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Identification of key
genes associated with
perineural invasion in stage II
colorectal cancer and their
prognostic implications
Chen Chang1*, Bin Zhang2, Jingli Chen2 and Guorong Wang2*

1Department of Pathology, Shaanxi Provincial People’s Hospital, Xi’an, Shaanxi, China,
2First Department of General Surgery, Shaanxi Provincial People’s Hospital, Xi’an, Shaanxi, China
Objective: This study aimed to identify key genes associated with perineural

invasion (PNI) in stage II colorectal cancer (CRC) and develop a prognostic

nomogram. The goal was to create a model for more precise prognosis

assessment and to guide personalized treatment for stage II CRC patients

with PNI.

Methods: Bioinformatic analysis of The Cancer Genome Atlas (TCGA) database

was used to identify differentially expressed genes (DEGs) associated with PNI in

stage II CRC. Kaplan-Meier and Cox regression analyses identified prognostic

genes for overall survival (OS). These genes, along with clinical factors, were

integrated into a nomogram. The model’s performance was evaluated using

calibration curves, receiver operating characteristic (ROC)/area under the curve

(AUC) analysis, and decision curve analysis (DCA). Key gene expression in CRC

tissues was validated by immunohistochemistry (IHC) and correlated with

clinicopathological parameters.

Results: We identified 33 DEGs associated with stage II CRC and PNI. High

expression of CLDN18 and FTCD were independent poor prognostic indicators.

A nomogram incorporating these genes and clinical factors accurately predicted 1-,

3-, and 5-year overall survival (OS), with AUC values exceeding 0.7. Calibration

curves and DCA confirmed themodel’s clinical utility. Immunohistochemistry (IHC)

revealed that Claudin 18 protein expression was significantly higher in PNI-positive

CRC tissues (P < 0.05) and correlated with age and lymphatic invasion (P < 0.05).

Conclusion: We developed a novel prognostic nomogram for stage II CRC

patients with PNI. This model provides a new tool for CRC prognosis, deepens

the understanding of PNI pathogenesis, and helps identify therapeutic targets like

Claudin 18, whose expression was confirmed as a potential biomarker. This tool

can enhance personalized treatment strategies for this high-risk patient population.
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Introduction

Colorectal cancer is the third most prevalent malignancy

worldwide and has the third highest associated mortality rate (1).

In China, the incidence rate of CRC is the third highest among

malignant tumors at 28.2 per 100,000, while the mortality rate is

fifth at 13.61 per 100,000 (2). Currently, the Tumor-Node-

Metastasis (TNM) classification system is the standard for

predicting survival and recurrence in colorectal cancer patients.

In addition to TNM staging, several supplementary risk factors can

be applied to further stratify risks (3–5). The inclusion of these

additional stratification factors indicates a potential need to refine

and enhance the TNM system. Numerous studies have

demonstrated a strong correlation between PNI and decreased

survival rates as well as increased recurrence rates in CRC. The

National Comprehensive Cancer Network (NCCN) clinical practice

guidelines classify PNI as a high-risk feature for CRC recurrence,

recommending adjuvant therapy for stage II CRC patients with

positive PNI findings (4). However, the current guidelines focus

mainly on the significance of PNI in stage II CRC, leaving its

prognostic value in other stages ambiguous (6, 7).

Perineural invasion (PNI) refers to the way tumors invade by

infiltrating cancer cells along nerve fibers, which is different from

direct extension and vascular metastasis. This phenomenon was

first identified in malignant tumors of the head and neck region (8).

The average detection rate of PNI using hematoxylin and eosin

(HE) staining is about 17%, with a range of 8% to 42%. In contrast,

immunohistochemical methods can achieve detection rates of up to

70% for PNI-related protein expression (9). Recent studies on PNI

have shown significant links between PNI and factors such as poor

differentiation, T staging, and lymphatic metastasis. Thus, PNI may

serve as an alternative biomarker for the aggressive phenotype of

colorectal cancer (10).

Currently, there are no studies that explore prognostic

stratification methods using molecular expressions related to PNI

in stage II CRC. This study will develop a nomogram model that

incorporates PNI-related molecular expressions to predict the

prognosis for patients with stage II CRC. By doing so, this

approach aims to provide more comprehensive references for

assessing the prognosis of colorectal cancer patients.
Materials and methods

Data acquisition

We acquired and processed data from the TCGA database

(https://portal.gdc.cancer.gov), specifically focusing on the TCGA-

COADREAD project related to colorectal cancer. RNA sequencing

(RNA-seq) data were analyzed using the STAR pipeline to extract

FPKM-format data for stage II colorectal cancer. This data was then

matched with the corresponding clinical information.
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Study population and clinical data
collection

This was a retrospective study using archived pathological tissue

samples from 118 patients who had undergone radical resection for

colorectal cancer at Shaanxi Provincial People’s Hospital between

January 2017 and December 2018. All samples were residual tissues

obtained after the completion of clinical diagnosis. The inclusion

criteria were as follows: 1) postoperative histopathological diagnosis

confirming colorectal cancer; 2) no preoperative radiotherapy,

chemotherapy, or other systemic tumor-targeted therapy; and 3)

no history of other malignant tumors. The study protocol was

approved by the Ethics Committee of Shaanxi Provincial People’s

Hospital (Approval No. 2023-R057), which granted a waiver for

individual patient consent due to the retrospective nature of the

research and the use of fully anonymized patient data.

