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Abstract  

Colorectal cancer (CRC) remains a leading cause of cancer mortality worldwide, with increasing incidence in 

Asia, including Indonesia. Claudin-4, a tight junction protein, plays a paradoxical role in epithelial barrier function and 

tumor progression. This study aimed to investigate the relationship between Claudin-4 expression and major prognostic 

parameters in colorectal adenocarcinoma. A total of 104 formalin-fixed paraffin-embedded tissue blocks of colorectal 

adenocarcinoma were analyzed immunohistochemically. Claudin-4 expression was categorized as strong (79.8%) or 

weak (20.2%) based on the Total Immunostaining Score (TIS). Statistical analysis revealed no significant association 

between Claudin-4 expression and age, sex, tumor location, or size. However, Claudin-4 expression was significantly 

negatively correlated with lymphovascular invasion (p = 0.020; OR = 0.314, 95% CI 0.114 - 0.861), lymph node 

metastasis (p = 0.011; OR = 0.283, 95% CI 0.103 - 0.778), and pathological stage (p = 0.028). No significant correlation 

was observed with distant metastasis. These findings suggest that Claudin-4 may serve as a prognostic biomarker 

reflecting tumor invasiveness, supporting its potential role in guiding risk stratification in CRC patients.  

 

Keywords: Colorectal adenocarcinoma, Claudin-4, Lymphovascular invasion, Lymph node metastasis, Prognostic 
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Introduction 

Colorectal cancer (CRC) remains one of the 

leading causes of cancer-related death worldwide. 

According to GLOBOCAN 2022, CRC ranks third in 

incidence, representing 10% of all new cases, and 

second in mortality, accounting for approximately 

9.3% of all cancer deaths [1]. In Indonesia, CRC is 

among the 5 most common malignancies and continues 

to rank among the top 5 causes of cancer mortality [2]. 

Its risk is shaped by complex interactions between 

genetic predisposition, environmental exposures, and 

lifestyle factors [2]. While surgery and radiotherapy 

remain the mainstay for early-stage CRC, advanced 

disease often requires systemic chemotherapy [3]. 

Colorectal adenocarcinoma (CRA) is the predominant 

histological subtype [4,5]. Its prognosis, however, is 

highly dependent on histopathological and molecular 

tumor characteristics [6]. Established prognostic 

indicators include histopathological grade, tumor 

budding, tumor infiltration (T), lymphovascular 

invasion (LVSI), perineural invasion, and lymph node 

metastasis (LNM) [6,7]. Among these, LVSI and LNM 

remain among the strongest predictors of metastatic 

potential and poor outcome [2]. 

Claudin-4 is a transmembrane protein and an 

essential component of tight junctions (TJs) that 
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safeguard epithelial barrier integrity [8]. Claudin 

proteins, including Claudin-4, are expressed at 

different sites in epithelial cells, the apical membrane, 

basolateral membrane, and even the nucleus, each 

location reflecting distinct biological functions. At the 

apical membrane, Claudin-4 forms part of the TJ 

complex together with occludin, which connects to 

intracellular actin filaments to maintain intercellular 

adhesion [9]. At the basolateral membrane, Claudin-4 

contributes to the activation of pro-MMP into MMP 

and interacts with integrins in focal adhesion 

complexes, thereby influencing critical signaling 

pathways such as MAPK [9]. 

Beyond its structural role, Claudin-4 also exerts 

multiple non-junctional functions that have attracted 

increasing attention in cancer biology [8]. Non-TJ 

Claudin-4 has been implicated in enhancing stemness, 

promoting anti-apoptotic effects, conferring drug 

resistance, and facilitating metastatic capacity in cancer 

cells [8,10,11]. Furthermore, Claudin-4 plays a role in 

epithelial mesenchymal transition (EMT) and 

metastatic colonization [8,9,11]. Interestingly, Claudin-

4 demonstrates a paradoxical behavior in 

tumorigenesis. On the one hand, Claudin-4-mediated 

TJs maintain a tumor microenvironment enriched with 

growth factors such as VEGF and IL-8, which 

promotes angiogenesis and tumor progression [8,11-

13]. On the other hand, dysregulation or 

downregulation of Claudin-4 may facilitate the loss of 

cell cohesion and enhance tumor cell motility, 

accelerating invasion and metastasis [12]. 

Although Claudin-4 has been widely studied in 

other malignancies, its prognostic significance in 

colorectal adenocarcinoma remains controversial and 

insufficiently characterized. Some studies link high 

Claudin-4 expression with tumor aggressiveness and 

EMT, whereas others report that decreased expression 

correlates with invasive features and advanced disease 

[8,11]. Importantly, data from Southeast Asia, 

particularly Indonesia, are still scarce, despite the 

unique population characteristics and increasing 

burden of CRC in the region [14]. 

Based on this paradoxical role, we hypothesized 

that Claudin-4 expression is closely related to tumor 

invasiveness in colorectal adenocarcinoma. 

