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Introduction

The CLDN protein family, encoded by the CLDN gene fam-
ily, comprises a group of four-pass transmembrane proteins 
predominantly localized in the tight junctions of epithelial 
and endothelial cells. These tight junctions play a pivotal role 
in establishing selective barriers that regulate the paracellu-
lar movement of ions, molecules, and cells across distinct 
physiological compartments (Furuse et al. 1998a; Krause et 
al. 2008; Reviews 2013; Tsukita et al. 2001; Van Itallie et 
al. 2003). In mammals, the CLDN family encompasses 27 
members, with CLDN13 being exclusive to rodents, while 
humans possess 26 CLDN subtypes (Mineta et al. 2011). 
Structurally, human CLDNs are composed of 207 to 305 
amino acids, exhibiting a molecular weight ranging from 
21 to 34 kDa (Günzel and Yu 2013). Characterized by four 
transmembrane domains (TMD1–TMD4), these proteins 
possess a short cytoplasmic N-terminus, an extended C-ter-
minal cytoplasmic domain, two extracellular domains (the 
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Abstract
Claudin (CLDN) proteins are extensively studied due to their critical role in maintaining tissue barriers and cell polarity. 
However, significant gaps remain in understanding the functional mechanisms of their sequence motifs and the molecular 
mechanisms of their interactions with other tight junction proteins. This review systematically examines the multifunc-
tional properties of the CLDN protein family from the perspectives of sequence and structure. During evolution, CLDN 
family members have developed highly conserved structural features, particularly key conserved sites within the first 
extracellular loop (ECL1) and the C-terminal PDZ-binding domain, which play a central role in regulating the barrier func-
tion of tight junctions, ion selectivity, and protein–protein interactions. Furthermore, the distribution pattern of acidic and 
basic amino acids in ECL1 has been shown to directly determine ion selectivity and paracellular permeability. Meanwhile, 
the assembly and functional stability of tight junctions are precisely regulated by the C-terminal PDZ-binding domain 
through its interactions with the ZO protein family. Additionally, the study further elucidates how CLDN proteins modu-
late critical signaling pathways governing cellular proliferation, survival, and permeability, thereby participating in diverse 
physiological and pathological processes. These insights have deepened the understanding of the functional diversity of 
CLDN proteins and provided a new theoretical basis for developing disease diagnostic markers and designing targeted 
treatment strategies based on CLDN proteins.
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larger ECL1 and the smaller ECL2), and a brief intracellular 
loop (Morin 2009; Tsukita et al. 2019) (Fig. 1). Given that 
protein function is intrinsically linked to molecular archi-
tecture, CLDNs serve as critical intercellular barriers and 
fences, ensuring the proper spatial organization of mem-
brane phospholipids and proteins. Dysregulation of CLDNs 
has been implicated in a spectrum of pathological condi-
tions, including cancer, inflammatory disorders, and meta-
bolic syndrome (Angelow et al. 2008; Morin 2005; Zhang 
et al. 2024).

The functional diversity of CLDN proteins stems from 
their highly conserved structural motifs, including critical 
domains within the extracellular loops and the C-terminal 
PDZ-binding motif. These structural elements not only 
mediate interactions between CLDN proteins and other tight 
junction components but also play a pivotal role in regulat-
ing paracellular transport (Itoh et al. 1999; Jeansonne et al. 
2003; Piontek et al. 2008; Rosenthal et al. 2010). Although 
significant progress has been made in elucidating the crys-
tal structures and functions of CLDN family members, the 
evolutionary relationships among different CLDN isoforms 
and the sequence determinants underlying their functional 
specificity have yet to be fully elucidated. For instance, the 
relationship between the diversity of sequence motifs across 
species and their functional conservation remains unclear; 
the dynamic binding mechanisms between CLDN proteins 
and scaffolding proteins such as ZO-1 and MUPP1 require 
further investigation; and notably, the regulatory role of phos-
phorylation in modulating these interactions demand deeper 
exploration. In the context of disease, extensive research has 

