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ARTICLE INFO ABSTRACT

Keywords: Background: Colorectal cancer (CRC) is the third most prevalent tumor globally. The liver is the
Colorectal cancer most common site for CRC metastasis, and the involvement of the liver is a common cause of
Exercise

death in patients with late-stage CRC. Consequently, mitigating CRC liver metastasis (CRLM) is

:ng;::::su analysis key to improving CRC prognosis and increasing survival. Exercise has been shown to be an
Epithelial-mesenchymal transition effe.ctlve ,mth?d of 1mPr0v1ng the prognosis o.f man.y tumor types. However, the ability of ex-
Apoptosis ercise to inhibit CRLM is yet to be thoroughly investigated.

Methods: The GSE157600 and GSE97084 datasets were used for analysis. A pan-cancer dataset
which was uniformly normalized was downloaded and analyzed from the UCSC database: TCGA,
TARGET, GTEx (PANCAN, n = 19,131, G = 60,499). Several advanced bioinformatics analyses
were conducted, including single-cell sequencing analysis, correlation algorithm, and prognostic
screen. CRC tumor microarray (TMA) as well as cell/animal experiments are used to further
validate the results of the analysis.

Results: The greatest variability was found in epithelial cells from the tumor group. RPS4X was
generally upregulated in all types of CRC, while exercise downregulated RPS4X expression. A
lowered expression of RPS4X may prolong tumor survival and reduce CRC metastasis. RPS4X and
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tumor stemness marker-CD44 were highly positively correlated and knockdown of RPS4X
expression reduced tumor stemness both in vitro and in vivo.

Conclusion: RPS4X upregulation may enhance CRC stemness and increase the odds of metastasis.
Exercise may reduce CRC metastasis through the regulation of RPS4X.

1. Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of cancer-related deaths worldwide [1,2].
The 2018 Global Malignancy Statistics Report showed that CRC accounted for 9.2% of malignant deaths, with approximately 1.84
million new CRC cases and 880,000 new deaths reported worldwide [3]. Metastasis is a significant driver of CRC-related deaths,
reporting a five-year survival rate of less than 10% when metastases reach a distant site [4]. The liver is the most common metastatic
organ of CRC [5], attributable to the blood’s circulatory pathway between the liver and the gastrointestinal tract that allows cancer
cells to metastasize to the liver parenchyma. Moreover, patients with early-stage CRC have insidious symptoms that are easily missed,
while most patients with CRC liver metastasis (CRLM) cannot undergo surgeries leading to poor overall prognosis and survival rate [6],
thus, complicating CRC treatment. Therefore, it is key for CRC to be diagnosed early and to suppress the metastasis rate. One approach
that scientists are considering is the link between stemness and metastasis.

Stemness is currently defined as the ability of cellular self-renewal and differentiation, although it was previously assumed to be the
capacity of healthy stem cells to give rise to all cell types in adult animals [7,8]. Similar to stem cells, some tumor cells, called cancer
stem cells (CSCs), can self-renew and expand, and are involved in tumor growth, maintenance, metastasis, and recurrence [9]. The
process through which cells lose their epithelial traits and gain mesenchymal ones is known as an epithelial-mesenchymal transition
(EMT) [10,11]. During EMT, one of the pathways enhances tumor stem cells’ function, cell proliferation, and remote metastasis.
Studies have revealed that EMT is a significant factor in the spread of CRC and is closely linked to the aggressive or metastatic
characteristics of CRLM. During an EMT-initiated tumor cell metastasis, tumor cells acquire stem cell-like self-renewal properties,
forming the metastatic foci [12]. EMT is a fundamental event for tumor cells to develop the capacity to invade and migrate. However,
recovery of the epithelial phenotype is still needed for the ability to colonize distant sites. Therefore, the mechanism reflects the
importance of epithelial cells in the growth of tumors. Tumor epithelial cells are susceptible to EMT and acquire stem cell-like
characteristics of CSCs to metastasize [13,14]. An enhanced tumor stemness mediates treatment tolerance and supports tumor
recurrence and distant metastasis [15]. In addition to conventional treatments, one of the most promising methods to remove cancers
more effectively is to target CSCs [16]. One of the emerging ways to target CSCs is physical activity.

Evidence shows that physical activity improves human health and is associated with a reduced risk of death, and a lower incidence
of cancers [17-19]. Some scholars suggest that adopting exercise after the diagnosis of certain solid tumors, may slow down disease
progression and reduce cancer-related mortality [20]. Additionally, although available data suggest that exercise inhibits tumor
growth, the underlying mechanisms are yet to be clearly understood. A study has shown that exercise inhibits tumor growth and
metastasis by altering the tumor microenvironment (TME) [21-23], partly through the metabolic adaptation of skeletal muscles to
exercise [24,25]. During exercise, changes similar to an inflammatory response occur in skeletal muscles, increasing systemic blood
circulation, NK cell mobilization, and the level of immune chemokines in tumor patients, thus altering the TME. Changes to TME will
increase immune activation and sensitivity towards tumor detection. It has also been shown that exercise affects the stemness of tumor
cells [26-28], and reduces their metastasis.