Specifically, we expected strong Claudin-4 expression 

to be more common in early-stage tumors without 

LVSI or LNM, whereas reduced expression would 

correlate with more aggressive features, including 

LVSI, LNM, and advanced pathological stage. 

This study was designed to investigate whether 

Claudin-4 can serve as a prognostic biomarker 

reflecting tumor invasiveness and regional metastasis 

in colorectal adenocarcinoma, or whether its role is 

more closely tied to tumorigenesis itself. By addressing 

this knowledge gap, particularly in the Indonesian 

population, we aim to provide evidence that contributes 

to a better understanding of CRC biology and to the 

development of more accurate risk stratification 

strategies for patient management. To the best of our 

knowledge, this is the first study from Indonesia to 

comprehensively evaluate Claudin-4 expression in 

colorectal adenocarcinoma and its correlation with key 

prognostic parameters, including lymphovascular 

invasion, lymph node metastasis, and pathological 

stage. In doing so, the study not only provides 

population-specific evidence but also contributes to the 

global understanding of the paradoxical role of 

Claudin-4 in tumor biology, highlighting its potential 

as an additional prognostic biomarker to support risk 

stratification and guide more tailored clinical decision-

making in colorectal cancer. 

 

Materials and methods 

Study design and samples 

This cross-sectional study was conducted 

between October 2024 and January 2025 at the 

Anatomic Pathology Laboratory, Faculty of Medicine, 

Hasanuddin University, Makassar, Indonesia. A total 

of 104 paraffin-embedded tissue specimens from 

patients diagnosed with colorectal adenocarcinoma 

were analyzed. These specimens were obtained from 

the archives of the Anatomic Pathology Laboratory, 

Dr. Wahidin Sudirohusodo General Hospital, and 

Hasanuddin University Hospital, collected between 

January 2022 and December 2024. All included cases 

had a histologically confirmed diagnosis of colorectal 

adenocarcinoma and complete clinicopathological data 

that fulfilled the study’s inclusion criteria. 
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Immunohistochemistry (IHC) and evaluation 

of claudin-4 expression 

Claudin-4 expression was evaluated by 

immunohistochemistry (IHC) using a rabbit polyclonal 

anti-Claudin-4 antibody (E-AB-15673, Elabscience) at 

a dilution of 1:400. Sections were prepared from 

paraffin blocks at a thickness of 3 µm, deparaffinized, 

and subjected to IHC staining. Claudin-4 reactivity was 

observed in the membrane and/or cytoplasm of tumor 

cells under an Olympus CX-43 light microscope at 

400× magnification. To minimize bias, all slides were 

independently evaluated by 2 blinded pathologists who 

were unaware of the patients’ clinical data. Claudin-4 

expression was scored semiquantitatively using the 

Total Immunostaining Score (TIS), derived by 

multiplying the intensity and proportion scores, 

yielding a scale of 1 to 9. Intensity was graded as: 0 

(negative, no staining), 1 (weak), 2 (moderate), and 3 

(strong). The proportion of positive tumor cells was 

scored as: 0 (< 5%), 1 (5% - 25%), 2 (26% - 50%), and 

3 (≥ 51%). Claudin-4 expression was categorized as 

weak when TIS < 3 and strong when TIS ≥ 3. 

 

Assessment of clinicopathological characteris-

tics 

Clinicopathological data, including patient age, 

sex, tumor location (proximal, distal, rectum, rectosig-

moid), tumor size, histopathological grade (low-grade 

and high-grade), tumor infiltration (T), lymphovascular 

invasion (LVSI), lymph node metastasis (LNM), N 

status (regional lymph node involvement), distant 

metastasis (M status), and pathological stage, were 

obtained from medical records. Histopathological 

grade, LVSI, LNM, and tumor infiltration were 

determined according to standard pathological criteria. 

 

Statistical analysis 

Statistical analyses were performed using SPSS 

version 30. Descriptive statistics were used to 

summarize the basic characteristics of the samples. 

Bivariate analyses were conducted using the Chi-

square test, Mann-Whitney test, and Fisher’s exact test 

to evaluate the association between Claudin-4 

expression (strong vs. weak) and categorical 

clinicopathological variables, including LVSI, LNM, 

histopathological grade, tumor location, tumor size, 

distant metastasis, pathological stage, age, and sex. A 

p-value ≤ 0.05 was considered statistically significant. 

 

Ethical approval 

This study was reviewed and approved by the 

Research Ethics Committee of the Faculty of Medicine, 

Hasanuddin University, Makassar, Indonesia 

(Approval No: Protocol # UH24A9AV23 - Registry 

905/UN4.6.4.5.31/ PP36/ 2A24). All procedures were 

conducted in accordance with the ethical standards of 

the institutional and national research committees, as 

well as the Declaration of Helsinki. 