established a clear link between aberrant CLDN expression 
and tumorigenesis (Hou et al. 2012; Villagomez et al. 2025). 
CLDN proteins participate in disease pathogenesis through 
modulating multiple signaling pathways: (1) regulating 
cell polarity and proliferation via interactions with ZO pro-
tein family members (Brunner et al. 2023); (2) influencing 
cytoskeletal reorganization through small GTPases such as 
Rac1/RhoA; (3) controlling cell survival by interacting with 
apoptosis-related proteins including Bcl-2/Bcl-xL; and (4) 
maintaining intercellular permeability in coordination with 
Occludin/JAM complexes (Taylor et al. 2021). However, 
current investigations demonstrate marked imbalance in 
research depth. While existing studies predominantly focus 
on elucidating molecular mechanisms of canonical path-
ways like PI3K/AKT and Wnt/β-catenin, understanding of 
other potential pathways and their network-based regula-
tion remains substantially limited (Bakir et al. 2020; Kay 
et al. 2017; Ohta et al. 2012). Particularly noteworthy is the 
pressing need to clarify the interaction mechanisms between 
CLDN proteins and critical signaling pathways including 
Notch and Hippo—aberrant activation of these pathways 
may lead to uncontrolled cell proliferation, tight junction 
dysfunction, and subsequent tumor progression and metas-
tasis. Furthermore, currently available therapeutic strate-
gies targeting CLDN-associated signaling pathways show 
limited clinical efficacy, highlighting the urgent demand for 
developing more precise targeted interventions.

Within the CLDN protein family, despite sequence and 
structural variations among individual members, highly con-
served amino acid motifs are consistently observed. These 
motifs are predominantly localized in two key regions: (1) 
the extracellular loop domains, where they mediate para-
cellular barrier and pore functions, and (2) the C-terminal 
cytoplasmic tail, which harbors conserved binding sites 
for scaffolding proteins such as ZO-1, ZO-2, and MUPP1. 
Through motif discovery and consensus sequence analysis, 
the conservation and variability of these motifs across dif-
ferent CLDN members can be systematically outlined. The 
primary mechanisms through which these functional motifs 
operate are further examined, offering a comprehensive 
overview of the structural determinants that underlie the 
functional diversity of CLDN proteins. Such an analysis not 
only deepens the understanding of the molecular founda-
tions of CLDN protein functions but also sheds light on the 
evolutionary adaptations that have shaped their diversity. 
By clarifying the sequence motifs and their arrangements, 
this perspective aims to advance the field of epithelial biol-
ogy and provide a foundation for future investigations into 
the roles of CLDN proteins in both health and disease.Fig.  1  Three-Dimensional Structure of CLDN Proteins. The figure 

illustrates the three-dimensional structures of CLDN1 and CLDN16 
proteins. CLDN1 (AF-O95832-F1), as a representative of classical 
CLDN proteins, and CLDN16 (AF-Q9Y5I7-F1), as a representative 
of non-classical CLDN proteins, each consist of four transmembrane 
domains (TM) and two extracellular loops (ECL1 and ECL2)
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Methods

Data sources and processing

All protein sequence and structural data are sourced from 
the following databases:

UniProT Database (https://www.uniprot.org/): For 
obtaining protein sequences and AlphaFold predicted struc-
tures. PDB Database (https://www.rcsb.org/): For obtain-
ing the experimental resolution of protein structures. PLIP 
Database (​h​t​t​p​​s​:​/​​/​p​l​i​​p​-​​t​o​o​​l​.​b​i​​o​t​e​​c​.​t​​u​-​d​r​e​s​d​e​n​.​d​e​/): For ​a​n​a​l​y​
z​i​n​g the interaction between ligands and proteins and key 
amino acid information.

During the process of data processing and analysis, 
ensure the integrity and consistency of the data. All ana-
lytical results are verified multiple times to guarantee their 
reliability.