For instance, running upregulates pathways associated with the immune function of mice, which consequently induces a selective
mobilization of interleukin (IL)-6-sensitive NK cells and enhances NK cell infiltration to tumor tissues, thereby controlling tumor
growth [29]. Long-term exercise is effective in suppressing the viability of cancer cells in patients with prostate cancer [30]; Kurz et al.
[31] found that antitumor activity and immune activation could be achieved through exercise due to the activation of IL-15 targets.
Collectively, these studies show that exercise activates a network of transcription factors, kinases, and co-regulatory proteins, ulti-
mately causing changes in gene expression and affecting tumor growth, as well as metastasis. Encouraging data from these studies are
supporting evidence to further evaluate the molecular effects of exercise in cancers like CRC. In this work, we analyze changes to gene
expression in CRLM tumor cells and normal liver cells using single-cell data and explore potential mechanisms that exercise could
downregulate tumor stemness in CRC.

2. Materials and METHODS
2.1. Data acquisition and collation

Datasets were obtained from The Gene Expression Omnibus database. A dataset of mice hepatic immune cells with and without
CRC liver metastases was obtained from single-cell RNA sequencing of GSE157600. The gene dataset for campaign upregulation was
derived from GSE97084 and includes RNA sequencing of skeletal muscle biopsies from 60 participants from different age and gender
groups before and after exercise [32]. This dataset was obtained from a prospective exercise training study that was approved by the
Mayo Clinic Institutional Review Board and registered at https://clinicaltrials.gov (#NCT01477164). The study was conducted
following the Declaration of Helsinki, and all participants provided informed written consent. The participants were recruited into two
distinct age groups: young (18-30 years) or older (65-80 years) with a goal of an equal number of men and women. Participants were
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randomly assigned to either the exercise group or the sedentary group. Analysis of variance was performed using the “LIMMA” package
in R software as previously described [33]. Both mean expression values and log fold change (logFC) were noted. Differences with an
adjusted P value of 0.05 or less were regarded as statistically significant [34,35]. GSVA package in R software was used for lollipop
mapping, while heat mapping was performed using R’s “pheatmap” package. Baseline information sheet data were obtained from level
3 HTSeq-Fragments Per Kilobase Per Million (FPKM) format RNAseq data from the TCGA (https://portal.gdc.cancer.gov/) COADREAD
(Colorectal Cancer) project, and FPKM formatted RNAseq data was translated using the log2 function into transcripts per million reads
format.

2.2. Clustering and annotating subgroups of single cells

Treatment control, clustering, etc. was done for GSE157600 dataset utilizing R software’s “Seurat” package [34,36-38]. After
normalizing gene expression, “FindVariableFeatures” was used to determine variable genes between samples. The data was first
dimensionally reduced using the principal component analysis (PCA) method, followed by further dimensionality reduction using the
UMAP and tSNE methods [39,40]. The initial annotation of cell clustering was performed using SingleR [41]. Bulk RNA data using
DEseq2 revealed varied gene expression based on the different groups [42]. The cellular activity of scRNA-seq data was analyzed using
CytoTRACE, based on a previous study [43].

2.3. Prevalent expression profile and immune infiltration analysis of RPS4X in colon cancer

Gene expression matrices of CRC cell lines were obtained from the CCLE dataset (https://portals.broadinstitute.org/ccle/about).
The presented analysis was created using the “ggplot2” package (v3.3.3) in R software (v4.0.3) [44]. RNAseq data were extracted from
the TCGA (https://portal.gdc.cancer.gov/) COADREAD (colorectal cancer) project, including the filter control or normal data. The
GSVA package (v1.34.0) in R software (v3.6.3) was used for statistical analysis and visualization [45,46].

2.4. Survival prediction of key genes

Extraction of RNA-seq expression data and clinical information from the TCGA database for colorectal cancer patients Data were
extracted from the TCGA database, a public repository containing a large amount of cancer-related data. For our research question,
data were extracted for stage M1, i.e. cancer cases with distant metastases. Then, the Kaplan-Meier (KM) method was used to plot the
survivorship curves. The log-rank test was used to calculate statistical differences between groups with high and low expression of
target mRNA. Finally, the risk ratio (HR) was calculated to estimate the strength and direction of association between target mRNA
high and low expression levels and OS.