 

Results and discussion 

A total of 104 cases of colorectal adenocarcinoma 

were analyzed in this study. The clinical and 

pathological characteristics of the cohort are well 

described, encompassing a broad range of ages, sex 

distribution, tumor locations, sizes, grading, tumor 

infiltration, lymphovascular invasion, nodal 

involvement, metastatic status, and pathological stage 

(Table 1). This comprehensive sampling strengthens 

the generalizability of the findings and allows for 

robust subgroup analysis, as emphasized by previous 

epidemiological studies. By age distribution, the 

majority of patients were older than 50 years (73.1%), 

while those aged ≤ 50 years accounted for 26.9% of 

cases. In terms of sex, male patients were slightly more 

frequent (53.8%) than female patients (46.2%). Tumor 

location was most commonly in the rectum (34.6%), 

followed by the distal colon (30.8%), the proximal 

colon (28.8%), and least frequently in the rectosigmoid 

region (5.8%). Regarding tumor size, most cases 

measured 3 - 5 cm (56.7%), followed by tumors larger 

than 5 cm (32.7%), while tumors smaller than 3 cm 

were less common (10.6%). Histopathologically, low-

grade tumors predominated (62.5%), whereas high-

grade tumors were identified in 37.5% of cases. For 

tumor infiltration (T), most patients fell into categories 

T2 (39.4%) and T3 (41.3%), while only 19.2% were 

classified as T1. With respect to lymphovascular 

invasion (LVSI), more than half of the cases were 

negative (55.8%), while 44.2% were positive. 
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Table 1 Characteristics of colorectal adenocarcinoma samples examined. 

Characteristics n (%) 

Age  

≤ 50 28 (26.9) 

> 50 76 (73.1) 

Sex  

Male 56 (53.8) 

Female 48 (46.2) 

Tumor Location  

Proximal 30 (28.8) 

Distal 32 (30.8) 

Rectum 36 (34.6) 

Rectosigmoid 6 (5.8) 

Tumor Size (cm)  

< 3 11 (10.6) 

3 - 5 59 (56.7) 

> 5 34 (32.7) 

Histopathological Grade  

Low 65 (62.5) 

High 39 (37.5) 

Tumor Infiltration (T)  

T1 (limited to the submucosa) 20 (19.2) 

T2 (through muscularis propria) 41 (39.4) 

T3 (through visceral peritoneum or other organs) 43 (41.3) 

Lymphovascular Invasion  

Negative 58 (55.8) 

Positive 46 (44.2) 

Lymph Nodes Metastasis  

Negative 60 (57.7) 

Positive 44 (42.3) 

N status (Metastases to Regional Lymph Node)  

N0 (no regional lymph node metastases) 60 (57.7) 

N1a (metastases in 1 regional lymph nodes) 20 (19.2) 

N1b (metastases in 2 - 3 regional lymph nodes) 15 (14.4) 

N2a (metastases in 4 - 6 regional lymph nodes) 8 (7.7) 

N2b (metastases in > 6 regional lymph nodes) 1 (1.0) 

Distant Organ Metastasis  

Negative 81 (77.9) 

Positive 23 (22.1) 

Liver Metastasis 19 (18.3) 

Lung Metastasis 2 (1.9) 
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Characteristics n (%) 

Bone Metastasis 1 (1.0) 

Liver, Lung, and Bone Metastasis 1 (1.0) 

M status  

M0 (No distant metastasis) 81 (77.9) 

M1a (Metastasis to a single organ) 21 (20.2) 

M1b (Metastasis to ≥ 2 organs or sites) 2 (1.9) 

Pathological Stage  

Stage I 34 (32.7) 

Stage IIA 19 (18.3) 

Stage IIB 1 (1.0) 

Stage IIIA 12 (11.5) 

Stage IIIB 19 (18.3) 

Stage IVA 18 (17.3) 

Stage IVB 1 (1.0) 

Claudin-4 Expression  

Strong 83 (79.8) 

Weak 21 (20.2) 

 

Lymph node metastasis was observed in 42.3% 

of cases. The distribution of nodal status showed N0 in 

57.7%, N1a in 19.2%, N1b in 14.4%, N2a in 7.7%, and 

N2b in 1.0% of cases. For distant metastasis (M status), 

most patients were classified as M0 (77.9%), whereas 

M1a (20.2%) and M1b (1.9%) were found in a smaller 

proportion. The liver was the most frequent site of 

distant spread (18.3%), followed by the lungs (1.9%) 

and bones (1.0%). When analyzed by pathological 

stage, most cases were diagnosed at stage I (32.7%), 

followed by stage IIA (18.3%), stage IIIB (18.3%), 

stage IIIA (11.5%), stage IVA (17.3%), and stage IVB 

(1.0%). With respect to Claudin-4 expression, the 

majority of tumors showed strong expression (79.8%), 

while weak expression was observed in 20.2% of 

cases. 

This study demonstrated that most patients with 

colorectal adenocarcinoma were older than 50 years. 