Sequence alignment and evolutionary analysis

To investigate the evolutionary relationships of the target 
protein, we retrieved homologous protein sequences from 
related species in the UniProT database. Using MEGA 
software (version 11.0), we performed multiple sequence 
alignment with the ClustalW algorithm. Based on the align-
ment results, we constructed a phylogenetic tree using either 
the Maximum Likelihood (ML) or Neighbor-Joining (NJ) 
method in MEGA, selecting the appropriate method based 
on the data size and the purpose of the construction. The 
reliability of the tree was assessed with a Bootstrap value 
set to 500 replicates. To further enhance the visualization of 
the evolutionary tree, we utilized the iTOL (Interactive Tree 
Of Life) online tool to refine and annotate the phylogenetic 
tree, highlighting key evolutionary nodes and branches.

Molecular structure visualization and analysis

In this study, the PyMOL software (version 2.5.2) was uti-
lized for the visualization and analysis of molecular struc-
tures. The three-dimensional structural data of the target 
protein were primarily sourced from the following two 
databases:

AlphaFold Database: Obtain the AlphaFold predicted struc-
ture of the target protein from the UniProT website for 
analyzing the overall conformation and functional do-
main distribution of the protein.

PDB Database: Download the experimentally resolved 
structures of target proteins (such as X-ray crystal struc-
tures or cryo-electron microscopy structures) from the 
RCSB Protein Data Bank to validate the accuracy of Al-
phaFold predicted structures.

The data on ligands and key amino acid interactions are 
sourced from the PLIP database (Protein–Ligand Interac-
tion Profiler), through PLIP analysis, the interaction pat-
terns between ligands and proteins are examined, including 
hydrogen bonds, hydrophobic interactions, and more.

In PyMOL, we conducted 3D visualization of the pro-
tein’s overall structure, functional domains and ligand bind-
ing sites, analyzed hydrogen bond and salt bridge networks 
using built-in measurement tools, generated an electrostatic 
potential map to study charge distribution and potential 
ligand binding sites, and analyzed key amino acid sites for 
protein interactions.

Through the aforementioned methods, we have system-
atically analyzed the structural characteristics, ligand bind-
ing patterns, and evolutionary relationships of the target 
protein, laying a solid foundation for subsequent functional 
research and applications.

Other protein function prediction

Utilize InterPro to analyze protein function and predict 
conserved sites and use the KEGG database platform for 
enrichment analysis of CLDN-related proteins and their sig-
naling pathways and functions.

Phylogenetic relationships and motif composition 
of CLDN proteins

Phylogenetic analysis provides valuable insights into the 
functional differences and diversity within protein families. 
By tracing the evolutionary trajectories of proteins across 
species, it systematically reveals their functional conserva-
tion and specificity, thereby deepening our understanding of 
evolutionary dynamics and functional diversification pro-
cesses. The claudin proteins show a wide range of sequence 
similarity. Our phylogenetic analysis of tight junction pro-
teins across seven species—human, mouse, cattle, sheep, 
pig, horse, and dog—demonstrates that certain members 
(e.g., CLDN1-10, 14, 17, and 19) exhibit high sequence 
homology. Notably, CLDN1 and CLDN7 form a distinct 
evolutionary clade, while CLDN2 and CLDN14 constitute 
another, suggesting that these proteins may have undergone 
similar selective pressures during evolution. However, their 
specific functional relationship requires further experimen-
tal validation (Fig. 2A). A subdivision of the claudin family 
into ‘classic’ and ‘non-classic’ groups has been suggested 
from sequence analysis of the mouse claudin proteins 
(Krause et al. 2008). Our analysis of these seven species 
also suggests that some demarcation can be made between 
claudins on the basis of sequence homology, although the 
exact members of the ‘classic’ and ‘non-classic’ classes are 
slightly different from the ones suggested by Krause et al. 
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Fig.  2  Phylogenetic relationships and motif compositions of CLDN 
proteins. A The evolutionary history of CLDN proteins was inferred 
using the neighbor-joining method. B, C Distribution of domains in 
CLDN proteins. D The evolutionary history of CLDN protein domains 
was inferred using the neighbor-joining method. E Schematic repre-
sentation of domains based on the phylogenetic tree of CLDN protein 

domains. Domains with closer evolutionary relationships typically 
have smaller RMS (root-mean-square) values, indicating greater simi-
larity in their spatial structures. However, there are some exceptions 
where domains with closer evolutionary relationships have larger 
RMSD values. This may be related to the specificity of protein func-
tions, interactions between domains, or other biological factors
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elucidating the structure–function paradigm of the CLDN 
protein family.