We conducted a comprehensive collection and documentation

of all patients’ clinical and pathological characteristics. This

included various parameters, such as gender, age at diagnosis,

tumor location, and clinical staging. For TNM staging, we

evaluated the size of the primary tumor and depth of invasion

(T), the status of regional lymph node metastasis (N), and the

presence of distant metastasis (M). We also classified histological

grading as well-differentiated, moderately differentiated, or

poorly differentiated.
Immunohistochemical staining analysis

We used the PV8000 immunohistochemistry kit and the DAB

sta ining ki t (Zhongshan J inqiao Biotechnology) for

immunohistochemical detection. The primary antibody was Rabbit

anti-Claudin 18 polyclonal antibody (21126-1-AP, Proteintech), and

experiments followed the manufacturer’s protocol. The specific

procedural steps included the following: Firstly, tissue sections were

subjected to deparaffinization and rehydration. Next, we blocked

endogenous peroxidase activity using 3% hydrogen peroxide (H2O2).

Following this, we performed microwave-mediated antigen retrieval

with a citrate buffer. After antigen retrieval, tissue sections were

incubated overnight at 4°C with the Claudin 18 antibody, followed

by DAB staining to visualize the immunoreactivity. Subsequently,

sections were counterstained with hematoxylin and dehydrated.

Finally, the specimens were mounted using neutral resin.

Immunohistochemical reactions resulting in brown-yellow granules

were considered positive. We quantified the relative expression levels of

the proteins based on staining intensity and the percentage of positively

stained area. The scoring criteria for staining intensity were as follows:

no staining (0 points), weak staining (1 point), moderate staining (2

points), and strong staining (3 points). The scoring criteria for the

stained area were: ≤10% staining (0 points), 11%-20% (1 point), 21%-

50% (2 points), 51%-70% (3 points), and >70% (4 points). The final

score was the product of the two scores. A total score of ≥6 indicated
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high expression, while a score of <6 indicated low expression. All IHC

procedures adhered to strict quality control standards, and the results

were independently evaluated by two experienced pathologists to

ensure accuracy and reproducibility of the findings.
Differential expression gene analysis

We used the DESeq2 package in R to perform differential

expression analysis on the raw counts matrix. This analysis

compared stage II CRC with other stages and examined tumors

with and without PNI. We followed standard protocols for the

analysis, including data normalization using the Variance

Stabilizing Transformations (VST) method from DESeq2. We

applied stringent filtering criteria, requiring a log2 fold change

(FC)| > 1 and a p < 0.05 to identify differentially expressed genes

(DEGs) between the two groups. Subsequent analyses examined

both unique and shared DEGs across the different groups. We used

the ggplot2 and VennDiagram packages to create clear graphical

representations of the results.
Survival analysis and nomogram model
construction

The Surv cutpoint function was utilized to calculate Kaplan-Meier

curves for overall survival (OS), with differences assessed using the log-

rank test. Genes associated with overall survival in stage II colorectal

cancer were identified, and those with p>0.05 were excluded to obtain a

set of prognostic-related genes. Univariate and multivariate Cox

regression analyses were performed to determine the independent

prognostic factors. A nomogram was constructed based on these

prognostic factors to provide a comprehensive assessment of patient

survival probabilities. The effectiveness of the nomogram model was

evaluated through receiver operating characteristic (ROC) curves, area

under the curve (AUC) values, calibration curves, and decision curve

analysis (DCA).

To test the proportional hazards assumption and fit survival

regression, the survival package was employed, and the results were

visualized using the survminer and ggplot2 packages. During the

univariate analysis, the optimal cut-off values were determined using

the surv_cutpoint function from the survminer package. The R package

“rms” was utilized to generate Cox regression models, the nomogram,

and calibration plots. Survival probabilities were predicted using the R

package “pec.” ROC curves and DCA curves were plotted using the R

packages “timeROC” and “ggDCA,” respectively. Statistical significance

was defined as a p-value of less than 0.05.
Data analysis

Statistical analysis of the collected data was performed using

software such as Microsoft Excel, GraphPad Prism 7.0, and SPSS

23.0. This study used the chi-square test to evaluate the significance of

differences between the two groups based on contingency tables.
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Additionally, we used the c² test and Fisher’s exact test to analyze

correlations among clinical pathological parameters. All tests were

performed using a two-sided approach with a significance level set

at a=0.05.
Results

Differential gene screening associated with
PIN in stage II colorectal cancer

We screened differential genes from the TCGA database using

thresholds of log2 fold change (FC) | > 1 and p < 0.05. This process

identified 370 DEGs related to stage II CRC and 161 DEGs associated

with PNI. The results were visualized with a volcano plot, which

clearly displayed both upregulated and downregulated genes. Next,

we conducted a Venn diagram analysis to identify unique and shared

genes between the two groups, revealing 33 commonly expressed

genes that were significantly altered (Figure 1).
Identification of prognostic-related genes

We downloaded and organized RNA sequencing data and

corresponding clinical information from the TCGA-COADREAD

project. The clinical data for 208 patients with stage II CRC were

complete and used in the survival analysis. We applied a threshold of p

< 0.05 to identify five genes significantly associated with overall

survival: CLDN18, FTCD, MSH4, MUC6, and PLG. Among the

identified genes, high expression of PLG was associated with longer

overall survival. In contrast, higher expression of the other genes

(CLDN18, FTCD, MSH4, and MUC6) correlated with shorter

overall survival (Figure 2).

