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Background: Colorectal cancer (CRC) is one of the most common malignancies
worldwide, and its complex pathogenesis and significant tumor cell
heterogeneity remain major challenges. With the rapid development of single-
cell sequencing technology, we can now delve deeper into the cellular
composition and dynamic changes within the tumor microenvironment,
revealing cellular interactions and their potential roles in tumorigenesis.

Method: In this study, we systematically analyzed comprehensive single-cell RNA
sequencing data from 25 colorectal cancer and 10 adjacent normal tissue samples.
We explored the characteristics and biological significance of tumor cell
subpopulations, performed quality control, dimensionality reduction, and cell type
identification, and further investigated epithelial cell copy number variations, cell
communication, and pseudotime analysis. Subsequently, Boruta feature selection
algorithm was combined to identify prognosis related genes. The expression
patterns, clinical significance and biological effects of PRSS22 were validated in vitro.

Results: Our analysis found an epithelial cell subcluster with high expression of
PRSS22 exhibited high proliferation and migration abilities, and it was also
associated with the dysregulated immune microenvironment. After further
experimental verification, we proved the high expression patterns and clinical
significance of PRSS22. Downregulation of PRSS22 in CRC cells resulted in a
reduction of proliferation, migration and invasion.

Conclusion: Our study has identified a cell subcluster that is closely linked to
progression, immune dysregulation and prognosis in CRC, and we have also
identified PRSS22 as its hub gene that has great potential to become a new
immunotherapeutic targets target for CRC.
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1 Introduction

Colorectal cancer (CRC) is acknowledged as the third most
prevalent cancer worldwide and significantly contributes to cancer-
associated deaths. Although the conventional treatment strategy
involves surgical excision along with chemotherapy, nearly one-
third of individuals undergoing this regimen face a recurrence of
the disease (1, 2). Although immune checkpoint inhibitors have
demonstrated substantial effectiveness in tumors characterized by
high microsatellite instability (MSI), and the combination of EGFR/
BRAF inhibitors has yielded positive outcomes in CRC) with BRAF
V600E mutations, it is important to note that these therapeutic
strategies are limited to particular subsets of patients (3-5). Large-
scale gene expression studies have established molecular classification
systems for CRC, most notably the Consensus Molecular Subtypes
(CMS), which categorizes CRC into four subtypes: CMS1-4 (6).
However, these classifications, which are primarily based on bulk
sequencing data, cannot precisely resolve the complex cellular
heterogeneity within the tumor microenvironment.

The development of CRC involves the accumulation of
mutations in multiple oncogenes and tumor suppressor genes
(such as APC, KRAS, and PIK3CA) and microsatellite instability
caused by DNA mismatch repair gene dysfunction (3, 7). Although
high tumor mutational burden (TMB) and MSI status can predict
the response to immune checkpoint inhibitor therapy, only a
minority of patients respond to PD-1 inhibitor treatment (8, 9).
The complex molecular heterogeneity and microenvironmental
characteristics of CRC not only influence disease progression but
also present significant challenges for precision medicine,
highlighting the importance of understanding the CRC
microenvironment in detail. To date, there has not been a
comprehensive and systematic characterization of how tumor and
TME cells shape the tumoral, stromal, and immune landscapes to
form specific CRC subtypes.

Recent single-cell studies have revealed cellular heterogeneity in
the CRC microenvironment and identified multiple functionally
important specific cell subgroups (10-13). While these studies have
provided new perspectives for understanding tumor progression
mechanisms and immune evasion, their geographical limitations
and sample sizes make fully characterizing the shared mechanisms
within the CRC microenvironment difficult. Cross-study
comparisons are also challenging due to varying cell annotation
methods across different studies. PRSS22, also known as BSSP4, has

Abbreviations: CRC, Colorectal cancer; MSI, microsatellite instability; CMS,
Consensus Molecular Subtypes; TMB, tumor mutational burden; sc-seq, single-
cell sequencing; QC, quality control; PCA, principal component analysis; CNVs,
copy number variations; DEGs, differentially expressed genes; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CCK-8, Cell
Counting Kit-8; OS, overall survival; Disease Specific Survival: DSS, Progression
free interval: PFI, scRNA-seq: single-cell RNA sequencing; NM, normal epithelial

cells; TME, tumor microenvironment.
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been the subject of very limited research to date. Regarding its
association with cancer, several studies have reported its oncogenic
role in liver cancer. However, in colorectal cancer and breast cancer,
only a few isolated reports exist, and there is currently no research
on its involvement in other types of cancer (14-17). This study
further revealed the heterogeneity of CRC through single-cell
sequencing (sc-seq) and explore the interactions between the
TME from a precision medicine perspective, identifying PRSS22
as new therapeutic targets, optimizing treatment strategies, and
ultimately improving the prognosis of CRC patients.

2 Materials and methods
2.1 Data acquisition and quality control

Single-cell RNA sequencing data used in this study were
obtained from GEO database (accession number: GSE132465),
which includes 25 colorectal cancer samples and 10 adjacent non-
tumor control samples, consisting of 33,694 genes and 63,689 cells
in total. Basic quality control (QC) was performed to ensure
accuracy and reliability in the analysis. The quality control
criteria were as follows: nFeatureRNA was between 300 and 5000,
mitochondrial gene expression percentage (percent_mito) was less
than 20%, ribosomal gene expression percentage (percent_ribo) was
greater than 1%, and each gene was expressed in at least three cells.
After applying these standards, a total of 25,051 genes and 60,883
cells were retained for further analysis. The results are shown in
Supplementary Figure S1.

2.2 Data integration, dimensionality
reduction, and clustering

We integrated the filtered count matrices from 35 samples using
the R package harmony (v1.0) approach to correct for batch effects
and integration. After integration, principal component analysis
(PCA) was performed on the integrated data followed by
embedding into low-dimensional space with Uniform Manifold
Approximation and Projection (UMAP) based on the top 15
dimensions. Clusters were generated by graph-based method
using the FindClusters function from the Seurat package (v4.3.0)
and assigned to cell types by consulting the expression of known
marker genes and automatic annotation from the SingleR
package (2.8.0).

2.3 Estimation of chromosomal copy
number variations

Chromosomal copy number variations (CNVs) were estimated
using R package “inferCNV” (v1.22.0). B cells, T cells, myeloid cells
and benign epithelial cells were used as references. The CNV score
was obtained by summing the CNV levels of cells within each
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subcluster. The threshold parameter for ‘inferCNV’ was set at 0.1,
with all other parameters at their default values. We used a five-
category classification method for CNV assessment in this study.
We assigned one point for gain or loss of a single copy number and
two points for gain or loss of two or more copy numbers. These
points were then summed to obtain the total CNV score.

2.4 Differential expression analysis and
Boruta feature selection process

Pseudo-bulk differential expression analysis between primary
and metastatic samples was performed using R package ‘DESeq2’
(v1.46.0). Genes with absolute log2 fold changes >1 and adjusted p-
values <0.01 were considered as differentially expressed genes
(DEGs) (18). Additionally, Boruta is a feature selection algorithm
that systematically introduces random perturbations to each actual
feature, assesses their significance, and iteratively eliminates those
with low correlation to identify the most relevant variables. In this
study, the Boruta package (version 7.0.0) was employed for
feature selection.

2.5 Gene set functional analysis

Gene set functional analyses were performed using R packages
‘clusterProfiler’ (v4.14.4) and ‘GSVA’ (v2.0.5). The GSVA analysis
utilized Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Reactome pathway databases. Hallmark
gene sets and Reactome gene sets were sourced from the R package
‘msigdbr’. Additionally, we performed Gene Set Enrichment
Analysis (GSEA) to further understand the pathways in the high
and low PRSS22 expression group by GSEA 4.1 software.