This finding is consistent with epidemiological studies 

reporting that colorectal cancer (CRC) occurs more 

frequently in individuals aged 50 years and above [15]. 

The main risk factors for CRC at older ages include 

overweight and obesity, smoking, heavy alcohol 

consumption, high intake of red or processed meat, and 

low levels of physical activity [14]. 

In this cohort, male patients predominated 

(53.8%), which aligns with previous reports indicating 

that men are at higher risk of developing CRC 

compared to women. This disparity has been linked to 

hormonal differences, alcohol intake, and smoking 

habits [16]. Men are considered more vulnerable to 

CRC due to lifestyle patterns that increase exposure to 

these risk factors, while in women, estrogen appears to 

play a protective role against CRC development 

[15,17]. This protective effect is not limited to 

endogenous estrogen but is also observed with oral 

contraceptive use and postmenopausal hormone 

replacement therapy, both of which have been 

associated with a reduced risk of CRC [18]. 

Mechanistically, estrogen is believed to enhance 

survival in women through regulation of genes 

involved in ion transport and epithelial-mesenchymal 

transition via crosstalk with the Wnt/β-catenin 

pathway. Furthermore, estrogen modulates 

proliferative responses of CRC cells under hypoxic 

conditions through G-protein-coupled estrogen 

receptor (GPER), HIF1A, and VEGF signaling 

pathways [17,19]. 

The predominance of tumors in the rectum 

(34.6%) is also in agreement with previous studies 
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reporting higher proportions of rectal and distal colon 

cancers in Asian populations, a pattern thought to be 

associated with diets rich in animal fat and low in fiber 

[14,20]. Most tumors measured 3 - 5 cm at the time of 

diagnosis, suggesting that patients often presented with 

relatively large tumors, likely due to delayed detection 

[21]. 

From a histopathological perspective, low-grade 

tumors accounted for the majority of cases (62.5%), 

which is consistent with the general pattern of 

colorectal adenocarcinoma, where most tumors are still 

well- to moderately differentiated. However, the 

relatively high proportion of lymphovascular invasion 

(44.2%) and lymph node metastasis (42.3%) indicates 

that despite the predominance of low-grade tumors, 

many patients already presented with invasive disease 

that increases the risk of further dissemination [22]. 

The pattern of spread observed in this study 

showed that nearly half of the patients had lymph node 

involvement (42.3%), with most falling into the N1 

category (33.6%), defined as metastasis to one to 3 

regional lymph nodes. This finding is in line with the 

well-established concept that lymphatic dissemination 

represents one of the earliest steps in colorectal cancer 

progression before tumor cells enter the systemic 

circulation and metastasize to distant organs [7], [21]. 

Lymph node involvement has long been recognized as 

a key predictor of prognosis and serves as a 

cornerstone of the globally applied TNM staging 

system (UICC/AJCC) [13]. Ueno et al. [23] further 

demonstrated that the number of metastatic lymph 

nodes is directly correlated with recurrence risk and 

poorer survival outcomes. 

Regarding distant metastasis, this study 

reaffirmed that the liver was the most common site 

involved (18.3%), which is consistent with the 

hematogenous spread through the portal venous system 

that makes the liver the first “filter” for disseminating 

cancer cells [24,25]. This proportion is comparable to 

the findings of Wangi et al. [24], who reported that 

more than half of CRC patients with distant metastasis 

had liver involvement, either as the sole metastatic site 

or in combination with other organs. By contrast, 

pulmonary (1.9%) and bone metastases (1.0%) were 

relatively rare, but their presence reflects advanced 

disease associated with poor prognosis. These findings 

are in agreement with the population-based study by 

Riihimäki et al. [26], which documented the typical 

metastatic pattern of CRC, with the liver as the 

dominant site, followed by the lungs and bones. 

Clinically, the combination of lymph node and 

distant organ involvement highlights that many patients 

in this cohort were already diagnosed at a potentially 

aggressive stage of disease. The fact that nearly half of 

the cases had nodal metastasis and about one-fifth had 

liver involvement underscores the importance of early 

detection and structured screening programs in high-

risk populations. Moreover, histopathological 

evaluation of nodal status, along with radiological 

assessment for distant spread, is essential not only for 

risk stratification but also for guiding therapeutic 

strategies, including decisions between curative 

resection and systemic chemotherapy. 

When analyzed by pathological stage, more than 

half of the patients were diagnosed at an early stage (I-

II). This is encouraging, as curative treatment offers a 

higher chance of long-term survival when CRC is 

detected early. Nevertheless, a considerable proportion 

of patients were already at advanced stages (III-IV), 

accounting for nearly half of all cases. This distribution 

mirrors reports from other Southeast Asian countries, 

where the stage at diagnosis varies widely depending 

on access to healthcare and the availability of 

systematic screening programs [14]. 