Among the five prognostic genes identified from the Kaplan-

Meier analysis, we first excluded PLG, as our study aimed to build a

risk model based on adverse prognostic factors (oncogenes),

whereas high expression of PLG was associated with better

survival and thus considered a protective factor. For the

remaining four oncogenes (CLDN18, FTCD, MSH4, and MUC6),

we proceeded with univariate Cox regression analysis. To select the

most robust candidates for the subsequent multivariate analysis and

nomogram construction, we applied a stricter significance threshold

for inclusion (P < 0.01). As shown in the univariate analysis

(Figure 3A), only CLDN18 (P = 0.003) and FTCD (P = 0.004)

met this criterion, while MSH4 (P = 0.019) and MUC6 (P = 0.041)

did not. Therefore, only CLDN18 and FTCD were carried forward

into the final model for multivariate analysis, which confirmed

them as independent adverse prognostic factors (Figure 3B).
Construction of prognostic model for
stage II colorectal cancer patients

Given that predicting the prognosis of CRC patients using a

single biomarker or clinical characteristic is often difficult, we
frontiersin.org

https://doi.org/10.3389/fonc.2025.1612143
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chang et al. 10.3389/fonc.2025.1612143
developed a comprehensive prognostic nomogram model that

integrates CLDN18 and FTCD with clinical factors like age and

gender. This nomogram is designed to assess the probability of OS

in CRC patients. In the nomogram, the length of each variable’s line

indicates its contribution to the prognosis. The analysis showed that

CLDN18 and FTCD significantly impacted the OS of patients with

stage II CRC compared to other parameters (Figure 3C).
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Validation of the prognostic capability of
the nomogram model

We evaluated the prognostic model’s performance using

calibration curves, AUC values, and DCA. First, we plotted

calibration curves for the nomogram. These curves showed that

the model’s predicted probabilities of overall survival at 1, 3, and 5
FIGURE 2

Survival analysis of differential genes in stage II colorectal cancer patients. Patients with high expression of CLDN18, FTCD, MSH4, and MUC6
displayed shorter overall survival times, while those with high expression of PLG exhibited longer overall survival times.
FIGURE 1

Differential gene screening. (A) Volcano plot of differential analysis for stage II CRC from the TCGA-COADREAD database; (B) Volcano plot of
differential analysis related to PNI in CRC; (C) Venn diagram of differentially expressed genes.
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years closely matched the actual outcomes for stage II colorectal

cancer patients, indicating high accuracy (Figures 4A–C). Next, we

generated ROC curves to assess the predictive sensitivity and

specificity of the nomogram model. The AUC values for overall

survival were 0.726 at 1 year, 0.679 at 3 years, and 0.786 at 5 years

(Figure 4D). Moreover, the AUC values for the nomogrammodel in

predicting 1-year, 3-year, and 5-year survival were higher than

those for age, CLDN18, and FTCD. This highlights the superior

predictive performance of the nomogram model (Figures 4E, F).
Expression of Claudin 18 protein in
colorectal cancer tissues and its
correlation with clinical pathological
parameters

We performed an immunohistochemical analysis to evaluate

Claudin 18 protein expression levels in CRC tissues. The results

showed that Claudin 18 protein primarily localized to the cell
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membrane and cytoplasm (Figure 5). In colorectal cancer tissues

with PNI, the positive expression rate of Claudin 18 was 56.8% (50/

88), while it was 33.3% (10/30) in tissues without PNI. Statistical

analysis indicated a significant difference in Claudin 18 protein

expression levels between the two groups (P < 0.05, (Table 1). We

further analyzed the correlation between Claudin 18 protein

expression in colorectal cancer tissues and clinical pathological

parameters. The results revealed that Claudin 18 protein

expression levels were significantly associated with patient age

and lymphatic invasion status (P < 0.05, Table 2).
Discussion

CRC exhibits heterogeneity and complex carcinogenic

mechanisms, leading to significant variability in prognostic

outcomes, even among cases with similar pathological and

histological features. Recent research has shown a strong link

between PNI and poor prognoses in CRC patients (11, 12). PNI
FIGURE 3

Establishment of prognostic model based on COX regression analysis. (A, B) Univariate and multivariate COX regression analyses; (C) Construction of
the prognostic Nomogram model for Stage II colorectal cancer based on COX analysis results.
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FIGURE 4