2.6 Cell-cell communication analysis

Cell-cell communication analysis was conducted using R
package ‘CellChat’ (v1.1.3). For the analysis, 500 cells from each
cell subcluster were randomly selected using the ‘subset’ function.
The ligand-receptor interaction database including ‘Secreted
Signaling’, ‘ECM-Receptor’ and ‘Cell-Cell Contact’ pathways,
were used for the analysis. A minimum cell count of 10 was set as
the filtering threshold (19).

2.7 Pseudotime analysis

Pseudotime analysis was performed using R package ‘SlingShot’
(v2.14.0) to construct a single-cell pseudotime trajectory.
Dimensionality reduction was achieved using the UMAP method,
and the ‘plot_cells’ function was used for visualization.
Differentially expressed genes (DEGs) were identified using the
‘associationTest’ function and decreasingly sorted by their g-value.
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2.8 Immunological correlation evaluation

CIBERSORT, a deconvolution algorithm, was utilized to
estimate the proportions of tumor-infiltrating immune cells in
tumor tissues with mixed cell types. ESTIMATE was used to
estimate stromal and immune cells in malignant tumors, as well
as calculate tumor purity, stromal score, immune score, and
ESTIMATE score. Additionally, the ssGSEA algorithm was
employed to evaluate immune cell infiltration and immune-

related functions.

2.9 Patients and clinical samples

Fifty-five pairs of cancer tissues were collected from patients
who underwent colorectal cancer surgery at Yangpu Hospital (35
pairs of rectal cancer and 20 pairs of colon cancer) at Tongji
University between November 2018 and November 2020. This
study was approved by the Ethics Committee of Yangpu Hospital
(LL-2023-LW-012). Colorectal cancer (CRC) tissues and adjacent
non-cancerous tissues were obtained during surgery and
immediately frozen in liquid nitrogen for subsequent analysis of
specific gene and protein expression.

2.10 Quantitative real-time PCR and
western blotting

Total RNA was extracted from paired colorectal cancer tissues.
The RNA was then reverse transcribed into cDNA using a kit
(Takara, Dalian, China) and amplified. The primer sequences are
as follows:

PRS§S22:5-TGTCTCGGCACCTTCACCT-3" and 5’-
GAATACACAGGGTGGGGCT C-3’.

GAPDH:5-ACACCCACTCCTCCACCTTT-3’and 5’-
TTACTCCTTGGAGGCCATG T-3.

Total cellular protein from clinical samples was extracted using
RIPA lysis bufter (Solarbio, China), with the addition of a protease
inhibitor at a 1:100 ratio (Thermo Scientific, USA).

The primary antibodies used were:

PRSS22 (1:1,000, HUABIO, ER60535); B-actin (1:4,000, Santa,
sc-47778).

Human colorectal cancer (CRC) cell lines (HCT15, RKO) were
obtained from the Shanghai Institute of Biochemistry and Cell
Biology. All cell lines were cultured in DMEM medium (Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco) at 37°C with 5% CO,.

To investigate the role of PRSS22, small interfering RNA
(siRNA) targeting PRSS22 was designed and synthesized by
Shanghai Ruimian Biotechnology Co, Ltd. The siRNA was
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transfected into HCT15 and RKO cells using Lipofectamine 3000
reagent (Invitrogen, Carlsbad, CA, USA) for PRSS22 knockdown.
The siRNA sequences were:

siPRSS22-1: GGAUCGUGAGCAUCCAGAATT.
siPRSS22-2: UCUAUCCACCUCCCUCCAATT.

2.11 Immunohistochemistry

For immunohistochemistry assay, 25 pairs of clinical specimens
were fixed in paraffin and cut into 4 um tissue slices. After being
dewaxed and dehydrated, the tissue sections were subjected to
antigen retrieval using the thermal method for 30 minutes. The
samples were then incubated with 3% hydrogen peroxide for 20
minutes, followed by 5% BSA for 40 minutes. Afterward, they were
incubated with the appropriate antibodies. The information of
primary antibody was as follows: PRSS22 (1:100,
HUABIO, ER60535).

2.12 Cell proliferation assay

Cell proliferation was assessed using the Cell Counting Kit-8
(CCK-8) assay. Transfected cells were seeded into a 96-well plate at
a density of 3,000 cells per well. Cell viability was measured using
the CCK-8 system (Beyotime Institute of Biotechnology, China),
and absorbance at 450 nm was recorded using a microplate reader
(SpectraMax i5x, Molecular Devices).

2.13 Colony formation assay

Approximately 1,000 cells were seeded in each well of a 6-well
plate and cultured for 7-14 days until visible colonies formed. The
cells were fixed with 4% paraformaldehyde for 15 minutes and
stained with 0.1% crystal violet (Sangon Biotech) for 30 minutes at
room temperature. Colonies were imaged using a light microscope
at x100 magnification (Nikon Corporation, Japan). The number of
colonies in five random, non-overlapping fields of view was counted
and averaged.

2.14 Transwell assays and wound healing
assay

Cells were suspended in 250 pUL of serum-free medium and
seeded into the upper chamber of a 24-well Transwell plate (Nest,
China). The lower chamber was filled with culture medium
containing 10% FBS. For invasion assays, the Transwell chambers
were coated with Matrigel (2 mg/mL) and DMEM, whereas for
migration assays, they were left uncoated. After 24 hours of
the invaded cells were fixed with 4%
paraformaldehyde for 30 minutes and stained with crystal violet

incubation,
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for 10 additional minutes, both at room temperature. Cells were
counted in five random optical fields of view under a light
microscope (Nikon Corporation, Japan).

For the wound healing assay, cells were cultured without FBS in
6-well plates for 24 hours. Linear wounds were created by
scratching with a 10 puL pipette tip. Wound closure was
monitored and photographed at 0 and 24 hours using a
microscope (Nikon Corporation, Japan).

2.15 Statistical analysis

All statistical analyses and data visualizations were performed
using R software (version 4.2.1). For quantitative data, a two-tailed
unpaired Student’s t-test or one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison test was performed to compare
values between subgroups. When multiple comparisons were
conducted, p-values were adjusted using the Benjamini-Hochberg
(BH) method to control the false discovery rate (FDR). A p-value or
adjusted p-value < 0.05 was considered statistically significant.

3 Result

3.1 Preliminary annotation and
identification of cancer cell subtypes

By analyzing the single-cell sequencing results of 25 tumor
patients and 10 healthy individuals, and after integration and batch
correction, we have obtained a total of 60,883 sequenced cells that
met quality control metrics (Supplementary Figure S1). The
flowchart of the analysis was shown in Figure 1. Firstly, we found
that there was a strong heterogeneity within different tumor
patients (Figures 2A, B), which may also partly explain why
different cancer patients have different treatment methods,
strategies, and outcomes. To accurately classify the cell types
obtained from UMAP embedding analysis, we examined the
differentially expressed gene signatures of each cluster and cross-
referenced them with known markers. Based on classical cell
markers, 6 distinct cell types were identified and classified as
follows: epithelial cells, stromal cells, myeloid cells, T cells, B cells,
and mast cells (Figures 2C, D). Further distribution of cell
proportions (Figure 2E) revealed a significant increase in the
proportion of epithelial cells in tumor samples, indicating a
correlation between tumor development and increased
heterogeneity of epithelial cells. After extracting the epithelial
cells, the R package Harmony was used to correct for batch
effects, and secondary dimensionality reduction and clustering
analysis were performed. The epithelial cells were divided into 8
clusters (Figure 2F). Copy number variation (CNV) analysis was
then performed on the epithelial cells using R package ‘inferCNV’ to
assess CNV levels and heterogeneity among different epithelial cells.
Based on the CNV levels, the 8 subpopulations were identified as
normal epithelial cells (including goblet cells and intestinal
epithelial cells, marked as NM) and 4 categories of cancerous