In terms of biomarker expression, Claudin-4 was 

strongly expressed in 79.8% of cases. This finding is 

consistent with previous reports that Claudin-4 is 

frequently overexpressed in colorectal adenocarcinoma 

and may be associated with tumor aggressiveness, 

deeper invasion, and EMT [11,27]. However, its role as 

a prognostic biomarker remains controversial, as some 

studies have linked high expression to more favorable 

outcomes. The present study therefore contributes to 

the growing body of evidence suggesting that Claudin-

4 has potential as an additional prognostic marker, 

particularly when considered in combination with 

histopathological features and tumor staging. 

The intensity of Claudin-4 

immunohistochemistry staining can be observed in the 

membrane and/or cytoplasm of tumor cells to varying 

degrees. Figure 1 below shows the expression of 

Claudin-4 for each intensity score. 
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Figure 1 Claudin-4 Intensity in Colorectal Adenocarcinoma. A: Strong (+3); B: Moderate (+2); C: Weak (+1); D: 

Negative (0). The arrows highlight representative tumor cells demonstrating the respective levels of Claudin-4 staining 

intensity (IHC, 400× Magnification). 

 

Table 2 Correlation of Claudin-4 expression with age, sex, tumor location, tumor size of colorectal adenocarcinoma 

samples. 

Characteristics (n) 

Claudin-4 Expression 

p Valuea Weak 

n (%) 

Strong 

n (%) 

Age   

≤ 50 28 6 (21.4) 22 (78.6) 
0.849 

> 50 76 15 (19.7) 61 (80.3) 

Sex   

Male 56 12 (21.4) 44 (78.6) 
0.734 

Female 48 9 (18.8) 39 (81.3) 

Tumor Location   

Proximal 30 8 (26.7) 22 (73.3) 

0.518b 
Distal 32 1 (3.1) 31 (96.9) 

Rectum 36 10 (27.8) 26 (72.2) 

Rectosigmoid 5 2 (33.3) 4 (66.7) 

Tumor Size (cm)     

< 3 11 1 (9.1) 10 (90.9)  

3 - 5 59 11(18.6) 48 (81.4) 0.415 

> 5 34 9 (26.5) 25 (73.5)  

aChi-square test; bMann-Whitney test; *Significant p value ≤ 0.05. 
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Table 2 presents the analysis of the relationship 

between Claudin-4 expression and patient 

characteristics in colorectal adenocarcinoma. The 

findings demonstrate that there were no statistically 

significant differences across the variables examined. 

For age, strong Claudin-4 expression was observed in 

78.6% of patients ≤ 50 years and 80.3% of patients > 

50 years (p = 0.849). Regarding sex, strong expression 

was seen in 78.6% of male patients and 81.3% of 

female patients, with no statistically significant 

difference (p = 0.734). Tumor location showed some 

variability in strong Claudin-4 expression, with distal 

colon (96.9%), rectosigmoid (66.7%), rectum (72.2%), 

and proximal colon (73.3%); however, these 

differences were not statistically significant (p = 

0.518). For tumor size, strong expression was most 

frequently observed in tumors measuring 3 - 5 cm 

(81.4%) compared to < 3 cm (90.9%) and > 5 cm 

(73.5%), but again, the differences were not 

statistically significant (p = 0.415). Collectively, these 

results suggest that Claudin-4 expression is not 

significantly associated with demographic factors (age 

and sex) or basic clinical variables (tumor location and 

tumor size). This supports the interpretation that 

Claudin-4 expression is more likely determined by 

biological and molecular characteristics of the tumor 

rather than by host-related or anatomical factors. 

These findings are supported by previous studies. 

Süren et al. [28]; Kyuno et al. [29] reported that 

Claudin-4 expression in colorectal adenocarcinoma is 

more closely related to EMT and tumor progression 

than to patient demographics [28,29]. Similarly, Hana 

et al. [11]; Ersoz et al. [30]; Cox et al. [31] found that 

high Claudin-4 expression was correlated with tumor 

depth of invasion and lymph node metastasis, but not 

with age or sex. Although in this study higher 

expression was more frequently observed in distal 

colon tumors, the difference between proximal and 

distal locations was not statistically significant. Several 

studies have reported molecular distinctions between 

proximal and distal colorectal cancers, particularly the 

higher prevalence of microsatellite instability (MSI) in 

proximal tumors [7]. However, Claudin-4 expression 

did not appear to fully follow this pattern, suggesting 

that its role may be more universal as a marker of cell 

adhesion and EMT regulation. 

Tumor size also showed no significant 

association with Claudin-4 expression. This finding is 

consistent with the study by Fujiwara-Tani et al. [8]; 

Kyuno et al. [29], which suggested that Claudin-4 

expression does not directly correlate with tumor bulk 

growth but is more closely linked to invasive and 

migratory capacity of cancer cells [8,29]. Taken 

together, these findings imply that Claudin-4 may be 

more relevant in the context of microscopic invasion 

processes rather than macroscopic tumor expansion. 