Validation of prognostic capability of the nomogram model. (A–C) Calibration plots for prognostic predictions at 1-year, 3-year, and 5-year intervals;
(D) ROC curves for overall survival rates at 1 year, 3 years, and 5 years; (E–G) ROC curves for the Nomogram model and CLDN18 and FTCD at 1-
year, 3-year, and 5-year intervals.
FIGURE 5

Detection of claudin 18 protein expression in colorectal cancer tissues by immunohistochemistry. (A) Weak expression of Claudin 18 protein in
colorectal cancer; (B) Moderate expression of Claudin 18 protein in colorectal cancer; (C) Strong expression of Claudin 18 protein in colorectal cancer.
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is significantly associated with lower survival rates and higher

recurrence rates in CRC patients. It is also recognized as a critical

pathway for metastasis, along with lymphatic and hematogenous

spread (13, 14). Additionally, the presence of PNI indicates poorer

clinical outcomes (15). The NCCN clinical practice guidelines

classify PNI as a high-risk factor for CRC recurrence,

recommending adjuvant therapy for stage II CRC patients with

positive PNI status (4). PNI frequently occurs in various types of

cancer. Therapeutic strategies for CRC have diversified to include

surgery, radiotherapy, chemotherapy, targeted therapy, and

immunotherapy. However, long-term survival rates for patients

remain low (16). Given these challenges, it is essential to develop
Frontiers in Oncology 07
effective prognostic models for predicting outcomes. These models

aim to enhance the prediction of patient outcomes and enable

timely interventions and personalized treatments. This study

investigates molecular markers associated with perineural

invasion in colorectal cancer. It aims to combine these findings

with clinical characteristics to develop a nomogram model for

predicting mortality risk in patients with stage II CRC.

This study analyzed transcriptomic and clinical data related to

CRC from the TCGA database. We identified 33 genes that are

differentially expressed in relation to PNI and stage II CRC. The

survival analysis subsequently revealed five genes that are

significantly correlated with overall survival: CLDN18, FTCD,
TABLE 2 Relationship between Claudin 18 protein expression in colorectal cancer tissues and clinical pathological parameters.

Characteristic Category Positive cases, n (%) Negative cases, n (%) Total, n P value

Gender
Female 23 (19.5) 30 (25.4) 53

0.144
Male 37 (31.4) 28 (23.7) 65

Age
<60 9 (7.6) 20 (16.9) 29

0.014
≥60 51 (43.2) 38 (32.2) 89

T stage

T1 2 (1.7) 1 (0.8) 3

0.399
T2 3 (2.5) 8 (6.8) 11

T3 20 (16.9) 17 (14.4) 37

T4 35 (29.7) 32 (27.1) 67

N stage
N0 25 (21.2) 25 (21.2) 50

0.875
N+ 35 (29.7) 33 (28.0) 68

M stage
M0 58 (49.2) 56 (47.5) 114

1
M1 2 (1.7) 2 (1.7) 4

Histological type
Colon cancer 32 (27.1) 31 (26.3) 63

0.99
Rectal cancer 28 (23.7) 27 (22.9) 55

Differentiation

High 16 (13.6) 18 (15.3) 34

0.344Moderate 42 (35.6) 40 (33.9) 82

Low 2 (1.7) 0 (0.0) 2

MMR status
pMMR 38 (32.2) 28 (23.7) 66

0.1
dMMR 22 (18.6) 30 (25.4) 52

Lymphatic invasion*
No 14 (12.0) 24 (20.5) 38

0.042
Yes 45 (38.5) 34 (29.1) 79

Total 60 (50.8) 58 (49.2) 118
*Data on lymphatic invasion status was unavailable for one patient.
TABLE 1 Expression of Claudin 18 protein in colorectal cancer tissues with and without perineural invasion.

PNI status
Number of

positive cases (%)
Number of

negative cases (%)
Total number

of cases
P value

PNI 50 (56.8%) 38 (43.2%) 88
0.0263*

without PNI 10 (33.3%) 20 (66.7%) 30
*Chi-Square Test.
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MSH4, MUC6, and PLG. Notably, high levels of CLDN18 and

FTCD were confirmed as independent prognostic factors for poor

outcomes in patients with stage II CRC. While constructing the

prognostic model, we chose CLDN18 and FTCD as primary

biomarkers and combined them with clinical-pathological

parameters, including age and sex. This comprehensive

Nomogram model not only accounts for the influence of these

biomarkers but also incorporates clinical characteristics to prevent

the omission of valuable variables.

CLDN18, a member of the Claudins protein family, is a key

component of tight junctions (TJs) that regulate molecular flow

between cells by forming a paracellular barrier (17, 18). The

CLDN18 gene has two different exon 1 sequences. Alternative

splicing after transcription produces two protein isoforms,

CLDN18.1 and CLDN18.2, which differ only in their N-terminal

sequences. Research on CLDN18 has made significant

advancements, particularly in relation to gastric cancer. When

gastric cancer is classified into four molecular subtypes, the fusion

of CLDN18 with ARHGAP can be observed specifically in the

genomically stable subtype (19, 20). Due to its specific expression in

gastric cancer, CLDN18 has emerged as a potential therapeutic

target. An antibody that targets CLDN18.2 has been successfully

developed and used in gastric cancer treatment (21). Existing

studies indicate that normal colonic tissue does not express

CLDN18 (22). IHC assessments of CLDN18 expression across all

subtypes of CRC have shown significant variability, with positive

expression rates ranging between 15% and 42% (23–25).