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1586428
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

GSE Single cell datasets
cancer sample n=25; no tumor-control n=10

intergration ar$7alch correction

60883 sequence cells

dimentionality reduc[iotd clustering analysis

6 distinct cell
cell proporﬁo¢nd distribution

Epithelial cells

dimentionality reductionjand clustering analysis
Y

8 subclusters

InfetNV

Normal (NM) Malignant cells
(E1 E2 E3 E4)

cell proportion analysis;
differential expression analysis;
pathway enrichment analysis;
survival analysis;

Cell Chat
GO, KEGG

E4 subcluster

FIGURE 1
Flowchart of the manuscript.

epithelial cells (E1-E4) (Figure 2G). Cells with high copy-variation
level were defined as malignant cells. The copy number variation
levels of each subgroup are shown in (Figure 2H). The results
indicate that the copy number variation levels of the tumor
subgroups El to E4 are higher than those of the NM group, with
subgroup E4 showing the highest level of copy number variation. It
is therefore hypothesized that tumor subgroup E4 may possess
higher individualized potential. The cell proportion analysis
(Figure 2I) showed that E2 was more abundant in adjacent non-
tumor tissues, while E1, E3, and E4 were enriched in tumor tissues.
Notably, E4 was a tumor-specific subgroup. On the one hand, this
reflects the high heterogeneity of the tumor; on the other hand, we
speculate that E2 may represent an intermediate state in the
transition from normal to malignant cells and include early-stage
tumor cells, whereas E4 likely corresponds to highly malignant, late-
stage tumor cells.

We further analyzed the gene expression differences between
tumor cells and normal epithelial cells using a heatmap (Figure 2J)
and a volcano plot (Supplementary Figure S2). In the CI cluster
(ribosomal small subunit assembly), genes such as RPS27 and
RPL36 were significantly upregulated, indicating enhanced
protein synthesis in tumor cells, which supports rapid
proliferation. The C2 cluster (heat shock proteins and molecular
chaperones) showed high expression of HSPAIB and DNAJBI,
suggesting that tumor cells experience high biological stress and
rely on these proteins to maintain protein folding homeostasis (20).
The C3 cluster was associated with immune gene rearrangement
and DNA repair. The C4 cluster was linked to humoral immune
response and chemokine-mediated immune responses. In the C4
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L clinical significance

35 prognosis-related genes

Boruta algorithm

45 genes
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cluster, E4 cells showed increased expression of immune evasion
genes such as CXCL8, which may help contribute to tumor growth
by escaping from evade immune surveillance, enhancing immune
resistance and angiogenesis ability (Figure 2J) (21-23).

In the C5 cluster (intestinal barrier maintenance), REGIA and
TFF1 were highly expressed in normal epithelial cells, indicating
their role in maintaining epithelial integrity. However, these genes
were significantly downregulated in tumor cells, which may lead to
barrier dysfunction and promote tumor invasion and metastasis.
The C6 cluster (metabolic reprogramming) included chloride
transport-related genes such as SLC26A3, which were specifically
expressed in normal epithelial cells. The volcano plot
(Supplementary Figure S2) showed high expression of tumor
markers such as SLC2A1 and BCL2LI in E4, suggesting a strong
proliferative advantage and anti-apoptotic ability in tumor
progression (24, 25).

3.2 Survival analysis and cell chat analysis
of the subclusters

Based on the above analysis, the characteristic marker genes of
each subgroup were obtained, and the set of these characteristic
genes was used as the signature. Each subgroup corresponds to its
own signature, and the GSVA algorithm was used to calculate the
level of signature in the TCGA cohort. Finally, each patient
obtained the signature value of E1-E4 and NM cells and was
divided into high expression group and low expression group for
survival analysis according to Figures 3A-F.
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FIGURE 2

Preliminary annotation and identification of subtypes of cancer cells. (A-C) UMAP visualization of colorectal cancer (n=25) and paired normal
mucosa (n=10). (D) Expression of marker genes used for the identification of each cluster. (E) Bar plot showed the cell proportion among tissue
types. (F) UMAP showing subtypes of epithelial cells. (G) Chromosomal landscape of inferred CNVs among cancer cell subclusters. (H) Violin plot
demonstrated the difference in CNV scores among benign and malignant cell subclusters. () Stacked bar plot represented the proportional
distribution of cell types across different groups. (J) Heatmap shows markers and enriched gene ontology pathways among subtypes of
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The Kaplan-Meier survival curves have shown that high
expression of NM (enterocytes) was associated with good
prognosis (P=0.045) (Figure 3A), while E4 was associated
with poor prognosis (P=0.0047) (Figure 3F) in the TCGA
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dataset. This also indicates the clinical significance of the

Since cell—-cell interactions always influenced cellular behaviors
and fates, the potential interactions of the heterogeneity of different
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subpopulations were investigated (Figure 3). The different
characteristics of signal input and output across various cell types
are shown in Figure 3G. Tumor cells (E2-E4) exhibit strong input
and output signals, especially E4, whose signal output and input
intensities are most pronounced, indicating that these tumor cells

10.3389/fimmu.2025.1586428

are in an actively regulated state, which is crucial for tumor growth
and immune escape. Next, we analyzed the interactions between
different ligands and receptors in various cell types (Figure 3H), E4
subpopulation exhibited relatively unique interactions between
receptors and ligands compared to other cells. For example, E4
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group interacts with the NAMPT signal from immune cells.
Previous studies have shown that NAMPT plays a crucial role in
promoting the progression of colorectal cancer and is associated
with patient prognosis (26-28). Additionally, as a rate-limiting
enzyme in NADPH metabolism, it can directly activate PDI,
thereby evading immune surveillance (29). Besides, the EGFR
signaling pathway is a highly classical pathway in tumor
immunity, closely associated with various forms of immune
dysregulation in multiple types of cancer (30-34). This strongly
suggests that immune dysfunction in the CRC microenvironment
may be related to the interactions between the E4 subgroup and
stromal cells.

3.4 Pseudotime analysis using slingshot
reveals the lineage of epithelial cell
transition

In the malignant transformation process of colorectal cancer,
the dynamic evolution of epithelial-derived cells plays a crucial
biological role. This UMAP plot illustrates the gene expression
patterns of Lineage3 lineage cells, with cell populations distributed
according to their gene expression levels (Figure 4A). The colors
range from blue to red, representing a gradient from low to high
gene expression, reflecting the characteristics of cells at different
stages of transformation (Figure 4B). The plot shows several cell
subtypes, including E1, E2, E3, and E4, each of which plays a
progressively changing role in the tumor progression. E1 cells
represent the early stage of tumor development or normal cells,
with low gene expression, typically in the early stages of
development or differentiation. These cells might be tumor-
initiating cells, exhibiting a more stable or less active state. E2
cells are in the middle phase of transformation, with an increase in
gene expression and displaying some tumor characteristics. These
cells could represent a key stage in the transition from normal to
cancerous cells. E3 cells are in the later phase of tumor
transformation, with higher gene expression, showing increased
cell proliferation and invasive features, indicating further malignant
progression of the tumor. These cells display strong adaptability,
maintaining growth and expansion within the TME. E4 cells,
located at the end of the transformation trajectory, have the
highest gene expression levels, representing the late-stage tumor
cells and the final phase of malignant transformation. While normal
cells (NM) are not involved in cell trajectory differentiation. By
analyzing these cell subtypes, we can observe that cells undergo
different stages of differentiation and transformation during tumor
progression, from early normal or early tumor cells to potentially
late-stage malignant tumor cells, revealing the dynamic process of
tumor progression from low to high malignancy.