 

Table 3 Correlation of Claudin-4 expression with histopathological grading and tumor infiltration of colorectal 

adenocarcinoma samples. 

Characteristics (n) 

Claudin-4 Expression 

p Valuea Weak 

n (%) 

Strong 

n (%) 

Histopathological Grade     

Low 65 16 (24.6) 49 (75.4) 
0.147 

High 39 5 (12.8) 34 (87.2) 

Tumor Infiltration     

T1 20 5 (25.0) 15 (75.0) 

0.098 T2 41 4 (9.08) 37 (90.2) 

T3 43 12 (27.9) 31 (72.1) 

aChi-square test; *Significant p value ≤ 0.05 
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In this study, the analysis of Claudin-4 expression 

in relation to histopathological grading and tumor 

infiltration (T) revealed no statistically significant 

differences. In the low-grade group, strong Claudin-4 

expression was observed in 75.4% of cases, while in 

the high-grade group it was slightly higher at 87.2% (p 

= 0.147). This observation is also consistent with the 

study by Tokuhara et al. [32] in gastric cancer, which 

found no significant correlation between Claudin-4 

expression and histopathological grade. It is plausible 

that Claudin-4 plays a greater role in adhesion and 

invasion at the cellular level rather than directly 

affecting differentiation, which underlies grading 

systems [12]. Indeed, histopathological grade reflects 

how closely tumor cells resemble their normal 

counterparts, a process likely governed by distinct or 

more dominant signaling pathways than those 

regulated by Claudin-4 [8,33]. 

With regard to tumor infiltration, strong Claudin-

4 expression was most frequently observed in T2 

tumors (90.2%), followed by T1 (75.0%) and T3 

(72.1%) (p = 0.098). This trend suggests that Claudin-4 

may play a more prominent role in the early phase of 

invasion, particularly as the tumor penetrates the 

muscularis propria, but its expression tends to decline 

in deeper invasive stages. This phenomenon aligns 

with the findings of Fujiwara-Tani et al. [8]; Ueno et 

al. [23], who reported that Claudin-4 undergoes 

alterations in function and localization during 

colorectal cancer progression, particularly through 

epithelial–mesenchymal transition (EMT) [34-36]. In 

other words, Claudin-4 may participate in the dynamic 

transition of cancer cells from early invasive phases 

toward more aggressive phenotypes. Although the 

associations observed were not statistically significant, 

the tendency for stronger Claudin-4 expression in high-

grade tumors and T2 infiltration is noteworthy. The 

lack of significance may be biological heterogeneity 

across cases. Therefore, further studies with larger 

cohorts and additional molecular approaches are 

needed to clarify the prognostic role of Claudin-4, 

especially when evaluated alongside other invasive 

markers. 

 

Table 4 Correlation of Claudin-4 expression with lymphovascular invasion and lymph node metastasis of colorectal 

adenocarcinoma samples. 

Characteristics (n) 

Claudin-4 Expression 
OR 

(CI 95%) 
p Valuea Weak 

n (%) 

Strong 

n (%) 

Lymphovascular Invasion     

Negative 58 7 (12.1) 51 (87.9) 0.314 

(0.114 - 0.861) 
0.020* 

Positive 46 14 (30.4) 32 (69.6) 

Lymph Node Metastasis     

Negative 60 7 (11.7) 53 (88.3) 0.283 

(0.103 - 0.778) 
0.011* 

Positive 44 14 (31.8) 30 (68.2) 

 aChi-square test; *Significant p value ≤ 0.05. 
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Figure 2 Claudin-4 expression according to lymphovascular invasion (LVSI) and lymph node (LN) status in colorectal 

adenocarcinoma. (A) Bar chart shows the proportion of weak and strong Claudin-4 expression in relation to LVSI and 

LN status. Strong expression predominated in non-invasive groups (LVSI−: 87.9%; LN−: 88.3%) compared to invasive 

groups (LVSI+: 69.6%; LN+: 68.2%). Statistical analysis demonstrated significant associations for LVSI (p = 0.020; 

OR = 0.314; 95% CI 0.114 - 0.861) and LN status (p = 0.011; OR = 0.283; 95% CI 0.103 - 0.778). 

(B) Boxplots illustrate the distribution of Claudin-4 expression (0 = weak, 1 = strong) across groups. Non-invasive 

categories (LVSI− and LN−) show tight distributions centered at strong expression, while invasive categories (LVSI+ 

and LN+) display greater variability with more cases of weak expression, indicating a shift in Claudin-4 patterns in 

invasive tumors. 

 

In this study, a significant association was found 

between Claudin-4 expression and both 

lymphovascular invasion (LVSI) and lymph node 

metastasis. The majority of cases without LVSI 

demonstrated strong Claudin-4 expression (87.9%), 

whereas in cases with LVSI, the proportion of strong 

expression decreased to 69.6% (p = 0.020). A similar 

pattern was observed in nodal metastasis: patients with 

N0 status more frequently expressed strong Claudin-4 

(88.3%), while in those with nodal involvement, the 

proportion declined to 68.2% (p = 0.011). These 

findings indicate that reduced Claudin-4 expression is 

more commonly associated with tumors exhibiting 

invasive behavior and a tendency toward regional 

metastasis. 