2.5. Immune landscape analysis of RPS4X

Standardized pan-cancer datasets were downloaded from the UCSC (https://xenabrowser.net/) database: TCGA, TARGET, GTEx
(PANCAN, n =19,131, G = 60,499). Additionally, the ENSG00000198034 (RPS4X) gene, 60 genes of two types of immune checkpoint
pathways (Inhibitory (24), Stimulatory (36)), and expression data of marker genes were extracted from the literature [47] for each
sample. Samples were sourced from Primary Solid Tumor, Primary Tumor, Primary Blood-Derived Cancer-Bone Marrow, and Primary
Blood-Derived Cancer-Peripheral Blood and then screened. We also filtered all normal samples, and further log2(x+0.001) trans-
formed each expression value. Pearson correlation was then calculated ENSG00000198034 (RPS4X), and the five classes of immune
pathway marker genes were denoted [48].

2.6. RPS4X and TME score and mutation landscape analysis

Based on a previous report [49], we used the “estimate” package (v1.0.13) in R software (v3.6.3) [50] with the algorithms Stro-
malScore, ImmuneScore, ESTIMATEScore to analyze the correlation between RPS4X (ENSG00000198034) and immune cells as a
reflection of the relevance of RPS4X to TME assessment. Differences in the frequency of gene mutations in each set of samples were
subsequently assessed using Chi-square tests.

Six tumor stemness indices were calculated from mRNA expression and methylation signatures were obtained from previous
studies [9] as follows: RNA-based Stemness Scores were derived from the Stemness group. RNAss: RNA expression-based (all set of
available genes) which score will drive the main figures in PancanAtlas paper. EREG. EXPss: Epigenetically regulated RNA
expression-based (103 genes). DNA methylation-based Stemness Scores were derived from the Stemness group. DNAss: DNA
methylation-based (Stem cell signature probes (219 probes), that combine the three signatures listed below). This score will drive the
main figures in the PancanAtlas paper. EREG-METHss: Epigenetically regulated DNA methylation-based (87 probes). DMPss: Differ-
entially methylated probes-based (62 probes). ENHss: Enhancer Elements/DNAmethylation-based (82 probes). Furthermore, we
extracted the expression data of ENSG00000198034 (RPS4X) gene in each sample and screened the samples from the Primary
Blood-Derived Cancer-Peripheral Blood and Primary Tumor. Tumor stemness scores were calculated by mRNA characterization for
each tumor identified, based on prior research [9].
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2.7. Gene set enrichment analysis of RPS4X-related differential genes and related functional pathways

Based on a previous study [42] RNAseq data downloaded from the TCGA (https://portal.gdc.cancer.gov/) COADREAD (colorectal
cancer) project, were used and defined as 0%-50% for the low expression group and 50%-100% for the high expression group. The
“DESeq2” package (v1.26.0) in the R software (v3.6.3) was used for the analysis of RPS4X genes. The “ggplot2” package (v3.3.3) in R
software was wused to visualize the gene set with the ID: REACTOME_NEUTROPHIL DEGRANULATION, REAC-
TOME _SIGNALING_BY_INTERLEUKINS. We used the “clusterProfiler” package in R software (v3.6.3) for Gene Set Enrichment Analysis
(GSEA) analysis, with previous studies as a reference [51-53]. Data for the analysis were obtained from the c2. cp.v7.2. symbols.gmt
(Curated) and c5. all.v7.2. symbols.gmt (Gene ontology) datasets in the MSigDB Collections gene set database. The selected data met
the False discovery rate of <0.25 and P < 0.05 was found to be significantly enriched conditions.

2.8. Cell experiments

2.8.1. Cell culture and treatment

SW48 (catalog KG536) cancer cell lines were purchased from KeyGEN. SW48 Cells were cultured at 37 °C with 5% CO; in RPMI-
1640 media supplemented with 10% FBS. Mycoplasma-free cells were used in all experiments. The transfection process was performed
according to protocol with 50 nM Small interfering RNAs (siRNA-RPSX4 and siRNA-control) acquired from RiboBio (Guangzhou,
China) and transfection agents.

2.8.2. CCK-8 assay

Suspended SW48 cells were seeded into a 96-well plate at a cell density of 3 x 10* cells/mL (100 pL/well) and incubated at 37 °C in
a COy-regulated environment. Afterward, 10 pL of CCK-8 reagent was added to each well and the plate was incubated for 2 h. The
optical density of each well was then measured at 450 nm using a microplate reader.

2.8.3. In vitro migration and invasion assays

In order to assess cell migration and invasion, Transwell chambers (Corning) were employed; with or without Matrigel (Corning)
coating depending on the desired assay. SW48 cells (1 x 10°) in 200 L of serum-free medium were seeded in the upper chamber, while
600 pL of medium containing 10% FBS was added to the lower chamber. After 24 h, the cells that had migrated/invaded to the lower
surface of the membrane were observed and counted.