Subsequently, we identified 45 high-variation genes by
intersecting the results from differential analysis of E4 (100 genes)
and pseudotime analysis (500 genes) (Figure 4C). These genes
ranked highly in both analyses, demonstrating their consistency
and significance across different methods. Next, we employed the
Boruta algorithm of the 45 genes and identified 35 prognosis-
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related genes. Genes of the red box were rejected (Figure 4D,
Supplementary Table 1). Notably, the PRSS22 gene was among
the top-ranked genes in all sets and its expression pattern was also
consistent with the transition trajectory (Figures 4E, F), which led
us to select it as the primary subject for further investigation. The
detailed results of the differential expression analysis, pseudotime
analysis were provided in Additional file 1-2.

The E4 cell population is primarily located in the C5 and C6
Clusters. GO function analysis revealed that its functions covered
various biological processes particularly in tumor metastasis and
immune regulation, such as wound healing, humoral immunity,
MHC (Figure 4G). KEGG pathway analysis identified the
coagulation response in the complement pathway and the NF-kB
signaling pathway as key processes, especially playing an important
role in the transformation trajectories of tumor progression
(Figure 4H). The NF-xB signaling pathway, as one of the most
famous immune related pathways, was closely related to tumor cell
survival, proliferation, metastasis, and it also remodels the
immunosuppressive microenvironment, promoting immune
escape and resistance to immunotherapy (35-38), which also
confirms our previous analysis. In the C5 Cluster, the gene
expression pattern of E4 cells is enriched in key genes such as
C4BPB, CD55, and CEACAM]I. In the C6 Cluster, E4 cells exhibit
significant antigen-presenting functions, especially with the high
expression of MHC II-related genes (such as HLA-DRBI
and CD74).

Based on these findings, we hypothesize that biological
processes such as wound healing and the NF-xB signaling
pathway play critical roles in promoting cancer cell progression,
enhancing invasiveness, and modulating the immune
microenvironment, especially during the malignant
transformation of colorectal cancer. The impact of wound healing
on tumor progression lies in the chronic involvement of various
aspects of the healing process induced by inflammation and
immune signals from tumor cells, disrupting this interaction and
forming an uncontrolled positive feedback loop that profoundly
impacts the spread of metastasis, immune surveillance, and
proliferation, thereby promoting cancer progression. Equally
important, cancer progression can occur through the loss of
negative feedback control, such as in the apoptotic pathway and
immune checkpoints, which means halting the regenerative
pathways and resolving the wound healing process (39-41).
Furthermore, the dysregulation of the NF-xB signaling pathway
may provide conditions for immune escape which disrupted the
immune microenvironment, thereby promoting further malignant
transformation of the tumor (42, 43). Through these mechanisms,
E4 cells may play a key role in the progression of tumors.

3.5 Biological function enrichment and
immune infiltration analysis of PRSS22
Based on the expression level of PRSS22, we divided the TCGA

dataset into high-expression and low-expression groups. We then
performed differential expression analysis between the two groups
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FIGURE 4

Pseudotime analysis based on Slingshot reveals the lineage of epithelial cell transition. (A) Trajectory of epithelial cells transition from E1 to E4. (B)
UMAP visualization colored by pseudotime in lineage 3. (C) Venn Diagram obtains the intersected genes. (D) 35 genes were accepted as prognosis
genes by Boruta algorithm (E) PRSS22 expression is consistent with the transition trajectory. (F) UMAP visualization of PRSS22 expression level in all
epithelial cells. (G, H) Heatmap reveals the functional and pathway changes during the transition process.

(log2FC > 1, adjusted p < 0.05). Subsequently, the top 100  processes, cell killing, macrophage activation, as well as pathways
upregulated and top 100 downregulated genes were combined for  such as the JAK-STAT signaling pathway, PI3K-AKT signaling
GO and KEGG enrichment analyses (Figures 5A, B). The results  pathway, and focal adhesion. Furthermore, we performed GSEA
showed that the differentially expressed genes were primarily  enrichment analysis on the differential genes using the KEGG, Biocarta,
enriched in biological processes related to immune system  and Reactome databases (Figures 5C-E). The analysis revealed that the
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genes were mainly enriched in interleukin-related pathways, epithelial-
mesenchymal transition, PI3K-AKT signaling, and EGFR signaling
pathways, with an overall upregulation trend in these pathways. In
contrast, pathways such as NF-«B signaling showed a downregulation
trend. This also suggests that PRSS22 may promote cell proliferation,
migration, and immune microenvironment dysregulation through these
pathways, which is consistent with our previous analysis. Finally, we
analyzed immune infiltration in the tumor microenvironment using the

10.3389/fimmu.2025.1586428

CIBERSORT, ESTIMATE, and ssGSEA algorithms (Figures 5F-H). The
results revealed significant differences in the infiltration of various
immune cells, including B cells, macrophages, and dendritic cells,
between the high and low PRSS22 expression groups, suggesting
distinct immune microenvironment profiles. Additionally, the high-
expression group exhibited significantly higher stromal scores, immune
scores, and ESTIMATE scores compared to the low-expression group,
indicating lower tumor purity and a potentially poorer prognosis (17).
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PRSS22. *, P<0.05, **, P<0.01, ***, P<0.001.
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3.6 Upregulation of PRSS22 and its
correlation with clinical parameters

The expression of PRSS22 in pan-cancer from TCGA database
is shown in Figure 6A. The results showed that PRSS22 was
upregulated in breast invasive carcinoma (BRCA), colon
adenocarcinoma (COAD), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), rectum adenocarcinoma
(READ), uterine corpus endometrial carcinoma (UCEC), and

10.3389/fimmu.2025.1586428

thyroid carcinoma (THCA), while it was downregulated in kidney
chromophobe (KICH), kidney renal clear cell carcinoma (KIRC),
kidney renal papillary cell carcinoma (KIRP), and liver
hepatocellular carcinoma (LIHC). This suggests the abnormal
expression of PRSS22 in various types of cancer. Subsequently, we
selected 55 pairs of clinical samples for RT-qPCR (Figure 6B),
Western blotting (Figure 6C, Supplementary Figure 3) and IHC
(Figure 6D), which confirmed the upregulation of PRSS22
expression in cancer tissues at both the mRNA and protein levels.
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Upregulation of PRSS22 and its clinical significance. (A) The expression of PRSS22 in pan-cancer from TCGA database. (B-D) The expression of
PRSS22 in CRC cancer tissue was detected by RT-gPCR (n=55), western blotting (n=24) and IHC (n=25). (E) The ROC curve of PRSS22. (F) The
correlation between PRSS22 expression and the N stage of colon and rectal patients. (G) Expression levels of PRSS22 in colon (n=20) and rectal
(n=35) patients of different N stages at Yangpu Central Hospital. (H) OS, DSS and PFI in TCGA cohort. (I) OS were worse in subgroups of CRC with
higher PRSS22 expression. (J) Survival analysis of PRSS22 in 55 patients with CRC from Yangpu hospital. CRC, colorectal cancer; OS, overall survival;

DSS, disease specific survival; PFl, progression free interval; IHC, immunohistochemistry. *, P<0.05, **, P<0.01, ***, P<0.001.
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PRSS22 might serve as a potential diagnostic biomarker, as
indicated by an AUC of 0.976 (Figure 6E). It was worth noting
that there was a correlation between PRSS22 expression and the N
stage only in rectal cancer (Figure 6F), which has also been
confirmed in the cohort of our Yangpu Hospital (Figure 6G).
Then, Kaplan-Meier curve analysis showed that PRSS22
expression was associated with OS (overall survival), DSS
(Disease Specific Survival), PFI (Progression free interval) in CRC
patients (Figure 6H). In subgroups with and without peripheral
nerve invasion, age > 65 years, pathological grades II&III&IV, no
lymph node metastasis, and T3&T4 staging, increased PRSS22
expression was associated with poor overall survival (Figure 6I).
Finally, Kaplan-Meier analysis showed that the patients in Yangpu
hospital with high PRSS22 expression had poorer overall survival
than those with low PRSS22 expression (n=55) (Figure 6]).