Particularly in the serrated adenocarcinoma subtype, CLDN18

expression has been closely linked to an increase in lymph node

metastases and more advanced overall staging (26). However,

current reports on CLDN18 expression in various types of polyps

do not yet agree (26, 27). In CRC patients, the protein expression

level of CLDN18 has been identified as an independent predictor of

overall survival (28). This study is the first to investigate the impact

of CLDN18 mRNA expression levels on the overall survival of

patients with stage II CRC, revealing that high expression of

CLDN18 constitutes an independent factor for poor prognosis in

this patient population. Additionally, this study employed

immunohistochemical techniques to assess the expression levels

of Claudin 18 protein in colorectal cancer tissues. The results

demonstrated that Claudin 18 protein expression was significantly

elevated in tissues exhibiting perineural invasion and was closely

associated with clinical-pathological parameters such as age and

lymphatic invasion. This finding not only enhances the credibility

of Claudin 18 as a prognostic marker for CRC but also provides

empirical evidence for its role in the mechanisms of invasion

and metastasis.

Formimidoyltransferase cyclodeaminase (FTCD) is a

bifunctional enzyme that plays a critical role in the catabolism of

histidine. Additionally, FTCD collaborates with proteins p97 and p47

during mitosis to perform membrane tethering functions. Existing

research indicates that abnormal FTCD expression is linked to

various disease states. These include autoimmune hepatitis,

disruptions in histidine and folate metabolism, and abnormalities
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in arsenic metabolism (29–31). However, studies on FTCD in the

context of cancer are limited, primarily focusing on hepatocellular

carcinoma (HCC), with little evidence reported for other tumor types.

In HCC, FTCD significantly contributes to disease progression.

Specifically, knocking out FTCD in liver cells promotes chronic

liver cancer induced by diethylnitrosamine and spontaneous liver

tumors in mice (32). Moreover, the downregulation of FTCD

expression in the HCC has been correlated with lipid metabolic

abnormalities and poor patient prognosis (32). Notably, FTCD

stimulates macrophages to polarize towards the M1 phenotype.

This action inhibits the proliferation of HCC cells (33).

Furthermore, FTCD has been shown to positively influence the

suppression of HCC through the regulation of apoptosis, DNA

damage repair, and the phosphatidylinositol 3-kinase (PI3K)/Akt

signaling pathway (34).With regard to prognosis, a decrease in FTCD

expression has been positively correlated with favorable outcomes in

HCC (35, 36). Further investigations have revealed that the

downregulation of FTCD can diminish the activity of HIF-1a
under hypoxic conditions, thereby increasing the sensitivity of

HepG2 cells (37). This study is the first to explore the prognostic

value of FTCD in CRC. Our findings indicate that high expression

levels of FTCD are significantly associated with poor prognosis in

patients with stage II CRC.
Conclusions

This study assessed the accuracy of the Nomogram model in

predicting outcomes for patients with stage II CRC using calibration

curves, AUC values, and DCA curves. Unlike approaches that rely

solely on individual biomarkers or clinical characteristics, this

model incorporates multiple factors, thereby enhancing its

predictive capability. While our results are promising, we must

acknowledge several limitations in our research. Primarily, our

analysis focused on the genes CLDN18 and FTCD. However, the

development and progression of CRC is a complex process that

involves multiple genes and signaling pathways. Hence, in future

investigations, we plan to utilize an external validation cohort to

confirm our findings and assess the model’s validity. Additionally,

future studies should aim to explore other genes and molecular

markers associated with colorectal cancer prognosis, with the

objective of providing more comprehensive and precise

prognostic assessments for patients.
Data availability statement

The datasets presented in this article are not readily available

because The dataset used in this study was obtained from The

Cancer Genome Atlas (TCGA) database, which is publicly available.

The data is de-identified and available for academic research

purposes. Access to the dataset is governed by TCGA’s data

access policies, ensuring that the data is used in accordance with

ethical standards and patient confidentiality requirements. Data
frontiersin.org

https://doi.org/10.3389/fonc.2025.1612143
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chang et al. 10.3389/fonc.2025.1612143
usage for commercial purposes is restricted. Requests to access the

datasets should be directed to CC, changchen9185@163.com.
Ethics statement

The studies involving humans were approved by The Ethics

Committee of Shaanxi Provincial People’s Hospital (Approval No.

2023-R057). The studies were conducted in accordance with the

local legislation and institutional requirements. The human samples

used in this study were acquired from primarily isolated as part of

your previous study for which ethical approval was obtained.

