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Simple Summary

Colorectal cancer progression involves changes in how tumor cells are organized and
interact with each other. However, the structural features that accompany early spread
are not fully understood. In this study, we examined the expression of a protein called
Claudin-2 in tumor samples and analyzed its relationship with features of early dissemi-
nation. We found that higher Claudin-2 expression is associated with patterns linked to
early spread, including tumor budding and spatial changes in cell adhesion across different
tumor regions. These patterns showed limited alignment with measures of immune-cell
infiltration, suggesting that epithelial organization and immune contexture may repre-
sent partially independent aspects of tumor biology. Overall, our findings suggest that
Claudin-2 is associated with a specific structural organization of the tumor that may ac-
company early dissemination. These observations may help guide further biological and
translational studies.

Abstract

Background: Remodeling of epithelial junctional architecture contributes to colorectal
cancer (CRC) progression; however, the spatial organization linking tight-junction com-
ponents to early dissemination remains incompletely characterized. Claudin-2 (CLDN-2)
is frequently upregulated in CRC, yet whether it is associated with compartment-specific
epithelial remodeling has not been systematically examined. Methods: In a retrospec-
tive single-center cohort of 54 surgically resected CRCs, we integrated clinicopatholog-
ical variables, quantitative tumor budding counts, compartment-specific membranous
E-cadherin expression, lymphovascular invasion, lymphoid follicles, and immune-cell
densities. Analyses focused on spatial structural relationships within the tumor. Results:
Higher CLDN-2 expression was enriched among node-positive tumors and advanced
TNM stages. CLDN-2-higher tumors exhibited increased tumor budding and spatially
selective adhesion remodeling, characterized by reduced membranous E-cadherin at the
invasive front and budding sites, with more preserved membranous epithelial organization
within metastatic lymph-node deposits. Descriptive co-occurrence and correlation analyses
demonstrated concordant spatial relationships among CLDN-2 expression, tumor bud-
ding, nodal involvement, lymphovascular invasion, and compartment-specific E-cadherin
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patterns. In contrast, immune-related parameters showed weaker differentiation across
CLDN-2 strata. Conclusions: CLDN-2 expression is associated with spatial epithelial re-
modeling in colorectal cancer, characterized by compartment-specific adhesion changes
and increased microinvasive activity. The findings support a model in which CLDN-2
expression aligns with an invasion-associated epithelial configuration linked to tumor
budding and nodal dissemination. These observations warrant validation in independent
cohorts with outcome data.

Keywords: Claudin-2; colorectal cancer; tumor budding; E-cadherin; epithelial adhesion
remodeling; nodal dissemination; lymphovascular invasion; Immunoscore

1. Introduction

Colorectal cancer (CRC) progression from localized neoplasia to invasive and
metastatic disease is driven not only by oncogenic alterations but also by coordinated
remodeling of epithelial architecture. The transition to tissue invasion and nodal dissemi-
nation requires structural reorganization of junctional complexes that regulate intercellular
cohesion, polarity, and paracellular permeability [1,2]. Under physiological conditions,
tight junctions and adherens junctions undergo dynamic turnover while preserving barrier
integrity [3,4]. In cancer, however, similar plasticity may enable localized loosening of
epithelial cohesion and cellular detachment without necessarily inducing global dedifferen-
tiation [5,6]. Spatial analyses in CRC support this context-dependent model, demonstrating
that loss of cohesion is often restricted to invasive niches (particularly tumor budding ar-
eas) whereas epithelial characteristics may remain spatially heterogeneous across different
tumor-associated compartments [7]. Defining the architectural programs that enable this
selective and compartment-specific remodeling remains a central challenge in CRC biology.

Claudins constitute the structural backbone of tight junction strands and can main-
tain barrier function even in the absence of other junctional components [8]. Claudin-2
(CLDN-2), one of the earliest characterized claudins, is physiologically expressed in nor-
mal colonic epithelium, predominantly in undifferentiated crypt cells [9-11]. Multiple
studies have demonstrated CLDN-2 overexpression in CRC at both mRNA and protein
levels [9-20], and its presence in colorectal adenomas suggests involvement early in neo-
plastic development [10,21,22]. Functionally, increased CLDN-2 expression has been linked
to altered barrier properties, inflammatory signaling, reactive oxygen species produc-
tion, and activation of proliferative pathways [9]. However, the interpretation of CLDN-
2 expression in CRC remains unresolved. Reported associations with advanced stage
and inflammatory contexts suggest that CLDN-2 may reflect broader tumor microenvi-
ronmental or progression-related states rather than a distinct structural axis [23,24]. In
addition, preserved epithelial traits at metastatic sites are often interpreted within epithelial-
mesenchymal transition (EMT) and mesenchymal-epithelial transition (MET) frameworks
without spatial resolution, potentially oversimplifying the dynamic and compartment-
specific nature of adhesion remodeling [7,25].

In parallel, the tumor immune microenvironment represents an additional dimension
of CRC organization beyond conventional TNM staging. Quantitative immune profiling,
exemplified by the Immunoscore, captures cytotoxic T-cell density at the tumor center
and invasive front and has demonstrated prognostic value in large CRC cohorts [26-28].
However, whether epithelial barrier remodeling programs intersect with immune-based
stratification frameworks (or instead define partially independent axes of tumor organiza-
tion) remains unclear [29,30]. In particular, the relationships among CLDN-2 expression,
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spatial modulation of membranous E-cadherin, tumor budding activity, lymphovascular
invasion, immune-cell infiltration, and early nodal dissemination have not been systemati-
cally examined in human CRC.

The aim of this study was to determine whether CLDN-2 expression is associated
with invasion-related spatial epithelial remodeling in colorectal cancer, characterized
by compartment-specific remodeling of membranous E-cadherin, increased tumor bud-
ding, and alignment with early nodal dissemination. By focusing on spatial relation-
ships within the tumor, this study seeks to clarify how epithelial organization relates to
early dissemination.

2. Materials and Methods
2.1. Patients

This retrospective study included 54 consecutive patients undergoing elective colorec-
tal resection for primary colorectal cancer (CRC) at a single tertiary center. Patients with
synchronous malignancies, prior neoadjuvant therapy, or incomplete clinicopathological
data were excluded. CRC diagnosis was established by colonoscopy with histopathological
confirmation and radiological staging.

2.2. Histopathology

Formalin-fixed, paraffin-embedded (FFPE) tumor specimens were evaluated on hema-
toxylin and eosin (H and E)-stained sections. Tumors were staged according to the 8th
edition of the AJCC TNM classification [31]. Tumor location was recorded as previously
described [32].

Tumor budding was assessed according to International Tumor Budding Consensus
Conference (ITBCC) guidelines in a single hotspot (0.785 mm? at 20x magnification) [33].
The number of tumor buds (NoB) was quantified. For analyses requiring dichotomiza-
tion, high tumor budding was defined as >2 buds within the hotspot. Complementary
invasion-related parameters—tumor budding foci (TBF), poorly differentiated clusters
(PDC), and poorly differentiated components (POR)—were recorded using established
semi-quantitative criteria [33].

Lymphoid follicles were identified as ectopic lymphoid aggregates located within or
adjacent to tumor tissue and recorded as present or absent [33].