3.7 PRSS22 Knockdown inhibits cell
migration and proliferation in CRC

In order to explore the functions of PRSS22 in CRC, PRSS22 was
knocked down by siRNA in HCT15 and RKO, and the efficiency
was verified by RT-qPCR and western blotting (Figure 7A). The
wound healing assay showed a marked decrease in cell migration
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following PRSS22 knockdown (Figure 7B). Consistent with the
results, transwell assays verified that PRSS22 knockdown inhibited
RKO and HCT15 cells invasion and migration (Figure 7C). In
addition, we detected the viability of RKO and HCT15 with PRSS22
knockdown, the results showed that PRSS22 knockdown
significantly reduced the ability of proliferation and colony
formation (Figures 7D, E).

4 Discussion

This study employs single-cell RNA sequencing (scRNA-seq)
and bioinformatics analysis to reveal the heterogeneity of colorectal
cancer (CRC) epithelial cells and their critical role in tumor
progression. We identified multiple epithelial cell subpopulations
and explored the expression pattern of PRSS22, a highly expressed
gene in E4 cells, along with its potential role in CRC. The
heterogeneity of colorectal cancer cells is a key feature of
tumor progression.

The heterogeneity of CRC cells plays a crucial role in tumor
progression. Through UMAP dimensionality reduction and
clustering analysis, we classified epithelial cells into eight
subpopulations, including four cancerous epithelial
subpopulations (E1-E4) and normal epithelial cells (NM). CNV
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Knockdown of PRSS22 Inhibits Migration, Invasion, and Proliferation in CRC. (A) RT-gPCR and western blotting were used to determine the
expression of PRSS22 in RKO and HCT15 transfected with siRNA. (B) Wound healing assay to evaluate the migration of RKO and HCT15 cells with or
without PRSS22 knockdown. (C) Transwell assays assessing migration and invasion of RKO and HCT15 cells with or without PRSS22 knockdown.

(D, E) CCK-8, Colony formation assays were used to assess cell viability of RKO and HCT15 cells with or without PRSS22 knockdown. ***, P<0.001.
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analysis revealed significant differences between the four cancerous
epithelial subpopulations (E1-E4) and normal epithelial cells (NM).
Among them, the CNV levels of E1-E4 were generally higher than
those of NM, with the highest levels observed in E4, suggesting that
E4 may represent a highly invasive cancer cell subpopulation. Our
findings are consistent with the study by Soulafa Mamlouk et al.,
which demonstrated through three-dimensional morphological-
molecular reconstruction that DNA copy number variation
(CNV) is a major source of CRC tumor heterogeneity, with
different clusters exhibiting distinct CNV aberrations along the
proximal-distal axis (44). In our study, tumor cell gene expression
analysis showed that different clusters were associated with protein
synthesis (C1), stress response (C2), immune response (C4), and
barrier function (C5), with the E4 subpopulation enriched for
immune evasion genes and exhibiting strong invasiveness.
Further cell proportion analysis revealed that E2 was more
prevalent in adjacent non-tumor tissues, whereas E1, E3, and E4
were primarily enriched in tumor tissues, with E4 being a tumor-
specific subpopulation.

Moreover, tumor heterogeneity is not only reflected in gene
expression differences but is also closely related to prognosis and
intercellular interactions. Survival analysis revealed cancerous
epithelial marker genes, particularly those in E4, were linked to
poorer survival outcomes. Cell communication analysis revealed
that E2-E4 tumor cells exhibited enhanced interactions with other
cells, with E4 demonstrating the strongest signal input-output
capacity. At the same time, The E4 subpopulation exhibits unique
ligand-receptor interactions compared to other subgroups, such as
the NAMPT ligand-receptor interaction with T cells and the EGFR
ligand-receptor interaction with stromal cells. NAMPT exhibits
anti-apoptotic properties and is highly expressed across various
tumor types. Moreover, in advanced and metastatic tumors, the
proportion of tumors with high NAMPT levels is also significantly
elevated. Additionally, elevated NAMPT expression is associated
with poor patient prognosis but is independent of tumor staging
(45, 46). Additionally, NAMPT has been shown to be associated
with dysregulation of the tumor immune microenvironment,
including immune surveillance evasion, immunosuppression, and
immune tolerance (24, 25).

Cancer cells recruit supportive stromal cells from the
surrounding endogenous tissue stroma to promote tumor
formation. Consequently, stromal cells constitute a crucial
component of the tumor microenvironment (47-49). Studies have
shown that in colorectal cancer, subtypes with higher stromal
infiltration exhibit poorer prognosis and distinct immune escape
mechanisms (50). Our results suggest that the E4 subpopulation
may promote tumor progression through EGFR ligand-receptor
interactions with stromal cells, potentially facilitating tumor
immune evasion. Our findings align with the study by Yihao Mao
et al., which classified CRC samples into three immune phenotypes
with distinct TME cell infiltration patterns and immune evasion
mechanisms (50).

Additionally, CCL20 and CXCL8 secreted by tumor cells into
the tumor microenvironment (TME) were found to promote the
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recruitment of Treg cells and reduce CD8+ T cell infiltration,
thereby facilitating tumor immune evasion (51, 52). Our study
further demonstrates that the E4 subpopulation promotes tumor
progression and evades immune surveillance by upregulating
immune-related genes such as CXCL8, consistent with previous
research findings. These findings highlight the differential immune
evasion mechanisms among subpopulations and their profound
implications for tumor treatment response.

Our pseudotime analysis revealed E4 cells, located at the end of
the transformation trajectory, had the highest gene expression
levels, representing the late-stage tumor cells and the final phase
of malignant transformation, which was consistent with our
previous analysis. The gene expression pattern of E4 indicates its
pivotal role in tumor progression, particularly through pathways
associated with wound healing and NF-«B signaling. These findings
reveal the dynamic evolution of colorectal cancer from early tumor
cells (E1) to late-stage malignant cells (E4), emphasizing the critical
role of metastasis and immune dysregulation in tumor progression
(42, 43, 53).

Finally, we validated the high expression pattern of the key gene
PRSS22 in the E4 subpopulation and its association with poor
prognosis using public databases and clinical samples. Cell
experiments further confirmed that PRSS22 promotes cell
proliferation and metastasis, which is consistent with our
previous analysis of the E4 subpopulation. Notably, both the
TCGA cohort and our Yangpu District Hospital cohort showed
differential PRSS22 expression across different N stages in colon and
rectal cancer, suggesting potential heterogeneity between these two
similar cancers.

Previously, only a few studies have explored the association
between PRSS22 and cancer. In breast and liver cancer, PRSS22 is
reported to promote tumor progression through the ERK signaling
pathway (15, 54). Recent literature has reported that PRSS22 may
serve as a biomarker for early diagnosis and dynamic monitoring in
ulcerative colitis (55). In colorectal cancer, it is only known that
PRSS22 may exhibit differential mRNA expression levels in the
blood of colorectal cancer patients compared to normal
controls (56).