2.8.4. Cell apoptosis assay

The apoptosis of treated cells was analyzed by Annexin V-PE/7-AAD Kit (Cat. KGA1016, KeyGEN, Nanjing, China) according to the
manufacturer’s instructions. Analysis was conducted using the FACSCalibur flow cytometer (BD Biosciences, NJ, USA). Apoptotic data
were analyzed utilizing FlowJo7.6 software.

2.9. Mouse tumor model

Male BALB/c nude mice (~20 g on average, 5 weeks old) were purchased from Shanghai SLAC Laboratory Animal Co.,Ltd. The
mice were raised in SPF-grade experimental animal centers and provided with free access to food and water. All experiments were
approved by the Institutional Animal Care and Use Committee of Renji Hospital, School of Medicine, Shanghai Jiao Tong University.
To establish the xenografts model, SW48 tumor cells were subcutaneously injected into the flanks of these mice. Tumors were
monitored and regularly measured with calipers every two to three days. When tumors reached about 100 mm? in volume, mice were
randomized into two different groups (n = 5): the siRNA ctrl group and the siRNA RPS4X group. In vivo, siRNAs were synthesized by
RiboBio (Guangzhou, China), and delivered to mice through intra-tumor injection at 50 nmol twice a week. On day 21, the mice were
anesthetized with a 0.5% sodium pentobarbital solution to remove the tumor, photographed, and weighed.

2.10. Immunohistochemistry and semi-quantitative analysis

CRC tumor microarray (TMA) HCol-Muc060CS-01, which was purchased from Outdo BioTech, contained 30 paired tumor and
para-tumor samples. The use of the TMA was approved by the Clinical Research Ethics Committee in Outdo Biotech (Shanghai, China).
The TMA was submitted for immunohistochemistry (IHC) assay to define the protein expression of RPS4X in tumor and para-tumor
tissues. The primary antibody utilized in the study was anti-RPS4X (1:200 dilution, Cat. 14799-1-AP, ProteinTech, Wuhan, China)
and anti-CD44 (ready-to-use, Cat. GM7082, GeneTech, Shanghai, China). Antibody staining was visualized with DAB and hematoxylin
counterstain. Stained TMA was evaluated by two independent senior pathologists according to the immunoreactivity score standard
[54].

3. Results
3.1. Transcriptome analysis of liver metastatic tumor tissues

Quality control was first performed on mouse liver metastatic cancer tissues from the GSE157600 dataset. PCA, UMAP, and tSNE
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models were used for the downscaling analysis of RNA-seq, to help identify the cluster characteristics of these data. The data before and
after de-batching were presented, and the results showed some differences in the composition of cells between the normal and tumor
groups (Supplementary Fig. 1A). Cells were clustered by marker genes and divided into 24 clusters (Supplementary Figs. 1B and C),
and UAMP profiles showed differences in cell types between the normal and tumor groups (Supplementary Fig. 1D).

Subsequently, the distribution of different cell sets in tumor tissues was demonstrated using UMAP and tSNE plots, respectively, for
each group, and the cells in the tumor and normal groups were annotated into 10 cell subpopulations, including Macrophagocyte,
Neutrophils, B-cells, T-cells, cDCs, pDCs, cNKs, IrNKs, Epithelium, Basophils subpopulations (Fig. 1A). Comparisons between the
tumor, and normal groups showed differences in cell types (Supplementary Figs. 1E and F). The proportion of different cell types in
normal and tumor groups was indicated by bar graphs to analyze changes in cell composition in the tumor group (Fig. 1B). It was found
that the proportion of epithelial cells in the tumor group that developed liver metastases had significantly increased, suggesting that
epithelial cells may be associated with certain mechanisms of CRLM.

The expression levels of marker genes for these ten cell subpopulations were analyzed, to determine if the cell classification was
accurate. The marker genes defining the cells in a previous study [55], including Lyz2, Csflr, and 37 other marker genes were
referenced. The expression of these marker genes in various cell types was represented using Violin plots (Fig. 1C). Bubble plots were
used to present expression characteristics of marker genes between different cell types in the normal and tumor groups (Supplementary
Fig. 2A), which also indicated that this cell annotation can be used to distinguish different cell types.
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3.2. Epithelial cells with high stemness promoted CRC metastasis

To reveal the relationship between the degree of cellular variability and phenotype of these ten cell subpopulations, further analysis
was performed. The results of the TRACE macroscopic analysis showed that the epithelial cell phenotype had a large degree of
variability (Fig. 2A and B). Subsequently, we analyzed the phenotypic differences of these ten cell subpopulations in the normal and
tumor groups. Violin plots showed a large phenotypic difference between the tumor and normal groups for epithelial cells (Fig. 2C).
Although the differences between other cell types were also statistically significant, combined with the results in Fig. 1B, where
epithelial cells were the most variable cell type in terms of number, we considered the phenotypic changes in epithelial cells to be more
meaningful to investigate. This suggests that phenotypic changes in epithelial cells from metastatic liver lesions may be associated with
promoting CRC metastasis.