While these findings provide insights into CLDN pro-
tein evolution and structure–function relationships, several 
limitations should be acknowledged: First, the phylogenetic 
analysis was confined to seven mammalian species, which 
may not fully capture the evolutionary diversity across the 
entire claudin protein family. Second, while bioinformatic 
predictions have identified potential functional motifs (par-
ticularly in disordered regions) (Abdelkader and Kim 2024; 
Zhu et al. 2023; Zou et al. 2023), these computational find-
ings require experimental validation through protein–pro-
tein interaction studies to confirm their mechanistic roles. 
Third, the current classification of claudins into ‘classic’ 
and ‘non-classic’ subfamilies, while supported by our cross-
species analysis, would benefit from additional validation 
through comprehensive expression profiling and functional 
characterization across a broader range of species. These 
limitations highlight important directions for future research 
to further refine our understanding of CLDN protein evolu-
tion and function.

The discovery of conserved sites and the analysis of 
their potential functions

InterPro analysis technology was able to identify and locate 
a functionally critical conserved site within the 48–64 amino 
acid region of the target protein. Visualization of the pro-
tein’s three-dimensional structure using PyMOL software 
revealed that this conserved site resides in the first extracel-
lular loop (ECL1) of the CLDN protein. Comprising four 
β-strands (β1–β4) and an extracellular helix, this region 
forms an antiparallel β-sheet structure, which is highly con-
served and essential for the formation of intercellular con-
nections within the CLDN family (Marsch et al. 2024). The 
conserved site primarily consists of the β3 and β4 structures 
(Fig. 3A). These two β-sheets likely mediate protein–pro-
tein interactions or ligand binding directly, serving as the 
structural foundation for the functional regulation of CLDN 
proteins.

Extracellular loop 1 represents a key structural domain 
of tight junction proteins, such as claudins and occludins, 
playing multiple roles in cell–cell adhesion, barrier func-
tion, and ion channel regulation. Its unique structural fea-
tures also contribute to maintaining the integrity of tight 
junctions (Krause et al. 2008; Powell 1981; Reviews 2013). 
ECL1 has a characteristic sequence (Gly-Leu-Trp-x-x-Cys-
(8–10aa)-Cys) that is highly conserved and detected in a 
series of closely related proteins such as epithelial  mem-
brane proteins (EMPs, PMP22) (Koval 2006). The cysteines 
in this conserved sequence may form intramolecular disul-
fide bonds to stabilize the protein conformation (Fig. 3B, C) 

(Krause et al. 2008) for the mouse proteins. With the pro-
gressive elucidation of claudin protein expression profiles 
and functional characteristics, it may be possible and more 
appropriate to subdivide the claudins according to these 
parameters.

Sequence motifs serve as the structural foundation for 
the diverse functionalities of proteins. Within the CLDN 
protein family, a systematic examination of motif compo-
sition highlights key characteristics, where both conserva-
tion and variability are assessed across its various members 
(Fig. 2B, C). CLDN proteins contain two critical functional 
motifs: a disordered region, potentially involved in dynamic 
conformational changes and functional regulation, and a 
C-terminal region interacting with TJP1, TJP2, and TJP3, 
likely contributing to intercellular connections and barrier 
functions. These findings highlight the functional mecha-
nisms of the CLDN protein family. Notably, both functional 
regions localize to the termini of CLDN proteins, with the 
TJP-interacting region exhibiting a clustering pattern in 
classic CLDN proteins. This pattern correlates closely with 
the conserved YV motif at the C-terminus, indicating its key 
role in mediating CLDN-TJP interactions (Itoh et al. 1999).