In conclusion, this study provides an in-depth characterization
of the heterogeneity of colorectal cancer epithelial cells, highlighting
the critical role of the E4 subpopulation in tumor progression, and
immune evasion and prognosis. The high expression of PRSS22 is
not only associated with CRC prognosis but also presents a
potential target for developing tumor biomarkers. By utilizing
single-cell transcriptomic analysis, we have laid the foundation
for further understanding the dynamic changes within the tumor
microenvironment. PRSS22 enrichment in E1 and E4 cells, not all
epithelial cancer cells, suggests it may not have good therapeutic
effects as a single target. Future studies should continue exploring
the mechanisms underlying CRC cell heterogeneity and its
interactions with the tumor microenvironment, particularly
focusing on immune evasion dysregulation mechanisms in the E4
subpopulation, with the goal of identifying novel therapeutic targets
for tumor immunotherapy. Additionally, interventions targeting
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PRSS22 and its downstream pathways may open new avenues for
personalized treatment strategies, promoting advances in early
diagnosis and precision therapy for colorectal cancer. Although
we have explored the changes in the colorectal tumor
microenvironment from computational information, clinical
samples, and cellular experiments, there are still some limitations.
For example, the sample size of the single-cell dataset needs to be
expanded, and the number of tumor clinical samples also requires
further increase.

In conclusion, this study provides new insights into cancer
progression and metastasis. We identified specific cell clusters
associated with high metastatic potential and immune
heterogeneity, and we jointly confirmed their role in the tumor
immune microenvironment at both the bulk transcriptomic and
single-cell transcriptomic levels. Its marker, PRSS22, shows
significant potential as a novel immunotherapeutic target for CRC.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

This study was approved by the Ethics Committee of Yangpu
Hospital (LL-2023-LW-012), which is affiliated from Tongji
University. The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

ZL: Data curation, Writing - original draft, Writing - review &
editing. SZ: Data curation, Formal Analysis, Resources,
Visualization, Writing - review & editing. CX: Data curation,
Methodology, Project administration, Software, Supervision,
Writing - original draft. ZZ: Conceptualization, Data curation,
Formal Analysis, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Software,
Supervision, Validation, Visualization, Writing - review &
editing. DZ: Writing - original draft, Writing - review & editing.
QZ: Formal Analysis, Project administration, Writing -
original draft.

References

1. Osterman E, Hammarstréom K, Imam I, Osterlund E, Sjéblom T, Glimelius B.
Recurrence Risk after Radical Colorectal Cancer Surgery-Less Than before, But How
High Is It? Cancers. (2020) 12. doi: 10.3390/cancers12113308

Frontiers in Immunology

14

10.3389/fimmu.2025.1586428

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by Shanghai Yangpu District Science and Technology Commission
(Grant No. YPM202303), Medical Innovation Research Special
Project of Shanghai (Grant No. 22Y11908600) and Shanghai
Yangpu Hospital Foundation (Grant No. Ye2202202).

Acknowledgments

This manuscript has been read and approved by all authors for
publication and has not been submitted and is not under
consideration for publication elsewhere. We would like to thank all
laboratory members for their critical discussion of this manuscript
and to apologize to those not mentioned due to space limitations.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1586428/
full#supplementary-material

2. Khaliqg AM, Erdogan C, Kurt Z, Turgut SS, Grunvald MW, Rand T, et al. Refining
colorectal cancer classification and clinical stratification through a single-cell atlas.
Genome Biol. (2022) 23:113. doi: 10.1186/s13059-022-02677-z

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1586428/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1586428/full#supplementary-material
https://doi.org/10.3390/cancers12113308
https://doi.org/10.1186/s13059-022-02677-z
https://doi.org/10.3389/fimmu.2025.1586428
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

3. Bogaert J, Prenen H. Molecular genetics of colorectal cancer. Ann
gastroenterology. (2014) 27:9-14.

4. André T, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al. Pembrolizumab
in microsatellite-instability-high advanced colorectal cancer. New Engl ] medicine.
(2020) 383:2207-18. doi: 10.1056/NEJM0a2017699

5. Kopetz S, Grothey A, Yaeger R, Van Cutsem E, Desai J, Yoshino T, et al
Encorafenib, binimetinib, and cetuximab in BRAF V600E-mutated colorectal cancer.
New Engl ] medicine. (2019) 381:1632-43. doi: 10.1056/NEJM0a1908075

6. Guinney J, Dienstmann R, Wang X, de Reyniés A, Schlicker A, Soneson C, et al.
The consensus molecular subtypes of colorectal cancer. Nat Med. (2015) 21:1350-6.
doi: 10.1038/nm.3967

7. Schrock AB, Ouyang C, Sandhu J, Sokol E, Jin D, Ross JS, et al. Tumor mutational
burden is predictive of response to immune checkpoint inhibitors in MSI-high
metastatic colorectal cancer. Ann oncology: Off J Eur Soc Med Oncology. (2019)
30:1096-103. doi: 10.1093/annonc/mdz134

8. Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton GM, Miller V, et al.
Tumor mutational burden as an independent predictor of response to immunotherapy
in diverse cancers. Mol Cancer Ther. (2017) 16:2598-608. doi: 10.1158/1535-
7163.MCT-17-0386

9. Yarchoan M, Hopkins A, Jaffee EM. Tumor mutational burden and response rate
to PD-1 inhibition. New Engl ] medicine. (2017) 377:2500-1. doi: 10.1056/
NEJMc1713444

10. Mei Y, Xiao W, Hu H, Lu G, Chen L, Sun Z, et al. Single-cell analyses reveal
suppressive tumor microenvironment of human colorectal cancer. Clin Transl Med.
(2021) 11:e422. doi: 10.1002/ctm2.v11.6

11. Qian J, Olbrecht S, Boeckx B, Vos H, Laoui D, Etlioglu E, et al. A pan-cancer
blueprint of the heterogeneous tumor microenvironment revealed by single-cell
profiling. Cell Res. (2020) 30:745-62. doi: 10.1038/s41422-020-0355-0

12. Wang R, Li ], Zhou X, Mao Y, Wang W, Gao S, et al. Single-cell genomic and
transcriptomic landscapes of primary and metastatic colorectal cancer tumors. Genome
Med. (2022) 14:93. doi: 10.1186/s13073-022-01093-z

13. Zhang L, Li Z, Skrzypczynska KM, Fang Q, Zhang W, O'Brien SA, et al. Single-
cell analyses inform mechanisms of myeloid-targeted therapies in colon cancer. Cell.
(2020) 181:442-59.€29. doi: 10.1016/j.cell.2020.03.048

14. Moustafa EM, Mohamed MA, Thabet NM. Gallium nanoparticle-mediated
reduction of brain specific serine protease-4 in an experimental metastatic cancer
model. Asian Pac ] Cancer Prev. (2017) 18:895-903. doi: 10.22034/
APJCP.2017.18.4.895

15. Chen CY, Chung IH, Tsai MM, Tseng YH, Chi HC, Tsai CY, et al. Thyroid
hormone enhanced human hepatoma cell motility involves brain-specific serine
protease 4 activation via ERK signaling. Mol Cancer. (2014) 13:162. doi: 10.1186/
1476-4598-13-162

16. Chen CY, Chi LM, Chi HC, Tsai MM, Tsai CY, Tseng YH, et al. Stable isotope
labeling with amino acids in cell culture (SILAC)-based quantitative proteomics study
of a thyroid hormone-regulated secretome in human hepatoma cells. Mol Cell
Proteomics. (2012) 11:M111.011270. doi: 10.1074/mcp.M111.011270