2.3. Immunohistochemistry

E-cadherin and Claudin-2 (CLDN-2) expression were assessed on FFPE sections using
standard immunohistochemical protocols.

E-cadherin staining was performed using a standardized avidin-biotin complex
method. Membranous expression was assessed semi-quantitatively (0-3) in predefined
tumor compartments, including the tumor center, invasive front, tumor budding areas, and
metastatic deposits within regional lymph nodes in cases with histologically confirmed
nodal metastases, as previously described [7]. Lower scores (0-1) were interpreted as
reduced membranous expression, whereas higher scores (2-3) reflected preserved membra-
nous localization. All slides were evaluated independently by two pathologists blinded to
clinicopathological data, with discordant cases resolved by consensus.

Claudin-2 immunostaining was performed on 5 um FFPE sections following deparaf-
finization and citrate-based antigen retrieval (10 mM, pH 6.0). Sections were incubated with
rabbit monoclonal anti-Claudin-2 antibody (clone E1H90, 1:100; Cell Signaling Technology,
Danvers, MA, USA; catalog no. 13255). Membranous staining intensity was scored on
a four-tier scale (0-3). Protein expression was evaluated in ten randomly selected high-
power fields by two blinded observers, with discrepancies resolved by consensus. For
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comparative analyses, CLDN-2 expression was categorized as lower (score 2) and higher
(score 3), as no tumors with absent expression were identified.

2.4. Statistical Analysis

Statistical analyses were performed using Statistica version 14.1 (TIBCO Software
Inc., Palo Alto, CA, USA) and supplementary procedures implemented in Python 3.11
(scikit-learn 1.3.2). Continuous variables are presented as median (interquartile range,
IQR). Between-group comparisons were performed using the Mann-Whitney U test for
continuous variables and the chi-square or Fisher’s exact test for categorical variables.
Correlations were assessed using Spearman’s p.

Pairwise associations among epithelial, invasion-related, and immune variables
were evaluated using descriptive comparisons and Spearman correlation analyses. For
Figure 1G, binary epithelial and dissemination-related features were summarized using
a co-occurrence matrix based on feature overlap. For Figure 11, pairwise Spearman correla-
tions were calculated among selected epithelial and invasion-related variables.

Given the modest cohort size and exploratory single-center design, the analytical
approach was intended to characterize spatial structural relationships rather than to es-
tablish independent predictive or causal effects. Accordingly, all statistical comparisons,
co-occurrence analyses, and correlation structures should be interpreted as internally
descriptive and hypothesis-generating. No external validation, formal adjustment for con-
founding, or predictive modeling was performed. Analyses involving E-CDH-LN variables
should be interpreted cautiously because lymph-node E-cadherin assessment was available
only in cases with histologically confirmed nodal metastases. Nominal p-values should
therefore be interpreted in conjunction with effect-size consistency, spatial coherence, and
biological plausibility.
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Figure 1. Spatial epithelial remodeling associated with CLDN-2 expression in colorectal cancer.
(A-D) Representative immunohistochemical patterns of CLDN-2 expression across normal colonic
epithelium and colorectal carcinoma compartments, illustrating progressive epithelial disorganization
and heterogeneous membranous/cytoplasmic staining distribution within invasive tumor regions.
(E) Compartment-specific membranous E-cadherin expression according to CLDN-2 status across tu-
mor center (TC), invasive front (IF), tumor budding sites (BS), and metastatic lymph-node deposits (LN).
CLDN-2-higher tumors demonstrate reduced membranous E-cadherin expression at invasion-related
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compartments, whereas metastatic lymph-node deposits retain more preserved membranous epithe-
lial organization. (F) Number of tumor buds according to CLDN-2 expression status. CLDN-2-higher
tumors show increased tumor budding burden and broader distribution of budding counts. (G) Co-
occurrence of epithelial and dissemination-related features. Matrix illustrates overlap among invasion-
associated epithelial variables and dissemination-related clinicopathological features. Variables:
(1) higher CLDN-2 expression; (2) NoB > 2; (3) lymphovascular invasion (LVI+); (4) nodal involve-
ment (N+); (5) low membranous E-cadherin expression at the invasive front (E-CDH-IF low); (6) low
membranous E-cadherin expression in budding sites (E-CDH-BS low); (7) preserved membranous
E-cadherin expression in regional lymph-node compartments (E-CDH-LN high). (H) Distribution of
compartmental E-cadherin scores according to CLDN-2 expression status across invasive front, tumor
budding sites, and metastatic lymph-node deposits. Progressive redistribution toward lower membra-
nous E-cadherin scores is observed within invasion-related compartments of CLDN-2-higher tumors,
whereas metastatic lymph-node deposits retain membranous E-cadherin expression more frequently
than invasion-related tumor regions. (I) Correlations among epithelial and dissemination-related
features. Correlation matrix demonstrating relationships between epithelial remodeling variables,
tumor budding, lymphovascular invasion, nodal involvement, and CLDN-2 expression. Variables are
coded as (1) CLDN-2; (2) NoB; (3) LVI; (4) N stage; (5) E-CDH-IF; (6) E-CDH-BS; (7) E-=CDH-LN. Cor-
relation magnitudes should be interpreted in view of the modest cohort size. Statistical significance is
indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.

3. Results
3.1. Cohort Characteristics

The study cohort comprised 54 patients with primary colorectal cancer (CRC), with
balanced sex distribution and a predominance of T3 tumors (94.45%) (Table 1). Lymph-
node metastases were present in 46.3% of cases, and most tumors were classified as TNM
stage II-1II. Histopathological assessment demonstrated frequent lymphovascular invasion
(62.96%), whereas perineural invasion was uncommon (7.41%). Tumor budding activity
was generally low to moderate (median number of buds: 2.0, IQR 1.0-3.0).

Table 1. Baseline clinicopathological, histopathological, epithelial, and immune characteristics of the
study cohort (n = 54).

Clinical Variables

Age
<60, n =11 (20.37%)
60-69, n =17 (31.48%)
70-79, n = 21 (38.89%)
>80, 1 =15 (9.26%)
Gender

Male, n = 27 (50%)
Female, n = 27 (50%)

Primary tumor localization

Rectum, n = 23 (42.59%)
Sigmoid, n = 17 (31.48%)
Colon, n =10 (18.52%)
Cecum, n =4 (7.41%)

Pathological stage

T stage, depth of invasion

T1, submucosa, n =0
T2, muscularis propria, n = 3 (5.55%)
T3, subserosa, n = 51 (94.45%)
T4, serosa or other organs, n =0
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Table 1. Cont.