Written informed consent for participation was not required

from the participants or the participants’ legal guardians/next of

kin in accordance with the nat ional legis lat ion and

institutional requirements.
Author contributions

CC: Project administration, Funding acquisition, Writing –

original draft, Conceptualization. BZ: Data curation, Writing –

review & editing, Validation. JC: Writing – review & editing,

Methodology, Resources. GW: Conceptualization, Writing –

review & editing, Funding acquisition.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This research was funded

by the Natural Science Foundation of Shaanxi Province (2023-JC-

QN-0851), the Science and Technology Department of Shaanxi
Frontiers in Oncology 09
Province -Science and Technology Innovation Team (2020TD-

048), the Talent Program Projects of Shaanxi Provincial People’s

Hospital (2023JY-08; 2021LJ-08), and the Science and Technology

Development Incubation Fund of Shaanxi Provincial People’s

Hospital (2021YJY-41).
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 AI statement

The authors declare that no Gen AI was used in the creation of

this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
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.
References
1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J
Clin. (2023) 73:17–48. doi: 10.3322/caac.21763

2. Zheng RS, Chen R, Han BF, Wang SM, Li L, Sun KX, et al. Cancer incidence and
mortality in China, 2022. Zhonghua Zhong Liu Za Zhi. (2024) 46:221–31.

3. Diagnosis, Treatment Guidelines For Colorectal Cancer Working Group C.
Chinese Society of Clinical Oncology (CSCO) diagnosis and treatment guidelines for
colorectal cancer 2018 (English version). Chin J Cancer Res. (2019) 31:117–34.
doi: 10.21147/j.issn.1000-9604.2019.01.07

4. Benson AB, Venook AP, Al-Hawary MM, Arain MA, Chen YJ, Ciombor KK, et al.
Colon cancer, version 2.2021, NCCN clinical practice guidelines in oncology. J Natl
Compr Canc Netw. (2021) 19:329–59. doi: 10.6004/jnccn.2021.0012

5. Li J, Mei S, Zhou S, Zhao F, Liu Q. Perineural invasion is a prognostic factor in
stage II colorectal cancer but not a treatment indicator for traditional chemotherapy: a
retrospective cohort study. J Gastrointest Oncol. (2022) 13:710–21. doi: 10.21037/jgo-
22-277

6. Hu G, Li L, Hu K. Clinical implications of perineural invasion in patients with
colorectal cancer. Med (Baltimore) . (2020) 99:e19860. doi : 10.1097/
MD.0000000000019860

7. Leijssen LGJ, DinauxAM, TaylorMS, Deshpande V, KunitakeH, Bordeianou LG, et al.
Perineural Invasion Is a Prognostic but not a Predictive Factor in Nonmetastatic Colon
Cancer. Dis Colon Rectum. (2019) 62:1212–21. doi: 10.1097/DCR.0000000000001450

8. Goepfert H, Dichtel WJ, Medina JE, Lindberg RD, Luna MD. Perineural invasion
in squamous cell skin carcinoma of the head and neck. Am J Surg. (1984) 148:542–7.
doi: 10.1016/0002-9610(84)90385-4
9. van Wyk HC, Going J, Horgan P, McMillan DC. The role of perineural invasion
in predicting survival in patients with primary operable colorectal cancer: A systematic
rev iew. Cri t Rev Onco l Hemato l . (2017) 112 :11–20 . do i : 10 .1016/
j.critrevonc.2017.02.005

10. Sun Q, Liu T, Liu P, Luo J, Zhang N, Lu K, et al. Perineural and lymphovascular
invasion predicts for poor prognosis in locally advanced rectal cancer after neoadjuvant
chemoradiotherapy and surgery. J Cancer. (2019) 10:2243–9. doi: 10.7150/jca.31473

11. Qin L, Heng Y, Deng S, Gu J, Mao F, Xue Y, et al. Perineural invasion affects
prognosis of patients undergoing colorectal cancer surgery: a propensity score
matching analysis. BMC Cancer. (2023) 23:452. doi: 10.1186/s12885-023-10936-w

12. Zhang B, Lin Y,Wang C, Chen Z, Huang T, Chen H, et al. Combining perineural
invasion with staging improve the prognostic accuracy in colorectal cancer: a
retrospective cohort study. BMC Cancer. (2023) 23:675. doi: 10.1186/s12885-023-
11114-8

13. Chen SH, Zhang BY, Zhou B, Zhu CZ, Sun LQ, Feng YJ. Perineural invasion of
cancer: a complex crosstalk between cells and molecules in the perineural niche. Am J
Cancer Res. (2019) 9:1–21.