17. Wang B, Wang X, Du X, Gao S, Liang B, Yao W. Identification and prognostic
evaluation of differentially expressed long noncoding RNAs associated with immune
infiltration in osteosarcoma. Heliyon. (2024) 10:e27023. doi: 10.1016/
j-heliyon.2024.€27023

18. Guo J, Han X, LiJ, Li Z, Yi ], Gao Y, et al. Single-cell transcriptomics in ovarian
cancer identify a metastasis-associated cell cluster overexpressed RAB13. ] Transl Med.
(2023) 21:254. doi: 10.1186/512967-023-04094-7

19. Han X, Gao Y, Jiang M, Li Z, Guo J, Li Y, et al. Single-cell and spatial
transcriptome sequencing uncover a platinum-resistant cluster overexpressed
TACSTD2 in high-grade serous ovarian cancer. J Cancer. (2024) 15:3427-40.
doi: 10.7150/jca.95269

20. WuJ, Liu T, Rios Z, Mei Q, Lin X, Cao S. Heat shock proteins and cancer. Trends
Pharmacol Sci. (2017) 38:226-56. doi: 10.1016/j.tips.2016.11.009

21. Asokan S, Bandapalli OR. CXCL8 signaling in the tumor microenvironment.
Adv Exp Med Biol. (2021) 1302:25-39. doi: 10.1007/978-3-030-62658-7_3

22. Ha H, Debnath B, Neamati N. Role of the CXCL8-CXCR1/2 axis in cancer and
inflammatory diseases. Theranostics. (2017) 7:1543-88. doi: 10.7150/thno.15625

23. LiuQ, Li A, Tian Y, Wu JD, Liu Y, Li T, et al. The CXCL8-CXCR1/2 pathways in
cancer. Cytokine Growth Factor Rev. (2016) 31:61-71. doi: 10.1016/
j.cytogfr.2016.08.002

24. Liu XS, Yang JW, Zeng J, Chen XQ, Gao Y, Kui XY, et al. SLC2A1 is a Diagnostic
Biomarker Involved in Immune Infiltration of Colorectal Cancer and Associated With
m6A Modification and ceRNA. Front Cell Dev Biol. (2022) 10:853596. doi: 10.3389/
fcell.2022.853596

25. Warren CFA, Wong-Brown MW, Bowden NA. BCL-2 family isoforms in
apoptosis and cancer. Cell Death Dis. (2019) 10:177. doi: 10.1038/s41419-019-1407-6

26. Li XQ, Lei J, Mao LH, Wang QL, Xu F, Ran T, et al. NAMPT and NAPRT, key
enzymes in NAD salvage synthesis pathway, are of negative prognostic value in
colorectal cancer. Front Oncol. (2019) 9:736. doi: 10.3389/fonc.2019.00736

Frontiers in Immunology

15

10.3389/fimmu.2025.1586428

27. Lucena-Cacace A, Otero-Albiol D, Jimenez-Garcia MP, Munoz-Galvan S,
Carnero A. NAMPT is a potent oncogene in colon cancer progression that
modulates cancer stem cell properties and resistance to therapy through sirtl and
PARP. Clin Cancer Res. (2018) 24:1202-15. doi: 10.1158/1078-0432.CCR-17-2575

28. Zhang C, Tong ], Huang G. Nicotinamide phosphoribosyl transferase (Nampt) is
a target of microRNA-26b in colorectal cancer cells. PloS One. (2013) 8:e69963.
doi: 10.1371/journal.pone.0069963

29. Chaker M, Minden A, Chen S, Weiss RH, Chini EN, Mahipal A, et al. Rho
GTPase effectors and NAD metabolism in cancer immune suppression. Expert Opin
Ther Targets. (2018) 22:9-17. doi: 10.1080/14728222.2018.1413091

30. Thai AA, Solomon BJ, Sequist LV, Gainor JF, Heist RS. Lung cancer. Lancet.
(2021) 398:535-54. doi: 10.1016/S0140-6736(21)00312-3

31. Johnson DE, Burtness B, Leemans CR, Lui VWY, Bauman JE, Grandis JR. Head
and neck squamous cell carcinoma. Nat Rev Dis Primers. (2020) 6:92. doi: 10.1038/
s41572-020-00224-3

32. Swain SM, Shastry M, Hamilton E. Targeting HER2-positive breast cancer:
advances and future directions. Nat Rev Drug Discovery. (2023) 22:101-26.
doi: 10.1038/s41573-022-00579-0

33. Joshi SS, Badgwell BD. Current treatment and recent progress in gastric cancer.
CA: A Cancer ] Clinicians. (2021) 71:264-79. doi: 10.3322/caac.21657

34. Dienstmann R, Vermeulen L, Guinney ], Kopetz S, Tejpar S, Tabernero J.
Consensus molecular subtypes and the evolution of precision medicine in colorectal
cancer. Nat Rev Cancer. (2017) 17:79-92. doi: 10.1038/nrc.2016.126

35. Hassanzadeh P. Colorectal cancer and NF-kappaB signaling pathway.
Gastroenterol Hepatol Bed Bench. (2011) 4:127-32.

36. Hayden MS, Ghosh S. NF-kappaB in immunobiology. Cell Res. (2011) 21:223-
44. doi: 10.1038/cr.2011.13

37. 1Li Y, Lin Z, Chen B, Chen S, Jiang Z, Zhou T, et al. Ezrin/NF-kB activation
regulates epithelial- mesenchymal transition induced by EGF and promotes metastasis
of colorectal cancer. BioMed Pharmacother. (2017) 92:140-8. doi: 10.1016/
j.biopha.2017.05.058

38. Yu H, Lin L, Zhang Z, Zhang H, Hu H. Targeting NF-kappaB pathway for the
therapy of diseases: mechanism and clinical study. Signal Transduct Target Ther. (2020)
5:209. doi: 10.1038/s41392-020-00312-6

39. Tang ], Chen JX, Chen L, Tang JY, Cui Z, Liu CH, et al. Metastasis associated in
colon cancer 1 (MACC1) promotes growth and metastasis processes of colon cancer
cells. Eur Rev Med Pharmacol Sci. (2016) 20:2825-34.

40. Mook OR, Frederiks WM, Van Noorden CJ. The role of gelatinases in colorectal
cancer progression and metastasis. Biochim Biophys Acta. (2004) 1705:69-89.
doi: 10.1016/j.bbcan.2004.09.006

41. Deyell M, Garris CS, Laughney AM. Cancer metastasis as a non-healing wound.
Br J Cancer. (2021) 124:1491-502. doi: 10.1038/s41416-021-01309-w

42. Shi P, Xu J, Cui H. The recent research progress of NF-xB signaling on the
proliferation, migration, invasion, immune escape and drug resistance of glioblastoma.
Int ] Mol Sci. (2023) 24. doi: 10.3390/ijms241210337

43. Khan A, Zhang Y, Ma N, Shi J, Hou Y. NF-xB role on tumor proliferation,
migration, invasion and immune escape. Cancer Gene Ther. (2024) 31:1599-610.
doi: 10.1038/s41417-024-00811-6

44. Mamlouk S, Childs LH, Aust D, Heim D, Melching F, Oliveira C, et al. DNA
copy number changes define spatial patterns of heterogeneity in colorectal cancer. Nat
Commun. (2017) 8:14093. doi: 10.1038/ncomms14093

45. Navas LE, Carnero A. NAD(+) metabolism, stemness, the immune response,
and cancer. Signal Transduct Target Ther. (2021) 6:2. doi: 10.1038/s41392-020-00354-w

46. Lucena-Cacace A, Otero-Albiol D, Jiménez-Garcia MP, Peinado-Serrano J, Carnero
A. NAMPT overexpression induces cancer stemness and defines a novel tumor signature
for glioma prognosis. Oncotarget. (2017) 8:99514-30. doi: 10.18632/oncotarget.20577