Through comprehensive characterization of the evo-
lutionary relationships and structural features of these 
domains, with particular emphasis on their evolutionary 
conservation and three-dimensional structural similarity 
profiles, we have uncovered a significant phenomenon: the 
phylogenetic trajectories of the domains exhibit marked 
divergence from those of their corresponding full-length 
proteins (Fig.  2D). This discrepancy likely stems from 
distinct selective pressures acting on functional motifs 
throughout evolutionary history. Notably, the intrinsically 
disordered regions of CLDN9 and CLDN19 form a distinct 
evolutionary clade, while CLDN7 and CLDN18 cluster 
within a separate branch—a topological pattern completely 
absent in phylogenetic trees constructed using full-length 
protein sequences. This evolutionary divergence phenome-
non may reflect potential mechanisms underlying functional 
diversification of CLDN proteins, though further functional 
experiments are required for verification. Further analyti-
cal investigations revealed a definitive correlation between 
the evolutionary relationships of domains and their three-
dimensional structural similarities (Fig.  2E). Intriguingly, 
although the disordered sequences demonstrate substantial 
variability in length and primary structure across differ-
ent family members, their spatial conformations maintain 
remarkably limited structural deviations. This compel-
ling observation strongly suggests that the conservation 
patterns and functional diversification processes of these 
domains are intimately linked to the stability of their spa-
tial architectures. These findings establish a critical theo-
retical framework and propose new research directions for 
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basic residues in ECL1 inverts the charge selectivity of the 
paracellular pathway, transitioning it from a preference for 
cations to a preference for anions (Colegio et al. 2002a).

The selectivity and permeability of ion channels in ECL1 
are also closely linked to the pathogenesis of various dis-
eases. For example, mutations in claudin-16 or claudin-19 
can lead to familial hypomagnesemia, where altered charge 
distribution disrupts selective permeability to Mg2⁺ (Hou 
et al. 2008). Furthermore, the high expression of claudin-2 
strongly correlates with increased permeability to Na⁺ and 
water in the intestine, a factor particularly significant in the 
pathogenesis of diarrheal diseases (Rosenthal et al. 2010). 
These findings complement the current understanding of 
ECL1’s functional mechanisms, and their structural char-
acteristics may offer potential targets for future therapeutic 
research.

The interactions with the ZO protein family and 
their relationship with phosphorylation

CLDNs undergo dynamic regulation through C-terminal 
modifications. Kinases targeting serine, threonine, or tyro-
sine residues phosphorylate this domain to control CLDN 

and play a critical role in preserving the structural and func-
tional integrity of tight junctions (Krause et al. 2008; Wen 
et al. 2004). Additionally, the unique distribution pattern of 
acidic and basic amino acids in ECL1 plays a pivotal role in 
modulating ion channel selectivity and permeability (Cole-
gio et al. 2003, 2002b; Günzel et al. 2009; Yu et al. 2009). 
Molecular dynamics simulations reveal that these charged 
residues form a dynamic electrostatic network, enabling 
ion-selective filtering and pH-sensitive gating regulation 
(Rosenthal et al. 2017; Weber et al. 2015). For example, in 
CLDN4, the lysine 65 residue in the first extracellular loop 
is crucial for controlling paracellular permeability (Berselli 
et al. 2022). By employing PyMOL software, the spatial 
arrangement of these charged residues in CLDN proteins 
has been visualized (Fig. 3D), shedding light on how their 
electrostatic properties influence functional behavior. The 
analytical results demonstrate that Claudin-2, Claudin-15, 
and Claudin-22 are primarily involved in the formation of 
cation channels. This finding exhibits remarkable consis-
tency with previous research observations, which demon-
strate that substituting acidic residues with basic ones in the 
ECL1 of claudin-4 markedly enhances cation permeabil-
ity. Similarly, in claudin-15, replacing acidic residues with 

Fig. 3  Discovery of conserved sites and analysis of potential functions. 
A Topological map of the conserved site in CLDN proteins, shown in 
local magnification. B Web Logo diagram of the amino acid sequence 
of the conserved site in CLDN proteins. C The unique sequence of 

the conserved site containing 16 amino acids. D Electrostatic potential 
map of CLDN proteins, represented in combination with surface and 
ribbon views
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interactions are crucial for the assembly and function of 
tight junctions.

