38_28785274-29006793.1/hsa-miR-1290/SERPINEI.

Discussion

In the present study, the regulatory mechanism of choles-
terol in CRC development was investigated. GPX3 was

identified as a cholesterol-related DEG that was associated
with prognosis in CRC. The expression of GPX3 is downreg-
ulated in CRC and inversely correlated with cholesterol
levels. CD8" T cell exhaustion was also observed in high
cholesterol levels. Moreover, 53 DEGs between the GPX3
high- and low-expression groups were found to be associ-
ated with m6A modification and tumor-infiltrating T cells.
The T cell immune-related ceRNA network was constructed,
including 7 IncRNAs, 39 miRNAs, 7 immune-related genes,
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Figure 4. Analysis of GPX3-related DEGs. A) Volcano plot of DEGs between the GPX3 high- and low-expression groups. The red node represents
upregulated mRNAs, and the blue node represents downregulated mRNAs. The abscissa axis is log2FC, and the longitudinal axis is log10 (p-value).
B) Venn analysis shows the intersection of DEGs and m6A target genes. C) Violin plot of the abundance of 22 types of infiltrating immune cells in
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pressed genes.
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the red node is, the greater the value of logFC is. The node size indicates the degree of connection. D) T cell immune-related ceRNA network. Green
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39 miRNA-target gene pairs, and 43 IncRNA-miRNA regula-
tory relationships.

High cholesterol may be responsible for the development
of cancer. Additionally, the expressions of GPX3 protein
in CRC cancerous tissues with different stages, degrees of
differentiation, and Ki-67 proliferation index were focused
on. A more interesting thing was that low GPX3 expression
in cancerous tissues predicted a better prognosis in CRC.
At present, most studies have shown that low expression of
GPX3 and high GPX3 methylation predicted poor prognosis
of cancer, such as breast cancer [37], gallbladder cancer
[38], and cervical cancer [39]. The specific role of GPX3
in the prognosis of CRC has not been clarified. The effects
of GPX3 expression on cancer prognosis may be related
to chemotherapy drug sensitivity and cancer histological
type. For example, Pelosof et al. detected GPX3 methylation
and expression levels in CRC tissues, and they found that
increased GPX3 methylation levels in CRC tissues resulted
in decreased GPX3 expression, and increased sensitivity
to oxaliplatin and cisplatin [40]. By comparing the expres-
sion level and methylation of GPX3 of cancerous tissues in
aggressive phenotype inflammatory breast cancer (IBC) and

non-IBC invasive ductal carcinoma (IDC), Mohamed et al.
discovered that the level of GPX3 hypermethylation was
lower and the expression of GPX3 was higher in IDC [41].
Patients with malignant tumors are at high risk of malnu-
trition. Cancer malnutrition affects disease prognosis and
reduces overall survival. A prospective study enrolled 551
cancer patients who were followed for an average of 41
months, which ultimately revealed that the total cholesterol
levels were significantly lower in patients who died of cancer
compared with those who survived [42]. Cholesterol is not
only a precursor of various hormones and bile acids but also
plays an important role in the structure of cell membranes.
Low cholesterol levels in cancer patients suggest a more active
stage of the disease, and patients with low serum cholesterol
levels may also predict a poor prognosis. Further studies are
needed to explore the mechanisms of cholesterol and GPX3
in CRC development and prognosis.