14. Wang H, Zheng Q, Lu Z, Wang L, Ding L, Xia L, et al. Role of the nervous system
in cancers: a review. Cell Death Discov. (2021) 7:76. doi: 10.1038/s41420-021-00450-y

15. Wang H, Huo R, He K, Cheng L, Zhang S, Yu M, et al. Perineural invasion in
colorectal cancer: mechanisms of action and clinical relevance. Cell Oncol (Dordr).
(2024) 47:1–17. doi: 10.1007/s13402-023-00857-y

16. Olenius T, Koskenvuo L, Koskensalo S, Lepisto A, Bockelman C. Long-term
survival among colorectal cancer patients in Finland, 1991-2015: a nationwide
frontiersin.org

mailto:changchen9185@163.com
https://doi.org/10.3322/caac.21763
https://doi.org/10.21147/j.issn.1000-9604.2019.01.07
https://doi.org/10.6004/jnccn.2021.0012
https://doi.org/10.21037/jgo-22-277
https://doi.org/10.21037/jgo-22-277
https://doi.org/10.1097/MD.0000000000019860
https://doi.org/10.1097/MD.0000000000019860
https://doi.org/10.1097/DCR.0000000000001450
https://doi.org/10.1016/0002-9610(84)90385-4
https://doi.org/10.1016/j.critrevonc.2017.02.005
https://doi.org/10.1016/j.critrevonc.2017.02.005
https://doi.org/10.7150/jca.31473
https://doi.org/10.1186/s12885-023-10936-w
https://doi.org/10.1186/s12885-023-11114-8
https://doi.org/10.1186/s12885-023-11114-8
https://doi.org/10.1038/s41420-021-00450-y
https://doi.org/10.1007/s13402-023-00857-y
https://doi.org/10.3389/fonc.2025.1612143
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chang et al. 10.3389/fonc.2025.1612143
population-based registry study. BMC Cancer. (2022) 22:356. doi: 10.1186/s12885-022-
09460-0

17. Jia H, Chai X, Li S, Wu D, Fan Z. Identification of claudin-2, -6, -11 and -14 as
prognostic markers in human breast carcinoma. Int J Clin Exp Pathol. (2019) 12:2195–
204.

18. Milatz S, Piontek J, Hempel C, Meoli L, Grohe C, Fromm A, et al. Tight junction
strand formation by claudin-10 isoforms and claudin-10a/-10b chimeras. Ann N Y
Acad Sci. (2017) 1405:102–15. doi: 10.1111/nyas.2017.1405.issue-1

19. Cancer Genome Atlas Research N. Comprehensive molecular characterization of
gastric adenocarcinoma. Nature. (2014) 513:202–9. doi: 10.1038/nature13480

20. Suh YS, Na D, Lee JS, Chae J, Kim E, Jang G, et al. Comprehensive molecular
characterization of adenocarcinoma of the gastroesophageal junction between
esophageal and gastric adenocarcinomas. Ann Surg. (2022) 275:706–17. doi: 10.1097/
SLA.0000000000004303

21. Sahin U, Tureci O, Manikhas G, Lordick F, Rusyn A, Vynnychenko I, et al.
FAST: a randomised phase II study of zolbetuximab (IMAB362) plus EOX versus EOX
alone for first-line treatment of advanced CLDN18.2-positive gastric and gastro-
oesophageal adenocarcinoma. Ann Oncol. (2021) 32:609–19. doi: 10.1016/
j.annonc.2021.02.005

22. Sentani K, Oue N, Tashiro T, Sakamoto N, Nishisaka T, Fukuhara T, et al.
Immunohistochemical staining of Reg IV and claudin-18 is useful in the diagnosis of
gastrointestinal signet ring cell carcinoma. Am J Surg Pathol. (2008) 32:1182–9.
doi: 10.1097/PAS.0b013e318163a8f8

23. Hong JY, An JY, Lee J, Park SH, Park JO, Park YS, et al. Claudin 18.2 expression
in various tumor types and its role as a potential target in advanced gastric cancer.
Transl Cancer Res. (2020) 9:3367–74. doi: 10.21037/tcr-19-1876

24. Li WT, Jeng YM, Yang CY. Claudin-18 as a marker for identifying the stomach
and pancreatobiliary tract as the primary sites of metastatic adenocarcinoma. Am J Surg
Pathol. (2020) 44:1643–8. doi: 10.1097/PAS.0000000000001583

25. Iwaya M, Hayashi H, Nakajima T, Matsuda K, Kinugawa Y, Tobe Y, et al. Colitis-
associated colorectal adenocarcinomas frequently express claudin 18 isoform 2:
implications for claudin 18.2 monoclonal antibody therapy. Histopathology. (2021)
79:227–37. doi: 10.1111/his.14358

26. Sentani K, Sakamoto N, Shimamoto F, Anami K, Oue N, Yasui W. Expression of
olfactomedin 4 and claudin-18 in serrated neoplasia of the colorectum: a characteristic
pattern is associated with sessile serrated lesion. Histopathology. (2013) 62:1018–27.
doi: 10.1111/his.2013.62.issue-7
Frontiers in Oncology 10
27. Kim JH, Kim KJ, Rhee YY, Bae JM, Cho NY, Lee HS, et al. Gastric-type
expression signature in serrated pathway-associated colorectal tumors. Hum Pathol.
(2015) 46:643–56. doi: 10.1016/j.humpath.2015.01.003

28. Matsuda M, Sentani K, Noguchi T, Hinoi T, Okajima M, Matsusaki K, et al.
Immunohistochemical analysis of colorectal cancer with gastric phenotype: claudin-18
is associated with poor prognosis. Pathol Int. (2010) 60:673–80. doi: 10.1111/j.1440-
1827.2010.02587.x