To be specific, there are hydrophobic interactions 
between the residues Gly—207, Tyr—210 and Ser—205 of 
CLDN1 and the residues Ser—115, Tyr—119, and Lys—
110 of ZO—1. These residues come close to each other 
through their hydrophobic side chains, reducing their con-
tact area with water and thus increasing the stability of the 
complex. In addition to hydrophobic interactions, hydrogen 
bonds and charge interactions may also exist between these 
residues. For example, the hydroxyl group of Ser—205 may 
form a hydrogen bond with a charged residue on ZO—1. 
The residues Tyr—114, Glu—20, Thr—23 and Ser—98 
of ZO-2 exhibit hydrophobic binding with the residues 
Phe—221, Lys—218 and Ser—208 of CLDN2. These resi-
dues come close to each other through their hydrophobic 
side chains, forming a hydrophobic core that helps stabi-
lize the complex. Similar to CLDN1, hydrogen bonds and 
charge interactions may also exist between these residues. 
These structural data clarify the molecular basis of specific 
binding between ZO-1 and CLDN proteins, providing criti-
cal insights into the molecular mechanisms of tight junc-
tion assembly. Building on this understanding, the crystal 
structures of its interactions with ligands were further deter-
mined (Figs. 5C, D). In the structural complexes of CLDN1 
with ligands 12P-A-201, ACT-A-202, and ACT-A-203, key 
amino acid residues—including Arg-74, His-46, Ser-39, Ile-
54, and Arg-107—engage in direct binding with the ligands 
through hydrogen bonds and hydrophobic interactions, sta-
bilizing the overall conformation of the complex. Similarly, 
studies on the interaction between CLDN2 and ligands 
FMT-A-201 and FMT-B-201 reveal that residues such as 
Thr-105, Lys-103, and Gly-80 play pivotal roles in ligand 
binding. The elucidated interaction mechanisms offer struc-
tural insights that could potentially guide the development of 
small-molecule modulators for experimental investigations.

The phosphorylation state of CLDN proteins was found 
to play a critical regulatory role in their interaction with ZO 

localization and functional states (Wang et al. 2023). Beyond 
phosphorylation, the C-terminus contains modification sites 
for SUMOylation, palmitoylation, and ubiquitination, each 
contributing to the spatiotemporal regulation of CLDNs in 
cellular contexts (Fig.  4) (Hashimoto and Oshima 2022; 
Itoh et al. 1999). Emerging studies demonstrate that tight 
junction (TJ) assembly and functionality are modulated by 
phosphorylation events (Findley and Koval 2009). Nota-
bly, protein kinase A-mediated phosphorylation of Thr-192 
in the C-terminal cytoplasmic domain of CLDN3 has been 
shown to impair its oligomerization, leading to TJ destabili-
zation in ovarian cancer cells. This molecular alteration cor-
relates with loss of cellular polarity and enhanced invasive 
potential (D’Souza et al. 2005a). Additionally, this region 
contains typical PDZ-binding motifs (e.g., –K/R/H–X–Y–
V), enabling specific interactions with scaffold proteins 
containing PDZ domains, such as ZO-1. This interaction 
facilitates the integration of claudin proteins into intracel-
lular signaling networks and contributes to the regulation of 
cell polarity and the stability of intercellular junctions (Fan-
ning and Anderson 2010; Itallie et al. 2014; Itoh et al. 1999; 
Riazuddin et al. 2006; Shen et al. 2011; Umeda et al. 2006).