The exhaustion of CD8" T cells is a major factor in cancer
progression and prognosis. The regulation of aerobic glycol-
ysis, glutaminolysis, and mitochondria-related functions
such as oxidative phosphorylation (OXPHOS) and single-
carbon metabolism support effector CD8" T cells T-cell
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responses [43]. Based on Ma et al., cholesterol levels in tumor
tissues are higher than in other immune organs. The higher
the cholesterol content of immune cells is, the higher the
expression of PD-1, LAG-3, TIM-3, 2B4, and other immune
checkpoints is. Furthermore, they identified mechanisms
by which high cholesterol activates the endoplasmic retic-
ulum stress response and the IREla (IREla)-X box binding
protein-1 (XBP1) signaling pathway to induce inhibitory
receptor expression and CD8* T cells exhaustion [44]. The
latest study by Ma et al. proved that cholesterol in the tumor
environment could induce an increase in CD36 expression in
CD8* T cells, which leads to excessive fatty acid intake. In the
end, CD8" T cells were damaged by lipid oxidation and iron-
death and lost their killer function to promote tumor growth
[45]. In the present study, the expression of immunosuppres-
sants PD-1, CTLA-4, and TIM-3 was also higher in the high
cholesterol level, while CD69 was lower. In addition, CD8* T
cell exhaustion was also observed in high cholesterol level.
Interestingly, Giacomelli et al. illustrated that cell exhaustion
phenotypes, such as the co-expression of PD-1 and TIM-3,
were also detected in a portion of tumor-infiltrating T cells
in mismatch repair proficient CRC (CRCpMMR) [46]. In
contrast, PD-L1 expression was not detected in some fresh
tumor cells and TAMs even after in vitro interferon-y stimu-
lation. These findings provide evidence to support the revela-
tion of a unique immunosuppressive microenvironment in
CRC. At the same time, it also suggests that the immune
escape mechanism should be considered when studying the
mechanism of cholesterol-induced CRC, especially the role
of potential target GPX3.

Dysregulated m6A modification of key genes plays a key
role in tumor development, prognosis, and TME [47]. The
aberrant regulation of m6A modification in mRNAs has
been implicated in the development and metastasis of CRC
[41]. m6A regulators and m6A-related RNAs are consid-
ered to be promising prognostic predictors and therapeutic
targets for CRC [48]. Moreover, m6A modification may be
involved in TME formation in colon cancer [49]. It has been
reported that tumor-infiltrating immune cells are correlated
with cancer development and prognosis in patients with
CRC [50]. Moreover, tumor-infiltrating T cells have been
suggested to be the biological basis of immunotherapy and
serve as promising predictors of cancer prognosis [51]. To
further investigate the downstream regulatory mechanism
of GPX3, key GPX3 downstream genes associated with m6A
modification and tumor-infiltrating T cells were identified,
such as FN1, ACTCl, and SERPINEL, which are hub nodes
in both the PPI network and the ceRNA network. It has been
shown that FN1 (fibronectin 1) has key functions in cellular
adhesion and migration processes [52]. FN1/SPP1-ITGAV
signaling is activated in the fibrotic microenvironment and
consequently promotes the metastatic seeding of CRC [53,
54]. ACTCI (actin alpha cardiac muscle 1) is an actin family
member implicated in cell motility. Patients with ACTC1-
positive glioblastomas have a poorer prognosis than those

with ACTCl-negative glioblastomas, which suggests the
potential of ACTC1 as an invasion and prognosis marker in
glioblastoma [55]. SERPINEI (serpin family E member 1) is
the main inhibitor of the urokinase plasminogen activator/
urokinase plasminogen activator receptor (uPA/uPAR)
complex and plays a key role in regulating the adhesion/
de-adhesion balance of cells to the extracellular matrix, thus
affecting tumor cell migration [56]. SERPINE] expression
is associated with an increased risk of metastasis and poor
outcome [57]. Notably, SERPINELI plays a role in immune
cell infiltration and TME remodeling, thus affecting the
process of CRC development [58]. Our results revealed that
these T cell immune-related genes were enriched in migra-
tion-related pathways, such as leukocyte migration and
cell-substrate adhesion. Therefore, it is believed that GPX3
may affect the metastasis and TME of CRC by regulating the
expression of these genes associated with m6A modifica-
tion and tumor-infiltrating T cells. These genes may serve as
promising targets for immunotherapy in patients with CRC.