Clinical Variables

N stage, lymph node metastases

N-—, absent, n = 29 (53.7%)
N+, present, n = 25 (46.30%)

M stage, distant metastases

M—, absent, 1 = 48 (88.89%)
M-+, present, n = 6 (11.11%)

TNM stage

TNM-L, 1 = 3 (5.55%)
TNM-IL, 1 = 23 (42.60%)
TNM-II, 1 = 22 (40.74%)
TNM-IV, 1 = 6 (11.11%)

Histopathological features/invasiveness

Histologic type

Adenocarcinoma, n = 53 (98.15%)
Mucinous adenocarcinoma, n = 1 (1.85%)

Lymphoid follicles (LF)

LF absent, n = 30 (55.56%)
LF present, n = 24 (44.44%)

Lymphovascular invasion (LVI)

LVI-0, absent, n = 20 (37.04%)
LVI-1, present, n = 34 (62.96%)

Perineural invasion (PNI)

PNI-0, absent, 1 = 50 (92.59%)
PNI-1, present, n = 4 (7.41%)

Tumor budding and dedifferentiation

Tumor budding foci (TBF)

TBF-1, 1 = 50 (92.60%)
TBF-2, n = 3 (5.55%)
TBF-3, n = 1 (1.85%)

Poorly differentiated clusters (PDC)

PDC-1, n = 34 (62.97%)
PDC-2, n = 13 (24.07%)
PDC-3, 1 = 7 (12.96%)

Areas of poorly differentiated components (POR)

POR-1, 1 = 36 (66.66%)
POR-2, n = 11 (20.37%)
POR-3, n = 7 (12.97%)

Number of tumor buds

Median 2.0, IQR 1.0-3.0

Immune microenvironment

Tumor-infiltrating lymphocytes (TIL) CD8+ cells

Tumor center (CD8-TC): median (IQR) = 30.5 (6-97)
Invasive front (CD8-IF): median (IQR) = 158 (61-275)

Tumor-infiltrating lymphocytes (TIL) CD3+ cells
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Table 1. Cont.

Clinical Variables
Tumor center (CD3-TC): median (IQR) =9 (1-37)
Invasive front (CD3-IF): median (IQR) = 61.5 (16-160)
Tumor-infiltrating lymphocytes (TIL) CD4+ cells
Tumor center (CD4-TC): median (IQR) = 17.5 (2-67)
Invasive front (CD4-IF): median (IQR) = 71 (10-159)

Tumor-associated neutrophils (TAN)

Tumor center (TAN-TC): median (IQR) = 24 (7-50)
Invasive front (TAN-IF): median (IQR) = 27.5 (8-82)
Immunoscore (IS)

Low, n = 26 (48.15%)

Intermediate, n = 12 (22.22%)

High, n = 16 (29.63%)

Immunoscore (IS)—binary grouping
Low, n = 26 (48.15%)

Intermediate + High, n = 28 (51.85%)
Epithelial adhesion and barrier markers
Claudin-2 expression pattern (CLDN-2)
CLDN-2-2, moderate, n = 25 (46.30%)
CLDN-2-3, strong, nn = 29 (53.7%)
E-cadherin expression pattern in the tumor center (E-CDH-TC)
E-CDH-TC-0, n =1 (1.85%)
E-CDH-TC-1, n = 8 (14.81%)
E-CDH-TC-2, n =16 (29.63%)
E-CDH-TC-3, n = 29 (53.71%)

E-cadherin expression pattern in the invasive front (E-CDH-IF)

E-CDH-IF-0, n = 1 (1.85%)
E-CDH-IF-1, n = 17 (31.48%)
E-CDH-IF-2, n = 20 (37.04%)
E-CDH-IF-3, n = 16 (29.63%)

E-cadherin expression pattern in tumor budding sites (E-CDH-BS)

E-CDH-BS-0, n = 12 (22.22%)
E-CDH-BS-1, n = 18 (33.33%)
E-CDH-BS-2, n = 8 (14.81%)
E-CDH-BS-3, n = 16 (29.64%)
E-cadherin expression pattern in lymph-node metastases (E-CDH-LN)
E-CDH-LN-0, n = 31 (57.42%)
E-CDH-LN-1, n =2 (3.70%)
E-CDH-LN-2, nn = 3 (5.55%)
E-CDH-LN-3, n = 18 (33.33%)

Immune-cell infiltration varied across compartments, with higher densities typically
observed at the invasive front compared with the tumor center. CLDN-2 expression was
detected in all tumors and distributed between moderate and strong staining intensities.
E-cadherin expression varied across tumor compartments, supporting further analysis of
spatial adhesion remodeling (Table 1).
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3.2. CLDN-2 Expression and Clinicopathological Context

Comparison of tumors according to CLDN-2 expression (lower vs. higher) demon-
strated that CLDN-2-higher tumors were more frequently associated with nodal involve-
ment and advanced TNM stage (Table 2, Figure 2A-G). In particular, node-positive disease
was markedly enriched among CLDN-2-higher tumors, whereas CLDN-2-lower tumors
were predominantly node-negative. Differences in distant metastases and primary tumor
localization were less pronounced.
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Figure 2. Spatial epithelial remodeling and dissemination-associated histopathological features ac-
cording to CLDN-2 expression in colorectal cancer. Nine-panel composite illustrating the distribution
of selected clinicopathological, invasion-related, epithelial adhesion, vascular invasion, and immune
contexture variables according to CLDN-2 expression status (CLDN-2 lower vs. CLDN-2 higher).
Bars represent the percentage of cases within each CLDN-2 stratum. (A) Lymph node metastases
(N+). (B) Advanced TNM stage (ITI-IV). (C) Increased tumor budding burden (NoB > 2). (D) Reduced
membranous E-cadherin expression at the invasive front (E-CDH-IF low). (E) Reduced membra-
nous E-cadherin expression in tumor budding sites (E-CDH-BS low). (F) Preserved membranous
E-cadherin expression in metastatic lymph-node deposits (E-CDH-LN high). (G) Presence of lym-
phovascular invasion (LVI+). (H) High Immunoscore distribution. (I) Presence of lymphoid follicles.
CLDN-2-higher tumors demonstrate consistent enrichment for nodal involvement, advanced stage,
tumor budding activity, lymphovascular invasion, and compartment-specific adhesion remodeling,
supporting alignment with an invasion-associated epithelial configuration. In contrast, immune-
related parameters show weaker differentiation across CLDN-2 expression groups, suggesting partial
independence between epithelial structural organization and bulk immune infiltration. Statistical
significance between groups is indicated by asterisks (** p < 0.01; *** p < 0.001; ns, not significant).

In addition, CLDN-2-higher tumors showed a lower prevalence of lymphoid follicles,
suggesting that epithelial structural features and immune organization may not be tightly
coupled within the same phenotypic axis (Table 2). These observations indicate that CLDN-
2 expression aligns preferentially with invasion-related clinicopathological features, while
its relationship with immune contexture appears more variable.
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Table 2. Comparison of clinicopathological, invasion-related, epithelial adhesion, and immune
variables according to CLDN-2 expression status (CLDN-2 lower vs. CLDN-2 higher). Nominal
p-values are presented for descriptive comparison. No adjustment for multiple testing was performed.