This result is consistent with the studies by Ueda 

et al. [22]; Li et al. [37]; Nefedova et al. [38]; Wang et 

al. [39]; Fatimah [40], which reported a correlation 

between Claudin-4 expression, tumor invasion, and 

lymph node involvement in colorectal adenocarcinoma. 

These studies also emphasized the close association of 

Claudin-4 with epithelial–mesenchymal transition 

(EMT), a process that enhances cancer cell migration 

and invasion. Interestingly, although some previous 

studies have linked Claudin-4 overexpression with 

tumor aggressiveness, the present findings suggest that 

reduced expression is likewise associated with LVSI 

and nodal metastasis. This paradox may be explained 

by the dual nature of Claudin-4: In certain contexts, 

high expression may promote an invasive phenotype, 

whereas in more advanced stages, reduced expression 

facilitates the detachment of cancer cells into the 

lymphatic circulation. 

Collectively, these findings indicate that Claudin-

4 may exert a context-dependent role in colorectal 

cancer progression, functioning both to maintain 

epithelial cohesion and to facilitate cellular detachment 

required for metastasis. The observed association 

between Claudin-4 expression, lymphovascular 

invasion, and lymph node metastasis reinforces its 

value as a potential prognostic biomarker in colorectal 

adenocarcinoma. However, the underlying molecular 

mechanisms remain complex, warranting further 

investigation to clarify whether upregulation or 

downregulation more consistently reflects tumor 

aggressiveness. Overall, Claudin-4 appears to be 
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predominantly active during the early phase of 

tumorigenesis and local invasion, preserving epithelial 

integrity, while its reduced expression may enable 

cellular detachment and dissemination at later stages. 

 

Table 5 Correlation between distant organ metastasis, pathological stage, and claudin-4 expression in colorectal 

adenocarcinoma samples. 

Characteristics (n) 

Claudin-4 Expression 

p Value Weak 

n (%) 

Strong 

n (%) 

Distant Organ Metastasis   

Negative 81 17 (21.0) 64 (79.0) 
0.705a 

Positive 23 4 (17.4) 19 (82.6) 

Pathological Stage   

Stage I 34 3 (8.8) 31 (91.2) 

0.028*b 

Stage IIA 19 3 (15.8) 16 (84.2) 

Stage IIB 1 0 (0.0) 1 (100) 

Stage IIIA 12 6 (50) 6 (50) 

Stage IIIB 19 5 (26.3) 14 (73.7) 

Stage IVA 18 3 (16.7) 15 (83.3) 

Stage IVB 1 1 (100) 0 (0.0) 

aChi-square test; bFisher’s exact test *Significant p value ≤ 0.05 

 

The analysis presented in Table 5 demonstrated 

that Claudin-4 expression was not significantly 

associated with distant metastasis, as most cases 

without organ metastasis exhibited strong expression 

(79.0%), with a comparable proportion observed 

among those with distant metastasis (82.6%; p = 

0.705). In contrast, a significant association was found 

with pathological stage (p = 0.028), where strong 

Claudin-4 expression predominated in early stages, 

particularly Stage I (91.2%) and Stage IIA (84.2%), but 

progressively declined in advanced disease, decreasing 

in Stage IIIA (50.0%) and Stage IIIB (73.7%), with 

exclusively weak expression observed in Stage IVB 

(100%). These findings indicate that Claudin-4 

expression is unrelated to distant metastasis and may 

instead play a more prominent role in local invasion 

and regional lymph-node involvement rather than 

systemic dissemination. Although no prior study has 

directly examined the relationship between Claudin-4 

and pathological stage, earlier investigations by Ueda 

et al. [22]; Li et al. [37]; Nefedova et al. [38]; Wang et 

al. [39]; Fatimah [40] have reported associations 

between Claudin-4 expression and several parameters 

contributing to pathological staging. Consistent with 

these findings, our analysis revealed a negative 

correlation between pathological stage and Claudin-4 

expression, suggesting that Claudin-4 downregulation 

occurs more frequently in advanced disease. This 

pattern may reflect its involvement in EMT, whereby 

the loss of tight-junction integrity facilitates local 

invasion and drives progression to higher stages of 

colorectal adenocarcinoma.  
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Figure 3 Trend of Claudin-4 expression across pathological stages of colorectal adenocarcinoma. 

 

Line chart illustrates the distribution of strong 

(blue) and weak (red) Claudin-4 expression according 

to pathological stage (I - IVB). Strong expression 

predominated in early stages (Stage I - II, > 80%), but 

progressively declined in advanced stages. A marked 

drop was observed in Stage IIIA (50%), with further 

reduction in Stage IIIB and IVA, and complete loss of 

strong expression in Stage IVB (100% weak). 