29. Solans A, Estivill X, de la Luna S. Cloning and characterization of human FTCD
on 21q22.3, a candidate gene for glutamate formiminotransferase deficiency. Cytogenet
Cell Genet. (2000) 88:43–9. doi: 10.1159/000015483

30. Majumdar R, Yori A, Rush PW, Raymond K, Gavrilov D, Tortorelli S, et al.
Allelic spectrum of formiminotransferase-cyclodeaminase gene variants in individuals
with formiminoglutamic aciduria. Mol Genet Genomic Med. (2017) 5:795–9.
doi: 10.1002/mgg3.2017.5.issue-6

31. Labib OH, Harb OA, Khalil OH, Baiomy TA, Gertallah LM, Ahmed RZ. The
diagnostic value of arginase-1, FTCD, and MOC-31 expression in early detection of
hepatocellular carcinoma (HCC) and in differentiation between HCC and metastatic
adenocarcinoma to the liver. J Gastrointest Cancer. (2020) 51:88–101. doi: 10.1007/
s12029-019-00211-2

32. Wang S, Zhou Y, Yu R, Ling J, Li B, Yang C, et al. Loss of hepatic FTCD
promotes lipid accumulation and hepatocarcinogenesis by upregulating PPARgamma
and SREBP2. JHEP Rep. (2023) 5:100843. doi: 10.1016/j.jhepr.2023.100843

33. Liu Y, Tang Y, Jiang H, Zhang X, Chen X, Guo J, et al. Exosome-related FTCD
facilitates M1 macrophage polarization and impacts the prognosis of hepatocellular
carcinoma. Biomolecules. (2023) 14. doi: 10.3390/biom14010041

34. Chen J, Chen Z, Huang Z, Yu H, Li Y, Huang W. Formiminotransferase
cyclodeaminase suppresses hepatocellular carcinoma by modulating cell apoptosis,
DNA damage, and phosphatidylinositol 3-kinases (PI3K)/akt signaling pathway. Med
Sci Monit. (2019) 25:4474–84. doi: 10.12659/MSM.916202

35. Rong MH, Li JD, Zhong LY, Huang YZ, Chen J, Xie LY, et al. CCNB1 promotes
the development of hepatocellular carcinoma by mediating DNA replication in the cell
cycle. Exp Biol Med (Maywood). (2022) 247:395–408. doi: 10.1177/15353702211049149

36. Tian Y, Lu J, Qiao Y. A metabolism-associated gene signature for prognosis
prediction of hepatocellular carcinoma. Front Mol Biosci. (2022) 9:988323.
doi: 10.3389/fmolb.2022.988323

37. Yu Z, Ge Y, Xie L, Zhang T, Huang L, Zhao X, et al. Using a yeast two-hybrid
system to identify FTCD as a new regulator for HIF-1alpha in HepG2 cells. Cell Signal.
(2014) 26:1560–6. doi: 10.1016/j.cellsig.2014.03.016
frontiersin.org

https://doi.org/10.1186/s12885-022-09460-0
https://doi.org/10.1186/s12885-022-09460-0
https://doi.org/10.1111/nyas.2017.1405.issue-1
https://doi.org/10.1038/nature13480
https://doi.org/10.1097/SLA.0000000000004303
https://doi.org/10.1097/SLA.0000000000004303
https://doi.org/10.1016/j.annonc.2021.02.005
https://doi.org/10.1016/j.annonc.2021.02.005
https://doi.org/10.1097/PAS.0b013e318163a8f8
https://doi.org/10.21037/tcr-19-1876
https://doi.org/10.1097/PAS.0000000000001583
https://doi.org/10.1111/his.14358
https://doi.org/10.1111/his.2013.62.issue-7
https://doi.org/10.1016/j.humpath.2015.01.003
https://doi.org/10.1111/j.1440-1827.2010.02587.x
https://doi.org/10.1111/j.1440-1827.2010.02587.x
https://doi.org/10.1159/000015483
https://doi.org/10.1002/mgg3.2017.5.issue-6
https://doi.org/10.1007/s12029-019-00211-2
https://doi.org/10.1007/s12029-019-00211-2
https://doi.org/10.1016/j.jhepr.2023.100843
https://doi.org/10.3390/biom14010041
https://doi.org/10.12659/MSM.916202
https://doi.org/10.1177/15353702211049149
https://doi.org/10.3389/fmolb.2022.988323
https://doi.org/10.1016/j.cellsig.2014.03.016
https://doi.org/10.3389/fonc.2025.1612143
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Identification of key genes associated with perineural invasion in stage II colorectal cancer and their prognostic implications
	Introduction
	Materials and methods
	Data acquisition
	Study population and clinical data collection
	Immunohistochemical staining analysis
	Differential expression gene analysis
	Survival analysis and nomogram model construction
	Data analysis

	Results
	Differential gene screening associated with PIN in stage II colorectal cancer
	Identification of prognostic-related genes
	Construction of prognostic model for stage II colorectal cancer patients
	Validation of the prognostic capability of the nomogram model
	Expression of Claudin 18 protein in colorectal cancer tissues and its correlation with clinical pathological parameters

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References