Category/Statistic CLDN-2 Lower (n =25) CLDN-2 Higher n=29)  p-Value
Clinical variables
Age (years) Median (IQR) 70.0 (60.0-75.0) 69.0 (64.0-75.0) 0.828
Sex Female, n (%) 12 (48.0) 15 (51.7) 1.000
Male, n (%) 13 (52.0) 14 (48.3)
Localization Rectum, n (%) 12 (48.0) 11 (37.9) 0.733
Sigmoid, n (%) 7 (28.0) 10 (34.5)
Other colon, 1 (%) 5 (20.0) 5(17.2)
Cecum, n (%) 14.0) 3(10.3)
Pathological stage
T stage T2, n (%) 3(12.0) 0(0.0) 0.093
T3, n (%) 22 (88.0) 29 (100.0)
N stage N—, n (%) 24 (96.0) 5(17.2) <0.001
N+, 1 (%) 1 (4.0) 24 (82.8)
M stage M—, n (%) 23 (92.0) 25 (86.2) 0.675
M+, n (%) 2 (8.0) 4 (13.8)
TNM stage I, n (%) 3(12.0) 0 (0.0) <0.001
11, n (%) 19 (76.0) 4 (13.8)
111, n (%) 1 (4.0) 21 (72.4)
IV, n (%) 2 (8.0 4 (13.8)
Histopathological features/invasiveness
PNI Absent, n (%) 23 (92.0) 27 (93.1) 1.000
Present, n (%) 2 (8.0) 2(6.9)
Mucinous Absent, n (%) 24 (96.0) 29 (100.0) 0.463
Present, n (%) 1(4.0) 0 (0.0)
LVI Absent, 11 (%) 11 (44.0) 9 (31.0) 0.402
Present, n (%) 14 (56.0) 20 (69.0)
Lymphoid follicles Absent, n (%) 8 (32.0) 22 (75.9) 0.002
Present, n (%) 17 (68.0) 7 (24.1)
Tumor budding and dedifferentiation
Tumor budding foci 1/2/3,n 24/1/0 26/2/1 0.570
PDC 1/2/3,n 18/6/1 16/7/6 0.175
POR 1/2/3,n 20/3/2 16/8/5 0.155
Number of buds (NoB) median (IQR) 1.0 (1.0-2.0) 2.0 (1.0-3.0) 0.009
Immune infiltration
CD8-TC median (IQR) 32.0 (18.0-58.0) 30.0 (15.0-41.0) 0.471
CDS8-IF median (IQR) 133.0 (88.0-219.0) 162.0 (104.0-300.0) 0.252
CD3-TC median (IQR) 12.0 (1.0-44.0) 6.0 (1.0-25.0) 0.421
CD3-IF median (IQR) 41.0 (9.0-180.0) 67.0 (20.0-140.0) 0.775
CD4-TC median (IQR) 20.0 (1.0-67.0) 4.0 (0.0-31.0) 0.071
CD4-IF median (IQR) 99.0 (34.0-160.0) 67.0 (6.0-170.0) 0.774
TAN-TC median (IQR) 19.0 (14.0-39.0) 29.0 (9.0-49.0) 0.788
TAN-IF median (IQR) 15.0 (5.0-60.0) 45.0 (7.0-93.0) 0.549
Immunoscore Low/Int/High, n 13/5/7 13/7/9 0.866
Epithelial adhesion and barrier markers
E-CDH-BS 0/1/2/3,n 9/2/0/14 3/16/8/2 <0.001
E-CDH-TC 0/1/2/3,n 1/1/4/19 0/7/12/10 0.007
E-CDH-IF 0/1/2/3,n 1/1/11/12 0/16/9/4 <0.001
E-CDH-LN 0/1/2/3,n 24/0/0/1 7/2/3/17 <0.001
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3.3. CLDN-2 and Invasion-Related Epithelial Remodeling

Tumor budding activity was higher in CLDN-2-higher tumors (Figure 1F) compared
with CLDN-2-lower tumors (median 2.0 vs. 1.0 buds, p = 0.009), consistent with increased
microinvasive potential (Table 2). Complementary histopathological markers of dedifferen-
tiation (TBF, PDC, POR) showed similar directional trends, although these did not reach
nominal statistical thresholds.

Compartment-specific analysis of E-cadherin expression revealed a consistent pattern
of spatial remodeling associated with CLDN-2 expression (Figure 1E). Representative im-
munohistochemical patterns of CLDN-2 expression across normal epithelium and invasive
tumor compartments are shown in Figure 1A-D. CLDN-2-higher tumors exhibited reduced
membranous E-cadherin at the invasive front and within tumor budding areas, indicating
localized loss of epithelial cohesion. In contrast, E-cadherin expression in the tumor center
remained comparatively preserved, while metastatic lymph-node deposits retained more
preserved membranous epithelial organization. This compartment-specific pattern suggests
that adhesion remodeling in CRC is spatially regulated rather than uniformly progressive.

These observations are summarized in Figure 3, which provides a conceptual repre-
sentation of CLDN-2-associated epithelial remodeling across tumor compartments.

CLDN-2-associated epithelial remodeling defines a dissemination-aligned architectural program in colorectal cancer

CLDN-2 low CLDN-2 high CLDN-2 high
Primary tumor Invasive front and tumor budding Regional lymph-node compartment

(cohesive state) (remodeling state) (preserved state)

+ Preserved membranous E-cadherin « Reduced E-cadherin in invasive front and budding sites « Relatively preserved membranous E-cadherin
« Cohesive epithelial architecture « Increased tumor budding « Relative preservation of epithelial organization
+ Low tumor budding « Loss of epithelial cohesion

\!

Hil

Adhesion i Invasion Di: inati Spatial epithelial heterogeneity ——p

") Epithelial cell "o | Epithelial cell € Tumor @ Cancer-associated @1 " ® V4
(&) tighEcadnerin) | ® | (owE-cacherin) (&) buddingeell o fibroblast 48 wyeoiacer (@) Thmenocyte (@) B ymohocyte / Bloiesell J7 ety
EPITHELIAL ARCHITECTURE IMMUNE CONTEXTURE
(DOMINANT AXIS) (PARTIALLY INDEPENDENT AXIS)

Figure 3. Conceptual representation of spatial epithelial remodeling associated with CLDN-2 expres-
sion in colorectal cancer. Schematic, interpretative representation of a spatially organized epithelial
remodeling program aligned with CLDN-2 expression. In tumors with lower CLDN-2 expression,
membranous E-cadherin is largely preserved, maintaining cohesive epithelial architecture. At the
invasive front and within tumor budding regions, higher CLDN-2 expression is associated with
reduced membranous E-cadherin expression and localized loss of epithelial cohesion, consistent with
increased microinvasive activity and early dissemination-associated remodeling. Within metastatic
lymph-node deposits, membranous E-cadherin expression was more frequently retained than within
invasion-related tumor regions. This conceptual model integrates spatial adhesion dynamics with
invasion-associated epithelial remodeling and summarizes structural relationships observed within
the cohort.

Because CLDN-2-higher tumors were strongly enriched for nodal involvement, an ex-
ploratory NO-only sensitivity analysis was performed to assess whether CLDN-2-associated
epithelial remodeling was already detectable in node-negative disease. Although limited
by the small number of CLDN-2-higher NO tumors, directional consistency was preserved
across several invasion-related epithelial features, including higher tumor budding burden
and more frequent reduction in membranous E-cadherin at the invasive front and tumor
budding sites. These findings should be interpreted cautiously given the limited number
of CLDN-2-higher NO tumors.
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3.4. Co-Occurrence of Epithelial and Dissemination-Related Features

To examine whether epithelial remodeling variables clustered with dissemination-
related histopathological features, we summarized selected binary variables in a co-
occurrence matrix (Figure 1G). Higher CLDN-2 expression showed overlap with nodal
involvement, increased tumor budding burden, lymphovascular invasion, reduced mem-
branous E-cadherin at the invasive front and budding sites, and preserved membranous
E-cadherin expression in regional lymph-node compartments.