A separate TRACE analysis was also done for epithelial cell characteristics (Fig. 2D), which showed large variability in the tumor
group. It was speculated that differences in specific sections of the epithelial cells might be related to the malignant behavior of the
tumor. To verify this hypothesis, the epithelial cells were clustered. Additionally, to achieve a better quality of the ARACNe network K
nearest neighbor graphs were generated via the viperSimilarity distance method followed by integrating the counts of the K of nearest
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Fig. 3. Cluster analysis of epithelial cells and protein activity of movement regulation. (A) Pie charts show the differences between the clustering
compositions of epithelial cells between the normal and tumor groups. (B) Lollipop plot illustrating the degree of association between over 33
protein activities and epithelial cell differentiation. (C) CytoTRACE demonstrates the relationship between the top 10 proteins associated with cell
differentiation and epithelial cell activity. (D) Volcano plots displaying changes in the expression of differential genes before and after exercise. (E)
Yiolin plot illustrating the expression changes of RPL6, RPS4X, RPS10, and UQCRB genes preTraining and postTraining.

cells. According to a study [55], a silhouette score of 0.25 or above is generally considered robust, as shown by k5 (Supplementary
Fig. 2B). Therefore, k5 was chosen, and it was found that epithelial cell protein clusters are divided into 5 species, representing
different subgroups of cells (Fig. 2E). Moreover, different epithelial cell activity, particularly differential proteins between clusters
(Fig. 2F) were captured by heatmaps. This suggests that a subset of epithelial cells in both tumor and normal tissues were altered and
differed in protein expression levels and phenotype. It is hypothesized that this subset of differential epithelial cells plays an important
role in the development of tumorigenesis.

3.3. Exercise-regulated protein activity

Differences in the clustering of epithelial cell subpopulations between the tumor and normal groups were further analyzed to
determine the cluster of epithelial cell subpopulations with greater differences. The pie charts show the differences in the proportion of
epithelial cell clustering composition between both groups (Fig. 3A). The smallest proportion of cluster 5 in the normal group and the
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highest proportion of cluster 5 in the tumor group, suggest a change in the direction of epithelial cell differentiation during tumor
progression.

In addition, the relationship between 33 genes and their differentiation was analyzed to identify genes responsible for the altered
differentiation of epithelial cells. The lollipop plot revealed the degree of association between these genes and differentiation, the 33
genes used for the analysis were identified based on the heat map in Fig. 2F. These proteins represent different epithelial cell activities,
especially the differential proteins between clusters captured in the heat map. The epithelial cell subtypes characterized by these
proteins may play an important role in tumorigenesis development. (Fig. 3B). We selected Rps10, Uqcrb, Grhpr, Prdx5, Argl, Etfb,
Nmel, Rpl6, Atf5, and Rps4x, which are the top 10 proteins with the highest level of association with differentiation levels for TRACE
analysis. The analysis revealed the effect of different genes on cellular activity (Fig. 3C). Subsequently, a previous study [32] was
referred and Volcano plots were used to show upregulated, downregulated, and not significantly different genes after exercise, Data
from the GSE97084 database (Fig. 3D). Four genes, particularly, RPL6, RPS4X, RPS10, and UQCRB, were identified for their associ-
ation with epithelial differentiation and their response to exercise. These four genes expressed PreTraining and PostTraining were
presented using Violin plots (Fig. 3E).

3.4. RPS4X expression, prognosis, and immune infiltration characteristics in CRC

The relationship between these four genes and tumor survival, tumor stage, and immune infiltration sensitivity were analyzed for
the strongest association with tumors. Survival prediction models showed the relationship between the expression of RPL6, UQCRB,
RPS10, and RPS4X genes, and tumor prognosis, which found that low expression of RPS4X was beneficial for prolonging tumor survival
(Fig. 4A). Therefore, RPS4X was selected for subsequent analysis. The Box plot demonstrated that the tumor group had higher levels of
RPS4X expression than the normal group, which suggested its association with tumorigenesis. However, there was no significant
correlation between RPS4X expression level and tumor stage (Fig. 4B). The RPS4X protein expression was assessed in human