Non-coding RNAs (ncRNAs), such as miRNAs and
IncRNAs, have been implicated in the proliferation and
metastasis of various cancers [59]. ceRNA networks have
been established to associate the function of protein-coding
mRNAs with ncRNAs, such as miRNAs and IncRNAs [60].
Consistent with previous findings that chr22-38_28785274-
29006793.1 is related to CD4* and CD8" T cell infiltration
in colon cancer [61], this study also proved that chr22-
38_28785274-29006793.1 could interact with the greatest
number of miRNAs in our constructed ceRNA network.
Moreover, it has been shown that the IncRNA LINC00525
enhances stemness properties and chemoresistance in CRC
by targeting the miR-507/ELK3 axis [62], which suggests
a potential role of miR-507 in CRC. It has been found
that miR-298 is correlated with the cancer development
and overall survival of patients with CRC [63]. It has been
reported that miR-1290 participates in CRC development
and may serve as a promising target for cancer diagnosis
and prognosis [64, 65]. Based on our results, hub nodes,
such as FN1, ACTCI, and SERPINEI, were identified in
the ceRNA network, and they may be associated with T cell
infiltration in CRC and contribute to the immune escape of
tumors. Despite the lack of further molecular confirmation,
our findings may provide directions for future research on
tumor immunity.

Admittedly, although this study displayed that choles-
terol may regulate T cells through GPX3 in CRC, the specific
regulatory mechanism is still unclear, and in-depth mecha-
nism studies need to be carried out to clarify the role of GPX3
in regulating T cell immunity. Furthermore, it was clear that
GPX3 is an important target affecting prognosis, but the
included clinical sample size may be insufficient. Multicenter,
large sample clinical samples need to be included to further
verify the value of GPX3 in prognosis. In the high-choles-
terol group samples, a distinct population of cells with higher
FSC and SSC was observed, absent in the control group,
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prompting the need for further research to understand their
role in disease.

In conclusion, the cholesterol-related gene GPX3 is a key
molecule in the regulation of colorectal cancer T cells. The
expression of GPX3 was negatively associated with choles-
terol level but positively correlated with the Ki-67 prolifera-
tion index. The expression of GPX3 was higher in poorly
differentiated and advanced stage. Besides, high cholesterol
can induce CD8"* T cells exhaustion. In summary, as a new
target of cholesterol regulation of CRC, GPX3 is expected to
provide new ideas for explaining the pathogenesis of CRC
from the perspective of immunity.

Supplementary information is available in the online version
of the paper.
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Supplementary Figure S1. Flowchart of the study.
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Supplementary Figure S2: Flow cytometry shows the expression of CD69, PD-1, CTLA-4, and TIM-3 in the CD8+ T cells. A) The cell proportion in each
quadrant is representative of (UL) CD69+/CD8-, (UR) CD69+/CD8+, (LL) CD69-/CD8- , and (LR) CD69-/CD8+ B) The cell proportion in each quad-
rant is representative of (UL) CTLA-4+/CD8-, (UR) CTLA-4+/CD8+, (LL) CTLA-4-/CD8-, and (LR) CTLA-4-/CD8+ C) The cell proportion in each
quadrant is representative of (UL) PD1+/CD8-, (UR) PD1+/CD8+, (LL) PD1-/CD8-, and (LR) PD1-/CD8+ D) The cell proportion in each quadrant is
representative of (UL) TIM-3+/CD8-, (UR) TIM-3+/CD8+, (LL) TIM-3-/CD8-, and (LR) TIM-3-/CD8+
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Supplementary Table S1. Cholesterol-related KEGG pathways.

ID

KEGG pathways

hsa00061
hsa00062
hsa00071
hsa00072
hsa00100
hsa00120
hsa00140
hsa00564
hsa00565
hsa00590
hsa00591
hsa00592
hsa00600
hsa01212
hsa04920
hsa04923
hsa04975
hsa04979
hsa01040
hsa00561
hsa03320

Fatty acid biosynthesis

Fatty acid elongation

Fatty acid degradation

Synthesis and degradation of ketone bodies
Steroid biosynthesis

Primary bile acid biosynthesis
Steroid hormone biosynthesis
Glycerophospholipid metabolism
Ether lipid metabolism
Arachidonic acid metabolism
Linoleic acid metabolism
alpha-Linolenic acid metabolism
Sphingolipid metabolism

Fatty acid metabolism
Adipocytokine signaling pathway
Regulation of lipolysis in adipocytes
Fat digestion and absorption
Cholesterol metabolism
Biosynthesis of unsaturated fatty acids
Glycerolipid metabolism

PPAR signaling pathway