This analysis provided a compact representation of how invasion-associated epithelial
features co-occurred within the cohort.

3.5. Distribution of Compartmental E-Cadherin Scores

Because mean E-cadherin scores may obscure underlying distributional shifts, we
further examined the full distribution of compartmental E-cadherin scores according to
CLDN-2 status (Figure 1H). CLDN-2-higher tumors showed redistribution toward lower
membranous E-cadherin scores at the invasive front and tumor budding sites, consistent
with localized loss of epithelial cohesion. In contrast, regional lymph-node compartments
more frequently demonstrated preserved membranous E-cadherin expression compared
with invasion-related tumor regions.

3.6. Pairwise Correlations Among Epithelial and Dissemination-Related Features

Pairwise Spearman correlation analysis was performed to assess relationships among
CLDN-2 expression, tumor budding count, lymphovascular invasion, nodal status, and
compartment-specific E-cadherin expression (Figure 1I). CLDN-2 expression correlated
positively with tumor budding burden, nodal involvement, and preserved membranous
E-cadherin expression within metastatic lymph-node deposits, and negatively with mem-
branous E-cadherin expression at the invasive front. Interpretation of correlations involving
E-CDH-LN variables requires caution because lymph-node E-cadherin assessment was
restricted to tumors with metastatic nodal involvement.

These findings are consistent with a spatially organized pattern in which CLDN-2
expression aligns with invasion-associated epithelial remodeling.

3.7. Immune Contexture Patterns

Quantitative immune-cell densities and tumor-associated neutrophil measures did not
differ substantially between CLDN-2 strata in either the tumor center or invasive margin.
Immunoscore-analog distribution was comparable across groups (Figure 2H). In contrast,
lymphoid follicles were less frequent in CLDN-2-higher tumors (Figure 2I). These findings
suggest that epithelial structural remodeling and bulk immune infiltration metrics may
represent partially distinct dimensions of tumor organization.

4. Discussion
4.1. CLDN-2 and Invasion-Associated Epithelial Architecture

In the present study, CLDN-2 expression was examined not as an isolated molecu-
lar feature but in relation to the structural organization of epithelial architecture in col-
orectal cancer (CRC). The findings indicate that CLDN-2 expression is associated with
a constellation of features consistent with an invasion-associated epithelial configuration,
including nodal involvement, increased tumor budding activity, and compartment-specific
remodeling of cell-cell adhesion. This perspective is consistent with the concept that CRC
progression is not solely driven by molecular alterations but also by coordinated changes
in tissue architecture that enable the transition from localized growth to invasion and
dissemination [1,2].
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Importantly, CLDN-2 does not appear to function as an isolated determinant of tumor
behavior but rather aligns with a broader invasion-associated epithelial configuration.
Framing CLDN-2 within this architectural context may help reconcile previously heteroge-
neous observations regarding its role in CRC [9,10,20,34-36].

Because CLDN-2-higher tumors were strongly enriched for node-positive and stage
III disease, part of the observed architectural alignment may reflect broader progression-
associated tumor states rather than CLDN-2-specific biological effects. Nevertheless, ex-
ploratory NO-only analyses demonstrated directional preservation of several invasion-
related epithelial features, suggesting that CLDN-2-associated architectural remodeling
may already be detectable before overt nodal dissemination.

4.2. Spatial Remodeling of Adhesion and Tumor Budding

A central observation of this study is the spatially selective remodeling of epithelial
adhesion. Reduced membranous E-cadherin expression at the invasive front and within
tumor budding areas is consistent with prior studies demonstrating that loss of epithelial
cohesion represents a key step in early invasion [7-9]. At the same time, membranous E-
cadherin expression remained more preserved within metastatic lymph-node deposits than
within invasion-related tumor regions, supporting the concept that adhesion remodeling
in CRC may be spatially heterogeneous rather than uniformly progressive [13-15,37,38].
Importantly, E-cadherin expression within lymph-node compartments was evaluated
only in metastatic deposits from node-positive tumors and therefore reflects epithelial
characteristics of metastatic CRC tissue rather than uninvolved nodal parenchyma.

The association between CLDN-2 expression and increased tumor budding further
reinforces this interpretation. Tumor budding, as a histopathological correlate of early dis-
semination, reflects localized disruption of epithelial integrity and acquisition of migratory
capacity [10-12]. In this setting, CLDN-2 expression appears to align with a structural
continuum linking localized loss of cohesion at the invasive front to invasion-associated phe-
notypes, without necessitating complete epithelial-mesenchymal transition [4-6] (Figure 3).
Tumor budding may also reflect a biological continuum of microinvasive activity associated
with nodal dissemination [39-42].

4.3. Epithelial Architecture and Immune Contexture as Partially Independent Axes

The results also suggest that epithelial architecture and immune contexture may
represent partially independent dimensions of tumor organization. While invasion-
related epithelial features—including tumor budding, nodal status, and E-cadherin
remodeling—formed a coherent pattern associated with CLDN-2 expression, immune
variables such as T-cell densities and lymphoid follicles exhibited greater variability and
weaker associations.

This observation is in line with the concept underlying the Immunoscore, which cap-
tures an immune-based axis of tumor stratification independent of conventional pathologi-
cal features [26-28]. The lack of strong alignment between epithelial and immune parame-
ters in the present study further supports the notion that these dimensions reflect distinct
biological processes that may not be tightly coupled within individual tumors [29,30].

4.4. Interpretation of CLDN-2 in the Context of Epithelial Organization

Previous studies have linked CLDN-2 expression to altered barrier function, inflam-
matory signaling, and proliferative pathways in CRC [9,43]. The present findings do not
contradict these observations but rather extend them by placing CLDN-2 within a spatial
and structural framework. In this context, CLDN-2 expression may be viewed as part of an
epithelial configuration characterized by coordinated adhesion remodeling and increased
microinvasive activity.
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Emerging claudin-targeted therapeutic strategies further support the translational rele-
vance of claudin family proteins in oncology [44]. The clinical feasibility of claudin-directed
therapy has already been demonstrated in gastrointestinal cancers using CLDN18.2-
targeted agents [45-47].

The conceptual model proposed in Figure 3 should be interpreted as an integrative rep-
resentation of the spatial relationships observed within the cohort rather than as a defined
mechanistic pathway.

4.5. Limitations

Several limitations should be acknowledged. First, the study was conducted in a single
center and included a relatively small cohort, which limits statistical precision and general-
izability. Second, observed associations may partly reflect differences in stage distribution,
particularly nodal involvement, and were not formally adjusted for confounding factors.
The exploratory NO-only sensitivity analysis was constrained by the small number of
CLDN-2-higher node-negative tumors and should therefore be interpreted cautiously. In
addition, analyses involving E-cadherin expression within lymph-node compartments
were inherently restricted to node-positive tumors and therefore partly conditioned on
metastatic status. Third, the absence of survival data precludes assessment of prognostic
implications. The cross-sectional design precludes temporal inference regarding whether
CLDN-2 upregulation precedes, accompanies, or follows invasion-associated epithelial
remodeling. MMR phenotype assessment was based on protein-expression immunohisto-
chemistry without confirmatory molecular MSI testing. Fourth, E-cadherin and CLDN-2
expression were assessed semi-quantitatively by immunohistochemistry, and although
evaluation was performed by blinded pathologists with consensus resolution, digital image
quantification could strengthen future studies. Finally, the co-occurrence and correlation
analyses were exploratory and internally descriptive and were not externally validated.