>

B C SiRNA ctrl SiRNA RPS4X D

migration invasion
*

*%

OD value
Relative number of cells

Relative expression of RPS4X mRNA
o

invasion

0 0.0
siRNA ctrl siRNA RPS4X siRNA ctrl siRNA RPS4X

siRNA ctrl siRNA RPS4X

" S

2

©

T £
< 2
g &
3

2

5

[}

o

FITC-A Annexin V
siRNA ctrl siRNA RPS4X
20 1.5
~®- siRNA ctrl *kk
*kk *%

@ siRNA RPS4X

Fl 23 22 21,20 19 18 17 16 15 14 1

s, 3 i C}

© . 10

E L

3 SIRNA ctrl g

210 t =

e o

§ £05

e SIRNA RPS4X =
0.0

N oA DN BN
Days

SiRNA ctrl siRNA RPS4X

Fig. 5. Knockdown of RPS4X expression reduced tumor stemness. (A) The RPS4X gene expression level was assessed by qPCR. GAPDH served as an
internal parameter (n = 3). (B) The cell proliferation ability of SW48 was determined using the CCK-8 assay (n = 3). (C-D) Cell migration and
invasion ability of SW48 were evaluated (n = 3). Data are presented as mean =+ SD. *P < 0.05 (E-F) Cell apoptotic rate of SW48 was evaluated (n =
3). Data are presented as mean + SD. **P < 0.01. (G) Tumor growth curve and RPS4X down-regulation in tumors from mice (n = 5 per group). Data
are presented as mean =+ SD. *P < 0.05 **P < 0.01 ***P < 0.001. (H) Representative images showing the tumors harvested from SW48-bearing mice
(n = 5 per group). (DWeight of the harvested tumors from tumor-bearing mice (n = 5 per group). Data are presented as mean + SD. **P < 0.01.



R. Wan et al. Heliyon 10 (2024) 26604
specimens, and it was significantly upregulated in tumor tissue compared with corresponding para-tumor tissue (Supplementary
Figs. 3A-B). To confirm the unique expression of RPS4X in colon cancer, its expression was investigated in various CRC cell lines. The
findings revealed that most CRC cell lines expressed RPS4X at high levels (Fig. 4C), indicating that upregulation of this gene is common

in CRC.
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3.5. Knockdown of RPS4X expression reduced tumor stemness both in vitro and in vivo

Next, cell experiments were performed on the SW48 CRC cell line to test the potential role of RPS4X in colon cancer. siRNA RPS4X
significantly downregulated the RPS4X mRNA level (Fig. 5A). After the knockdown of RPS4X, the cell proliferation ability (Fig. 5B),
cell migration, and invasion ability (Fig. 5C and D) of cancer cells were significantly weakened, and the cell apoptotic rate was notably
enhanced (Fig. 5E and F). In addition, inhibition of RPS4X also suppressed tumor growth in vivo (Fig. 5G-I), supporting the significant
oncogenic role of RPS4X in colon cancer. In summary, those data indicated that RPS4X was speculated as a gene commonly expressed
in most CRCs, and its expression level was negatively correlated with tumor prognosis. In addition, inhibition of its expression may
reduce the stemness of cancer cells and contribute to cancer treatment.

3.6. RPS4X and the immune landscape

The objective of the pan-cancer analysis was to define the immunological function of RPS4X, which is critically beneficial in the
identification of selected cancer types [56-58]. The expression data of RPS4X, and 150 marker genes in five classes of immune
pathways (chemokine (41), receptor (18), MHC (21), immunoinhibitor (24), and immunostimulator (46)) were explored in individual
samples. The heatmap revealed that RPS4X positively correlated with most immunomodulators in the vast majority of cancers
(Supplementary Fig. 4A). RPS4X with 60 immune checkpoints (24 Inhibitory and 36 Stimulatory) were analyzed and showed that
RPS4X has the potential as a combinatory agent with immune targeting drugs to enhance the efficacy of immunotherapy (Supple-
mentary Fig. 4B), suggesting that RPS4X is expected to be a new target for future tumor therapy.

3.7. RPS4X and the tumor stemness/mutation landscape

To investigate the effect of RPS4X expression on tumor mutation and tumor stemness, the potential role of RPS4X in tumor
prognosis and immune drug therapy was analyzed. Firstly, three scoring metrics, StromalScore, InmuneScore, and ESTIMATEScore,
were selected as a measure of TME [59]. The Lollipop plot showed that RPS4X had a negative correlation with the TME score (Fig. 6A).
Subsequently, the immune infiltration characteristics of RPS4X were analyzed, and the Lollipop plot showed a negative correlation
between RPS4X and immune infiltration (Fig. 6B). Additionally, we discovered a negative connection between the tumor mutation
(TMB) score and the degree of RPS4X expression (Fig. 6C). Subsequently, we assessed the difference in mutation frequency in each
group of samples using the Chi-square test. The landscape map demonstrated an association between tumor mutation and RPS4X
expression level (Fig. 6D). In our previous study [9], we obtained six tumor stemness indices calculated by mRNA expression and
methylation signature, namely RNAss, EREG. EXPss, DNAss, EREG-METHss, DMPss, and ENHss. The results showed that all tumor
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stemness indices except DMPss were significantly correlated with RPS4X expression (Fig. 6E). The results of human specimens from
TMA show that RPS4X expression level was significantly correlated with CD44 expression level (p < 0.001, R? = 0.741), which
indicated the RPS4X was a potential marker for tumor stemness (Fig. 6F, Supplementary Fig. 5).