47. Gould CM, Courtneidge SA. Regulation of invadopodia by the tumor
microenvironment. Cell Adh Migr. (2014) 8:226-35. doi: 10.4161/cam.28346

48. Park SA, Surh YJ. Modulation of tumor microenvironment by chemopreventive
natural products. Ann N'Y Acad Sci. (2017) 1401:65-74. doi: 10.1111/nyas.2017.1401.issue-1

49. Nwabo Kamdje AH, Seke Etet PF, Tagne Simo R, Vecchio L, Lukong KE,
Krampera M. Emerging data supporting stromal cell therapeutic potential in cancer:
reprogramming stromal cells of the tumor microenvironment for anti-cancer effects.
Cancer Biol Med. (2020) 17:828-41. doi: 10.20892/j.issn.2095-3941.2020.0133

50. Mao Y, Xu Y, Chang J, Chang W, Lv Y, Zheng P, et al. The immune phenotypes
and different immune escape mechanisms in colorectal cancer. Front Immunol. (2022)
13:968089. doi: 10.3389/fimmu.2022.968089

51. Duizer C, Salomons M, van Gogh M, Gréve S, Schaafsma FA, Stok M]J, et al.
Fusobacterium nucleatum upregulates the immune inhibitory receptor PD-LI in
colorectal cancer cells via the activation of ALPK1. Gut Microbes. (2025) 17:2458203.
doi: 10.1080/19490976.2025.2458203

52. Mai Z, Fu L, Su J, To KKW, Yang C, Xia C. Intra-tumoral sphingobacterium
multivorum promotes triple-negative breast cancer progression by suppressing tumor
immunosurveillance. Mol Cancer. (2025) 24:6. doi: 10.1186/s12943-024-02202-9

frontiersin.org


https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1038/nm.3967
https://doi.org/10.1093/annonc/mdz134
https://doi.org/10.1158/1535-7163.MCT-17-0386
https://doi.org/10.1158/1535-7163.MCT-17-0386
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1002/ctm2.v11.6
https://doi.org/10.1038/s41422-020-0355-0
https://doi.org/10.1186/s13073-022-01093-z
https://doi.org/10.1016/j.cell.2020.03.048
https://doi.org/10.22034/APJCP.2017.18.4.895
https://doi.org/10.22034/APJCP.2017.18.4.895
https://doi.org/10.1186/1476-4598-13-162
https://doi.org/10.1186/1476-4598-13-162
https://doi.org/10.1074/mcp.M111.011270
https://doi.org/10.1016/j.heliyon.2024.e27023
https://doi.org/10.1016/j.heliyon.2024.e27023
https://doi.org/10.1186/s12967-023-04094-7
https://doi.org/10.7150/jca.95269
https://doi.org/10.1016/j.tips.2016.11.009
https://doi.org/10.1007/978-3-030-62658-7_3
https://doi.org/10.7150/thno.15625
https://doi.org/10.1016/j.cytogfr.2016.08.002
https://doi.org/10.1016/j.cytogfr.2016.08.002
https://doi.org/10.3389/fcell.2022.853596
https://doi.org/10.3389/fcell.2022.853596
https://doi.org/10.1038/s41419-019-1407-6
https://doi.org/10.3389/fonc.2019.00736
https://doi.org/10.1158/1078-0432.CCR-17-2575
https://doi.org/10.1371/journal.pone.0069963
https://doi.org/10.1080/14728222.2018.1413091
https://doi.org/10.1016/S0140-6736(21)00312-3
https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1038/s41573-022-00579-0
https://doi.org/10.3322/caac.21657
https://doi.org/10.1038/nrc.2016.126
https://doi.org/10.1038/cr.2011.13
https://doi.org/10.1016/j.biopha.2017.05.058
https://doi.org/10.1016/j.biopha.2017.05.058
https://doi.org/10.1038/s41392-020-00312-6
https://doi.org/10.1016/j.bbcan.2004.09.006
https://doi.org/10.1038/s41416-021-01309-w
https://doi.org/10.3390/ijms241210337
https://doi.org/10.1038/s41417-024-00811-6
https://doi.org/10.1038/ncomms14093
https://doi.org/10.1038/s41392-020-00354-w
https://doi.org/10.18632/oncotarget.20577
https://doi.org/10.4161/cam.28346
https://doi.org/10.1111/nyas.2017.1401.issue-1
https://doi.org/10.20892/j.issn.2095-3941.2020.0133
https://doi.org/10.3389/fimmu.2022.968089
https://doi.org/10.1080/19490976.2025.2458203
https://doi.org/10.1186/s12943-024-02202-9
https://doi.org/10.3389/fimmu.2025.1586428
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

53. Antnnangeli F, Natalini A, Garassino MC, Sica A, Santoni A, Di Rosa F.
Regulation of PD-L1 expression by NF-xB in cancer. Front Immunol. (2020)
11:584626. doi: 10.3389/fimmu.2020.584626

54. Song L, Li H, Ma RR, Liu S, Zhang GH, Guo XY, et al. E2F1-initiated
transcription of PRSS22 promotes breast cancer metastasis by cleaving ANXA1 and
activating FPR2/ERK signaling pathway. Cell Death Dis. (2022) 13:982. doi: 10.1038/
541419-022-05414-3

Frontiers in Immunology

16

10.3389/fimmu.2025.1586428

55. Chen Y, Chen L, Huang S, Yang L, Wang L, Yang F, et al. Predicting novel
biomarkers for early diagnosis and dynamic severity monitoring of human ulcerative
colitis. Front Genet. (2024) 15:1429482. doi: 10.3389/fgene.2024.1429482

56. Solmi R, Ugolini G, Rosati G, Zanotti S, Lauriola M, Montroni I, et al.
Microarray-based identification and RT-PCR test screening for epithelial-specific
mRNAs in peripheral blood of patients with colon cancer. BMC Cancer. (2006)
6:250. doi: 10.1186/1471-2407-6-250

frontiersin.org


https://doi.org/10.3389/fimmu.2020.584626
https://doi.org/10.1038/s41419-022-05414-3
https://doi.org/10.1038/s41419-022-05414-3
https://doi.org/10.3389/fgene.2024.1429482
https://doi.org/10.1186/1471-2407-6-250
https://doi.org/10.3389/fimmu.2025.1586428
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Single-cell transcriptomics in colorectal cancer uncover the potential of metastasis and immune dysregulation of a cell cluster overexpressed PRSS22
	1 Introduction
	2 Materials and methods
	2.1 Data acquisition and quality control
	2.2 Data integration, dimensionality reduction, and clustering
	2.3 Estimation of chromosomal copy number variations
	2.4 Differential expression analysis and Boruta feature selection process
	2.5 Gene set functional analysis
	2.6 Cell–cell communication analysis
	2.7 Pseudotime analysis
	2.8 Immunological correlation evaluation
	2.9 Patients and clinical samples
	2.10 Quantitative real-time PCR and western blotting
	2.11 Immunohistochemistry
	2.12 Cell proliferation assay
	2.13 Colony formation assay
	2.14 Transwell assays and wound healing assay
	2.15 Statistical analysis

	3 Result
	3.1 Preliminary annotation and identification of cancer cell subtypes
	3.2 Survival analysis and cell chat analysis of the subclusters
	3.4 Pseudotime analysis using slingshot reveals the lineage of epithelial cell transition
	3.5 Biological function enrichment and immune infiltration analysis of PRSS22
	3.6 Upregulation of PRSS22 and its correlation with clinical parameters
	3.7 PRSS22 Knockdown inhibits cell migration and proliferation in CRC

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