5. Conclusions

In summary, CLDN-2 expression in colorectal cancer is associated with spatial epithe-
lial remodeling characterized by compartment-specific changes in membranous E-cadherin
expression and increased tumor budding. Rather than representing an isolated molecular
determinant, CLDN-2 expression appears to align with an invasion-associated epithelial
configuration characterized by nodal involvement, lymphovascular invasion, and spatial
adhesion remodeling.

These findings are hypothesis-generating and warrant validation in independent cohorts.

Author Contributions: Conceptualization; methodology, A.R.M., A.P. and K.G.-U.; software, A.RM,;
validation, A.R.M.; formal analysis, A.R.M. and K.G.-U; investigation, A.].S., KM., W.R., A.P. and
K.G.-U,; resources, K.G.-U.; data curation, A.R.M. and K.G.-U.; writing—original draft preparation,
A.RM.; writing—review and editing, A.RM., AJ.S.,, KM., W.R., A.P. and K.G.-U; visualization,
ARM. and K.G.-U; supervision, A.P. and K.G.-U.; project administration, A.R.M. and K.G.-U.; fund-
ing acquisition, K.G.-U. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant B.SUB.24.264 from the Medical University
of Bialystok.

Institutional Review Board Statement: The study was approved by the Human Research Ethics
Committee of the Medical University of Biatystok (APK.002.119.2024) approved on 25 April 2024. All
procedures performed in studies involving human participants were conducted in accordance with
the ethical standards of the institutional research committee and with the 1964 Helsinki Declaration
and its later amendments or comparable ethical standards.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

https:/ /doi.org/10.3390/cancers18111772


https://doi.org/10.3390/cancers18111772

Cancers 2026, 18, 1772 14 of 16

Data Availability Statement: The dataset generated and analyzed during the current study is not
publicly available due to privacy regulations and consent restrictions but is available from the
corresponding author upon reasonable request. All data shared will be de-identified in accordance
with ethical guidelines.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AJCC American Joint Committee on Cancer
CLDN-2 Claudin-2

CRC Colorectal Cancer

E-CDH E-cadherin

E-CDH-BS  E-cadherin at tumor Budding Sites
E-CDH-IF  E-cadherin at the Invasive Front
E-CDH-LN  E-cadherin in Regional Lymph-Nodes
E-CDH-TC  E-cadherin at the Tumor Center

EMT Epithelial-Mesenchymal Transition
FFPE Formalin-Fixed, Paraffin-Embedded
H&E Hematoxylin and Eosin
IF Invasive Front
IHC Immunohistochemistry
IOR Interquartile Range
ITBCC International Tumor Budding Consensus Conference
LN Lymph Node
LVI Lymphovascular Invasion
NoB Number of Tumor Buds
PDC Poorly Differentiated Clusters
PNI Perineural Invasion
POR Areas of poorly differentiated components
TC Tumor Center
TBF Tumor Budding Foci
TIL Tumor-Infiltrating Lymphocyte
TNM Tumor-Node-Metastasis
References
1. Hanahan, D. Hallmarks of cancer: New dimensions. Cancer Discov. 2022, 12, 31-46. [CrossRef]

AN

Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging biological principles of metastasis. Cell 2017, 168, 670-691.
[CrossRef] [PubMed]

Nehme, Z.; Roehlen, N.; Dhawan, P.; Baumert, T.F. Tight junction protein signaling and cancer biology. Cells 2023, 12, 243.
[CrossRef]

Zihni, C.; Mills, C.; Matter, K.; Balda, M.S. Tight junctions: From simple barriers to multifunctional molecular gates. Nat. Rev. Mol.
Cell Biol. 2016, 17, 564-580. [CrossRef]

Li, J. Context-dependent roles of claudins in tumorigenesis. Front. Oncol. 2021, 11, 676781. [CrossRef] [PubMed]

Brabletz, T.; Kalluri, R.; Nieto, M.A.; Weinberg, R.A. EMT in cancer. Nat. Rev. Cancer 2018, 18, 128-134. [CrossRef]

Markowski, A.R.; Ustymowicz, K.; Markowska, A.].; Romariczyk, W.; Guziriska-Ustymowicz, K. E-cadherin expression varies
depending on the location within the primary tumor and is higher in colorectal cancer with lymphoid follicles. Cancers 2023,
15, 3260. [CrossRef] [PubMed]

Capaldo, C.T. Claudin barriers on the brink: How conflicting tissue and cellular priorities drive IBD pathogenesis. Int. J. Mol. Sci.
2023, 24, 8562. [CrossRef]

Wei, M.; Zhang, Y.; Yang, X.; Ma, P; Li, Y.; Wu, Y; Chen, X,; Deng, X.; Yang, T.; Mao, X,; et al. Claudin-2 promotes colorectal
cancer growth and metastasis by suppressing NDRG1 transcription. Clin. Transl. Med. 2021, 11, e667. [CrossRef]

https:/ /doi.org/10.3390/cancers18111772


https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1016/j.cell.2016.11.037
https://www.ncbi.nlm.nih.gov/pubmed/28187288
https://doi.org/10.3390/cells12020243
https://doi.org/10.1038/nrm.2016.80
https://doi.org/10.3389/fonc.2021.676781
https://www.ncbi.nlm.nih.gov/pubmed/34354941
https://doi.org/10.1038/nrc.2017.118
https://doi.org/10.3390/cancers15123260
https://www.ncbi.nlm.nih.gov/pubmed/37370870
https://doi.org/10.3390/ijms24108562
https://doi.org/10.1002/ctm2.667
https://doi.org/10.3390/cancers18111772

Cancers 2026, 18, 1772 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dhawan, P.; Ahmad, R.; Chaturvedi, R.; Smith, ]J.J.; Midha, R.; Mittal, M.; Krishnan, M.; Chen, X.; Eschrich, S.; Yeatman, T.].; et al.
Claudin-2 expression increases tumorigenicity of colon cancer cells: Role of epidermal growth factor receptor activation. Oncogene
2011, 30, 3234-3247. [CrossRef]

Escaffit, F.; Boudreau, F; Beaulieu, J.-F. Differential expression of claudin-2 along the human intestine: Implication of GATA-4 in
differentiating cells. J. Cell. Physiol. 2005, 203, 15-26. [CrossRef]

Alghamdi, R.A.; Al-Zahrani, M.H. Identification of key claudin genes associated with survival prognosis and diagnosis in colon
cancer through integrated bioinformatic analysis. Front. Genet. 2023, 14, 1221815. [CrossRef] [PubMed]

Cherradi, S.; Martineau, P.; Gongora, C.; Del Rio, M. Claudin gene expression profiles and clinical value in colorectal tumors
classified according to their molecular subtype. Cancer Manag. Res. 2019, 11, 1337-1348. [CrossRef] [PubMed]