3.8. Results of RPS4X-related functional pathway analysis

To determine the mechanistic pathway of the physiological functions of RPS4X, the relationship between RPS4X and RNA modifier
genes was explored. The correlation between RPS4X and related modifier genes of different modifications (m1A, m5C, and m6A) in
different tumor samples was also analyzed. The heat map shows a significant relationship between RPS4X and immune regulation
(Supplementary Fig. 6A), which may suggest that RPS4X exerts physiological functions by regulating the expression of RNA modifier
genes. Subsequently, an enrichment analysis was performed for potential pathways of RPS4X. GSEA pathway analysis revealed that
RPS4X most likely exerts regulatory effects through the regulatory RNA and RIBONUCLEOPROT pathways (Supplementary Fig. 6B).

4. Discussion

In this work, RPS4X expression was found to have a possible strong correlation with the cancer stemness, metastasis, and prognosis
of CRC. We found that inhibition of RPS4X expression increased apoptosis in tumor cells. Exercise might be able to downregulate
RPS4X expression to prevent the progression of CRC. To our knowledge, this is the first evidence to demonstrate that exercise prevents
liver metastasis of CRC by reducing tumor epithelial stemness, and a possible potential regulatory molecule-RPS4X was revealed
(Fig. 7).

Mechanisms in general, according to existing research, have been found that SLFN1 and GTF2E2 can promote tumor growth by
activating RPS4X as a downstream effector molecule and through the mTOR pathway. Inhibition of RPS4X can promote tumor cell
apoptosis in vitro and inhibit tumor growth in vivo [60,61]. During our research, this was also confirmed, as flow cytometric results
showed that inhibition of RPS4X expression contributed to apoptosis and the in vivo results suppression of RPS4X indeed reduced the
colon tumor growth.

Tumor progression and metastasis have been shown to depend on the TME [62-64], rendering tumors resistant to drugs, and
affecting tumor treatment response and clinical outcomes. The targeted remodeling of TME is now considered a new strategy for the
treatment of tumors [63,65,66]. The link between RPS4X and TMB was explored and found that RPS4X was negatively correlated with
TME scores. We suggest that RPS4X may act as a promotor of tumor growth and metastasis by affecting the TME, with the exact
mechanism of action yet to be confirmed.

Another index affecting tumor growth and metastasis is cancer stemness [67,68]. In the current study, a significant correlation
between cancer stemness index and RPS4X expression was found. As a result, RPS4X is considered to be a key factor in regulating
cancer stemness, while the TMB is linked to RPS4X expression. A GSEA analysis of RPS4X-related functional pathways revealed that
the RNA and riboprobe pathways might be the most likely regulatory pathways for RPS4X to inhibit tumor epithelial cell stemness.
TMA and cell experiments suggested that RPS4X was positively correlated with stemness marker-CD44 and knockdown of RPS4X
expression reduced tumor stemness.

CSCs behave similarly to stem cells and are referred to as multipotent cancer cells. CSCs are found in various solid tumors, such as
colon cancer, breast cancer, and liver cancer [69]. They can generate xenogeneic cancer cells as well as have a self-renewal ability.
CSCs are also known as “cancer stemness", i.e., the ability to promote the growth and metastasis of primary tumors [70,71]. Therefore,
it is widely believed that CSCs are important for the treatment of tumors and the prevention of their recurrence. For example, Song
et al. [72] found that the Oct4 gene was an important target for CSCs and that the stemness of germ cell tumors could be reduced by
knocking down Oct4 expression, thus inhibiting tumor growth. Lu et al. [73] further found that miR-26 overexpression could reduce
the stemness of osteosarcoma cells by inhibiting the Jagged1/Notch pathway.

Epithelial-mesenchymal transition (EMT) is a process by which epithelial cells lose their polarity and cell-cell adhesion properties,
thereby acquiring a mesenchymal phenotype and enhancing their ability to migrate and invade. EMT plays a key role in embryonic
development, wound healing, and tumor progression. During cancer metastasis, EMT allows tumor cells to detach from the primary
site, invade the blood circulation through the basement membrane, and establish distant metastases. Multiple signaling pathways work
together to induce EMT, including TGF-B, Wnt, Notch, EGF, and HGF signaling [74,75]. The EMT serves as an initial step for tumor cells
to acquire stemness and is directly related to stemness gain via tumor cells. EMT can break the cytoskeleton among tumor cells to
facilitate tumor metastasis [76,77]. In our study, we found an increased stemness of tumor epithelial cells in CRLM metastases, and
RPS4X expression was strongly correlated with the tumor stemness scores. Therefore, although no evidence explains the relationship
between RPS4X and EMT, it is speculated that an elevated RPS4X increases cancer stemness through EMT, thereby promoting CRC
metastasis.