Statistical analysis confirmed a significant association 

between Claudin-4 expression and pathological stage 

(p = 0.028, Fisher’s exact test), suggesting Claudin-4 

downregulation is linked to tumor progression and 

advanced disease. 

These observations are in line with recent reports 

describing the dual role of Claudin-4 in cancer biology: 

Fujiwara-Tani et al. [8] emphasized that Claudin-4 can 

function either as a tumor suppressor or as a promoter 

of invasiveness depending on the tumor context and 

microenvironment, while Cox et al. [31] observed that 

in colorectal cancer, high Claudin-4 expression is 

typically found in early stages, with reduced expression 

at the invasive front correlating with more aggressive 

behavior. This aligns with the findings of Li et al. [37], 

who emphasized the context-dependent function of 

Claudin-4 in cancer progression. In the early stages of 

tumorigenesis, Claudin-4 helps preserve epithelial 

integrity and tight-junction stability, whereas 

alterations in its expression facilitate local invasion. 

Furthermore, reduced expression is associated with 

tumor advancement and more aggressive disease 

behavior. In agreement with these studies, Claudin-4 

expression in our cohort was strongly preserved in 

early-stage tumors (Stages I and IIA), implying its 

essential role in maintaining intercellular adhesion 

during initial tumor formation, whereas diminished 

expression in advanced, deeply invasive, or regionally 

metastatic tumors suggests a phenotypic transition 

toward enhanced motility and invasiveness through the 

EMT process [8,12]. Moreover, a significant 

association was identified between reduced Claudin-4 

expression and the presence of lymphovascular 

invasion (LVSI) and lymph-node metastasis; patients 

without LVSI or nodal involvement generally exhibited 

strong expression, whereas those with invasion and 

metastasis displayed weaker staining. Nonetheless, no 

significant correlation was observed between Claudin-

4 expression and distant organ metastases, including 

the liver, lungs, and bones, supporting the 

interpretation that Claudin-4 serves as a biomarker 

more closely related to local and regional invasion 

rather than systemic dissemination [22].  

These results further reinforce the interpretation 

that Claudin-4 functions as a valuable complementary 

biomarker when assessed alongside conventional 

histopathological parameters. The integration of 

Claudin-4 immunoexpression with indicators such as 

lymphovascular invasion, lymph-node metastasis, and 

pathological stage may improve the reliability of 

p = 0.028 
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prognostic evaluation in colorectal cancer. This 

combined, multimodal approach could enhance 

diagnostic precision and refine risk stratification, 

particularly in identifying early-stage patients who may 

benefit most from curative therapies, while 

distinguishing those at higher risk for local invasion or 

nodal involvement despite the absence of distant 

metastasis. 

Although significant correlations were observed 

between Claudin-4 expression, lymphovascular 

invasion, lymph-node metastasis, and pathological 

stage, the current findings alone cannot conclusively 

establish the prognostic efficacy of Claudin-4 in 

colorectal adenocarcinoma. The cross-sectional design 

of this study limits its ability to assess longitudinal 

outcomes and causal relationships, as the data represent 

a single time-point observation rather than temporal 

dynamics. Therefore, further studies with larger 

cohorts, multicenter participation, and survival 

analyses are warranted to validate the prognostic 

significance and clinical utility of Claudin-4 [8,37,38]. 

Such investigations will help determine whether 

Claudin-4 can be reliably implemented in clinical 

practice for risk assessment, therapeutic decision-

making, and outcome prediction. Until stronger 

evidence emerges, Claudin-4 should be regarded as a 

promising adjunct marker that is best interpreted in 

conjunction with established histopathological 

parameters. 

 

Conclusions 

The findings of this study support the hypothesis 

that Claudin-4 expression is correlated with prognostic 

parameters of tumor invasiveness in colorectal 

adenocarcinoma. Claudin-4 expression negative 

correlated significantly with lymphovascular invasion, 

lymph node metastasis, and pathological stage. Strong 

Claudin-4 expression was more frequently observed in 

cases without lymphovascular invasion, without lymph 

node metastasis, and in early pathological stages, 

whereas reduced expression correlated with more 

aggressive tumor behavior. This pattern suggests that 

Claudin-4 plays a role in maintaining cell adhesion 

during the early phase of tumorigenesis but undergoes 

downregulation as tumors progress, thereby 

contributing to tumor invasion and progression. 

Although no significant associations were found with 

patient demographics or distant metastasis, the 

significant link between Claudin-4 expression and 

pathological stage highlights its potential as a 

supplementary prognostic biomarker, particularly for 

predicting local invasion and regional progression. 

Further multicenter studies with larger cohorts and 

survival analyses are warranted to validate these 

findings and establish the long-term prognostic value 

of Claudin-4 in colorectal cancer. 
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