Yang, L.; Zhang, W.; Li, M.; Dam, J.; Huang, K.; Wang, Y.; Qiu, Z.; Sun, T.; Chen, P; Zhang, Z.; et al. Evaluation of the prognostic
relevance of differential claudin gene expression highlights claudin-4 as being suppressed by TGFf1 inhibitor in colorectal cancer.
Front. Genet. 2022, 13, 783016. [CrossRef]

Kinugasa, T.; Huo, Q.; Higashi, D.; Shibaguchi, H.; Kuroki, M.; Tanaka, T.; Futami, K.; Yamashita, Y.; Hachimine, K,
Maekawa, S.; et al. Selective up-regulation of claudin-1 and claudin-2 in colorectal cancer. Anticancer Res. 2007, 27, 3729-3734.
[CrossRef]

Aung, PP; Mitani, Y,; Sanada, Y.; Nakayama, H.; Matsusaki, K.; Yasui, W. Differential expression of claudin-2 in normal human
tissues and gastrointestinal carcinomas. Virchows Arch. 2006, 448, 428-434. [CrossRef]

Marincola Smith, P.; Choksi, Y.A.; Markham, N.O.; Hanna, D.N.; Zi, J.; Weaver, C.J.; Hamaamen, J.A.; Lewis, K.B.; Yang, J.;
Liu, Q.; et al. Colon epithelial cell TGFf signaling modulates the expression of tight junction proteins and barrier function in
mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2021, 320, G936-G957. [CrossRef] [PubMed]

Mezheyeuski, A.; Strell, C.; Hrynchyk, I; Guren, T.K,; Dragomir, A.; Doroshenko, T.; Pashkova, O.; Gorgun, J.; Ruksha, K.; Pfeiffer,
P; et al. Treatment-related survival associations of claudin-2 expression in fibroblasts of colorectal cancer. Virchows Arch. 2018,
472, 395-405. [CrossRef]

Hahn-Stréomberg, V.; Edvardsson, H.; Bodin, L.; Franzén, L. Tumor volume of colon carcinoma is related to the invasive pattern
but not to the expression of cell adhesion proteins. APMIS 2009, 117, 205-211. [CrossRef]

Paquet-Fifield, S.; Koh, S.L.; Cheng, L.; Beyit, L.M.; Shembrey, C.; Molck, C.; Behrenbruch, C.; Papin, M.; Gironella, M.;
Guelfi, S.; et al. Tight junction protein claudin-2 promotes self-renewal of human colorectal cancer stem-like cells. Cancer Res.
2018, 78, 2925-2938. [CrossRef]

Hahn-Stromberg, V.; Edvardsson, H.; Bodin, L.; Franzén, L. Disturbed expression of E-cadherin, beta-catenin and tight junction
proteins in colon carcinoma is unrelated to growth pattern and genetic polymorphisms. APMIS 2008, 116, 253-262. [CrossRef]
Bujko, M.; Kober, P.; Mikula, M.; Ligaj, M.; Ostrowski, J.; Siedlecki, J.A. Expression changes of cell-cell adhesion-related genes in
colorectal tumors. Oncol. Lett. 2015, 9, 2463-2470. [CrossRef]

Cancer Genome Atlas Network. Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012, 487,
330-337. [CrossRef]

Heregger, R.; Huemer, F,; Steiner, M.; Gonzalez-Martinez, A.; Greil, R.; Weiss, L. Unraveling resistance to immunotherapy in
MSI-high colorectal cancer. Cancers 2023, 15, 5090. [CrossRef]

Fried], P; Alexander, S. Cancer invasion and the microenvironment: Plasticity and reciprocity. Cell 2011, 147, 992-1009. [CrossRef]
[PubMed]

Galon, J.; Lanzi, A. Immunoscore and its introduction in clinical practice. Q. J. Nucl. Med. Mol. Imaging 2020, 64, 152-161.
[CrossRef]

Angell, HK,; Bruni, D.; Barrett, J.C.; Herbst, R.; Galon, J. The Immunoscore: Colon cancer and beyond. Clin. Cancer Res. 2020, 26,
332-339. [CrossRef] [PubMed]

Mlecnik, B.; Bindea, G.; Angell, HK.; Maby, P; Angelova, M.; Tougeron, D.; Church, S.E.; Lafontaine, L.; Fischer, M;
Fredriksen, T; et al. Integrative analyses of colorectal cancer show Immunoscore is a stronger predictor of patient survival
than microsatellite instability. Immunity 2016, 44, 698-711. [CrossRef] [PubMed]

Becht, E.; Giraldo, N.A.; Lacroix, L.; Buttard, B.; Elarouci, N.; Petitprez, E; Selves, ].; Laurent-Puig, P.; Sautes-Fridman, C,;
Fridman, W.H.; et al. Estimating the population abundance of tissue-infiltrating immune and stromal cell populations using gene
expression. Genome Biol. 2016, 17, 218. [CrossRef]

Mezheyeuski, A.; Backman, M.; Mattsson, J.; Martin-Bernabé, A.; Larsson, C.; Hrynchyk, I.; Hammarstrom, K.; Strom, S.; Ekstrom,
J.; Mauchanski, S.; et al. An immune score reflecting pro- and anti-tumoural balance of tumour microenvironment has major
prognostic impact and predicts immunotherapy response in solid cancers. eBioMedicine 2023, 88, 104452. [CrossRef]

Amin, M.B.; Greene, FL.; Edge, S.B.; Compton, C.C.; Gershenwald, J.E.; Brookland, R.K.; Meyer, L.; Gress, D.M.; Byrd, D.R,;
Winchester, D.P. The eighth edition AJCC cancer staging manual. CA Cancer . Clin. 2017, 67, 93-99. [CrossRef] [PubMed]
Markowski, A.R.; Blachnio-Zabielska, A.U.; Pogodziniska, K.; Markowska, A.].; Zabielski, P. Diverse sphingolipid profiles in
rectal and colon cancer. Int. J. Mol. Sci. 2023, 24, 10867. [CrossRef]

https:/ /doi.org/10.3390/cancers18111772


https://doi.org/10.1038/onc.2011.43
https://doi.org/10.1002/jcp.20189
https://doi.org/10.3389/fgene.2023.1221815
https://www.ncbi.nlm.nih.gov/pubmed/37799140
https://doi.org/10.2147/CMAR.S188192
https://www.ncbi.nlm.nih.gov/pubmed/30863148
https://doi.org/10.3389/fgene.2022.783016
https://doi.org/10.1016/S0016-5085(08)62087-9
https://doi.org/10.1007/s00428-005-0120-2
https://doi.org/10.1152/ajpgi.00053.2021
https://www.ncbi.nlm.nih.gov/pubmed/33759564
https://doi.org/10.1007/s00428-017-2263-3
https://doi.org/10.1111/j.1600-0463.2008.00011.x
https://doi.org/10.1158/0008-5472.CAN-17-1869
https://doi.org/10.1111/j.1600-0463.2008.00894.x
https://doi.org/10.3892/ol.2015.3107
https://doi.org/10.1038/nature11252
https://doi.org/10.3390/cancers15205090
https://doi.org/10.1016/j.cell.2011.11.016
https://www.ncbi.nlm.nih.gov/pubmed/22118458
https://doi.org/10.23736/S1824-4785.20.03249-5
https://doi.org/10.1158/1078-0432.CCR-18-1851
https://www.ncbi.nlm.nih.gov/pubmed/31413009
https://doi.org/10.1016/j.immuni.2016.02.025
https://www.ncbi.nlm.nih.gov/pubmed/26982367
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1016/j.ebiom.2023.104452
https://doi.org/10.3322/caac.21388
https://www.ncbi.nlm.nih.gov/pubmed/28094848
https://doi.org/10.3390/ijms241310867
https://doi.org/10.3390/cancers18111772