In 1990, researchers isolated the RPS4X gene from the human sex chromosomes, which was thought to encode a heterodimer of
ribosomal protein S4, and that RPS4X was widely transcribed in human tissues [78]. Now the level of RPS4X expression is thought to
be a separate factor of prognostic analyses. A low expression of RPS4X may be associated with a poor prognosis in plasmacytoid
ovarian epithelial carcinoma [79]. Paquet et al. [80] also suggested that a low expression of RPS4X might be associated with a poor
prognosis of uroepithelial carcinoma. Interestingly, Kuang et al.’s analysis of RPS4X and the post-surgical prognosis of intrahepatic
cholangiocarcinoma showed that a low expression of RPS4X was beneficial for post-surgical survival of patients with intrahepatic
cholangiocarcinoma [81]. In our study, we found that the low expression of RPS4X prolonged tumor survival and inhibited cancer
stemness.
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Exercise has been shown to have a wide range of health benefits. According to a study on Alzheimer’s disease, exercise improves the
prognosis of patients [38]. Signaling networks within tumors are highly plastic and influenced by multiple extrinsic factors [82], while
exercise produces a range of extrinsic factors, including improved blood flow, pH regulation, thermogenesis, and sympathetic acti-
vation. This also implies that exercise has a significant potential to modulate cancer progression and biological functions. Historically,
patients with cancers were initially advised to rest and avoid strenuous activity after diagnosis, but new studies that challenge this
traditional dogma have emerged, and researchers are more willing to believe that exercise can be antitumor [18,83]. An epidemio-
logical study has shown that exercise lowers the risk of developing at least 13 different types of cancers [84].

This may be because, in animal experiments, most exercise intervention studies on rodents have shown that exercise training
inhibits tumorigenesis, progression, and metastasis [85]. For example, aerobic exercise may reduce the growth of pancreatic ductal
adenocarcinoma by modulating systemic immunity through immune activation and the collection of tumor-infiltrating IL15Ra+ CD8
cells [31]. Exercise has been revealed to have an immunostimulatory effect, which is not associated with major adverse events in
tumors and is safe for patients with cancers [86-88]. Furthermore, exercise helps to reduce the side effects associated with cancer
treatment and improves the quality of life of patients [89]. Other gene-based studies have also highlighted the positive influence of
exercising. A classical signaling pathway associated with tumor formation that inhibits cell growth, the Hippo pathway, was found to
be downregulated by exercise [90], suggesting that exercise can reduce tumor formation by affecting the expression of certain proteins
to achieve a regulatory effect on tumors. In our study, we found that exercise downregulated the expression of a series of genes, among
which the downregulation of RPS4X was closely associated with tumor growth and metastasis. This suggests that one of the potential
mechanisms of exercise affecting cancer was achieved through the downregulation of RPS4X. Our in vitro and in vivo experiments
proved this viewpoint that inhibition of RPS4X significantly suppressed tumor growth and promoted cancer cell apoptosis.

Clinical Implications of Exercise in CRC Management: Our study underscores the potential role of exercise as a non-
pharmacological intervention in CRC management. Given the observed downregulation of RPS4X and its association with reduced
metastasis, we discuss how incorporating exercise regimens into standard CRC care could offer a complementary approach to tradi-
tional therapies; We elaborate on how the interplay between exercise and RPS4X expression could pave the way for personalized
medicine in CRC treatment. By identifying patients who are likely to respond positively to exercise-induced RPS4X downregulation,
clinicians could tailor treatment plans more effectively.

The current study had a few limitations. First, we recognize that our use of cell lines and animal models, while informative, may not
fully replicate the complex nature of human colorectal cancer. This includes potential disparities in tumor microenvironment and
genetic variability. Second, single-cell sequencing of the metastatic tumors was not performed after exercise, and the effect of exercise
on metastatic foci could not be analyzed visually. Third, the GSE157600 dataset was obtained through mouse experiments, while the
GSE97084 dataset was obtained through human experiments, and this may have an impact on the analysis results. Further experi-
mental validation and clinical studies are needed on the specific mechanism of exercise against CRLM. In addition, this study lacked
comparative studies of RPS4X and other stemness indicators, and follow-up studies could be conducted.

5. Conclusion

The results revealed that RPS4X, which was downregulated after exercise, might be a key gene affecting cancer stemness. Exercise
might be a potential therapeutic strategy to reduce CRLM.
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