Cancers 2026, 18, 1772 16 of 16

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

Markowski, A.R.; Markowska, A.J.; Ustymowicz, W.; Pryczynicz, A.; Guzifiska-Ustymowicz, K. Simultaneous analysis of
tumor-infiltrating immune cells density, tumor budding status, and presence of lymphoid follicles in CRC tissue. Sci. Rep. 2022,
12,21732. [CrossRef]

Tabaries, S.; Annis, M.G.; Lazaris, A.; Petrillo, S.K.; Huxham, J.; Abdellatif, A.; Palmieri, V.; Chabot, J.; Johnson, R.M.;
Van Laere, S.; et al. Claudin-2 promotes colorectal cancer liver metastasis and is a biomarker of the replacement type growth
pattern. Commun. Biol. 2021, 4, 657. [CrossRef]

Hana, C.; Thaw Dar, N.N.; Venegas, M.G.; Vulfovich, M. Claudins in cancer: A current and future therapeutic target. Int. J. Mol.
Sci. 2024, 25, 4634. [CrossRef]

Cox, K.E;; Liu, S.; Hoffman, R.M.; Batra, S.K.; Dhawan, P.; Bouvet, M. The expression of the claudin family of proteins in colorectal
cancer. Biomolecules 2024, 14, 272. [CrossRef] [PubMed]

Jang, T.J. Expression of E-cadherin and {3-catenin is altered at tumor budding sites. Korean J. Pathol. 2009, 43, 523. [CrossRef]
Batistatou, A.; Charalabopoulos, A.K.; Scopa, C.D.; Nakanishi, Y.; Kappas, A.; Hirohashi, S.; Agnantis, N.J.; Charalabopoulos, K.
Expression patterns of dysadherin and E-cadherin in lymph node metastases of colorectal carcinoma. Virchows Arch. 2006, 448,
763-767. [CrossRef] [PubMed]

Haddad, T.S.; Bokhorst, J.-M.; van den Dobbelsteen, L.; Oztiirk, S K.; Baumann, E.; van Vliet, S.; Verrijp, K.; Jamieson, N.B.; Wood,
C.; Berger, M.D.; et al. Tumor budding and poorly differentiated clusters as a biological continuum in colorectal cancer invasion
and prognosis. Sci. Rep. 2025, 15, 16944. [CrossRef]

Lugli, A.; Zlobec, I.; Berger, M.D.; Kirsch, R.; Nagtegaal, I.D. Tumour budding in solid cancers. Nat. Rev. Clin. Oncol. 2021, 18,
101-115. [CrossRef]

Di Caro, G.; Bergomas, F.; Grizzi, F; Doni, A.; Bianchi, P.; Malesci, A.; Laghi, L.; Allavena, P; Mantovani, A.; Marchesi, F.
Occurrence of tertiary lymphoid tissue predicts better prognosis in early-stage colorectal cancers. Clin. Cancer Res. 2014, 20,
2147-2158. [CrossRef]

Zlobec, I; Berger, M.D.; Lugli, A. Tumour budding and its clinical implications in gastrointestinal cancers. Br. ]. Cancer 2020, 123,
700-708. [CrossRef]

Wang, Y.-B.; Shi, Q.; Li, G.; Zheng, J.-H.; Lin, J.; Qiu, W. MicroRNA-488 inhibits progression of colorectal cancer via MAPK
pathway by targeting claudin-2. Am. J. Physiol. Cell Physiol. 2019, 316, C33-C47. [CrossRef] [PubMed]

Katoh, M,; Loriot, Y.; Nakayama, I.; Hamada, A.; Shitara, K.; Katoh, M. Antibody-drug conjugates targeting adhesion molecules.
Front. Mol. Med. 2025, 5, 1661016. [CrossRef] [PubMed]

Mullard, A. FDA approves first claudin-18.2-targeted antibody for gastric cancer. Nat. Rev. Drug Discov. 2024, 23, 884. [CrossRef]
Shitara, K.; Lordick, F; Bang, Y.-].; Enzinger, P; Ilson, D.; Shah, M.A.; Van Cutsem, E.; Xu, R.-H.; Aprile, G.; Xu, J.; et al.
Zolbetuximab plus mFOLFOX6 (SPOTLIGHT). Lancet 2023, 401, 1655-1668. [CrossRef] [PubMed]

Shah, M.A; Shitara, K.; Ajani, ].A.; Bang, Y.-].; Enzinger, P,; Ilson, D.; Lordick, F.; Van Cutsem, E.; Gallego Plazas, J.; Huang, J.; et al.
Zolbetuximab plus CAPOX (GLOW). Nat. Med. 2023, 29, 2133-2141. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/cancers18111772


https://doi.org/10.1038/s41598-022-26225-8
https://doi.org/10.1038/s42003-021-02189-9
https://doi.org/10.3390/ijms25094634
https://doi.org/10.3390/biom14030272
https://www.ncbi.nlm.nih.gov/pubmed/38540693
https://doi.org/10.4132/KoreanJPathol.2009.43.6.523
https://doi.org/10.1007/s00428-006-0183-8
https://www.ncbi.nlm.nih.gov/pubmed/16570180
https://doi.org/10.1038/s41598-025-00866-x
https://doi.org/10.1038/s41571-020-0422-y
https://doi.org/10.1158/1078-0432.CCR-13-2590
https://doi.org/10.1038/s41416-020-0954-z
https://doi.org/10.1152/ajpcell.00047.2018
https://www.ncbi.nlm.nih.gov/pubmed/30207785
https://doi.org/10.3389/fmmed.2025.1661016
https://www.ncbi.nlm.nih.gov/pubmed/41164107
https://doi.org/10.1038/d41573-024-00172-7
https://doi.org/10.1016/S0140-6736(23)00620-7
https://www.ncbi.nlm.nih.gov/pubmed/37068504
https://doi.org/10.1038/s41591-023-02465-7
https://doi.org/10.3390/cancers18111772

	Introduction 
	Materials and Methods 
	Patients 
	Histopathology 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	Cohort Characteristics 
	CLDN-2 Expression and Clinicopathological Context 
	CLDN-2 and Invasion-Related Epithelial Remodeling 
	Co-Occurrence of Epithelial and Dissemination-Related Features 
	Distribution of Compartmental E-Cadherin Scores 
	Pairwise Correlations Among Epithelial and Dissemination-Related Features 
	Immune Contexture Patterns 

	Discussion 
	CLDN-2 and Invasion-Associated Epithelial Architecture 
	Spatial Remodeling of Adhesion and Tumor Budding 
	Epithelial Architecture and Immune Contexture as Partially Independent Axes 
	Interpretation of CLDN-2 in the Context of Epithelial Organization 
	Limitations 

	Conclusions 
	References