To gain deeper insights into the molecular mechanisms 
of ZO protein-CLDN protein interactions, the structures of 
complexes involving CLDN1 and CLDN2 with the PDZ 
domain of ZO-1 were determined (Fig. 5A, B). Structural 
analyses have suggested that the C-terminal cytoplasmic 
domains of CLDN1 and CLDN2 may have a certain bind-
ing affinity for the PDZ domain of ZO-1. Notably, the C-ter-
minal YV (Tyr-Val) sequences of CLDN1 and CLDN2 form 
a critical hydrogen bond network with the PDZ domain of 
ZO-1, a key interaction for complex stability. To be specific, 
the interaction between CLDN1 and CLDN2 and ZO—1 
involves several key amino acid residues. These residues 
work together through different molecular forces such as 
hydrophobic interactions, hydrogen bonds and charge inter-
actions to form a stable protein—protein complex. These 

Fig. 4  Interactions with the ZO 
protein family and their relation-
ship with phosphorylation. Struc-
tural diagram of the CLDN protein 
(monomer)
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phosphorylation state of CLDN-2 significantly affects its 
binding ability to ZO-1, thereby regulating the permeability 
and function of the intestinal epithelial barrier (Molecules 
2024); in diabetic nephropathy, the phosphorylation state of 

proteins, a mechanism pivotal in the development and pro-
gression of various diseases (Ahmad et al. 2011; D’Souza et 
al. 2005b). This conclusion is further supported by experi-
mental results: in inflammatory bowel disease (IBD), the 
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as cancer, inflammatory bowel disease, and neurodegenera-
tive disorders.

Abnormal expression or dysfunction of CLDN proteins 
may lead to dysregulated cell proliferation, structural and 
functional impairments of tight junctions, and aberrant cell 
survival—pathological alterations that are closely asso-
ciated with the development and progression of various 
diseases. For example, CLDN proteins interact with small 
GTPases like Rac1 and RhoA to influence cytoskeletal reor-
ganization, thereby regulating cell proliferation (Inaba et al. 
2021; Liu et al. 2022). Specifically, Rac1 and RhoA activate 
downstream signaling molecules such as PAKs and ROCK, 
which modulate cytoskeletal dynamics and thereby control 
cell morphology and motility. Disruption of this regula-
tory mechanism may lead to uncontrolled cell proliferation, 
increasing the risk of cancer. Additionally, CLDN proteins 
interact with Occludin and JAM to maintain the structure 
and function of tight junctions, which are critical for inter-
cellular permeability (Nakamura et al. 2019; Otani et al. 
2019). Dysregulation of these interactions may compromise 
tight junction integrity, contributing to the development of 
inflammatory bowel disease. Furthermore, CLDN proteins 
interact with Bcl-2 and Bcl-xL to regulate cell survival. The 
underlying mechanism involves Bcl-2 and Bcl-xL inhibit-
ing apoptotic pathways, such as the activation of Caspase 
3, thereby promoting cell survival (Ghai et al. 2024; Man-
junath et al. 2024). Dysregulation of CLDN-Bcl-2/Bcl-xL 
interactions may impair apoptotic control, a process impli-
cated in neurodegenerative models; however, further stud-
ies are needed to establish causality in human pathology. 
While we have managed to identify several key signaling 
pathways, such as those involved in cell polarity, prolifera-
tion, differentiation, survival, and intercellular permeability, 
the interactions among these pathways may be more intri-
cate than currently understood. For instance, the interac-
tions between Claudin proteins and Rac1 and RhoA may 
be modulated by other signaling molecules, the regulatory 
mechanisms of which have yet to be fully elucidated.

Claudin cis-stacking and trans-pairing architect 
tight junction barriers

Claudins, the primary sealing proteins of tight junctions, 
polymerize through homotypic and heterotypic interac-
tions to form the structural scaffold of these intercellu-
lar complexes. The extracellular loops (ECL1 and ECL2) 
of CLDNs contain β -sheet and α -helix structures, which 
form stable multimers through hydrophobic interactions 
and hydrogen bonds (Hashimoto et al. 2023). The seminal 
work by Furuse et al. (1998a) demonstrated that claudins 
alone possess the intrinsic ability to assemble into func-
tional tight junction strands, as evidenced by the formation 

CLDN-1 directly influences the integrity of the glomerular 
filtration barrier by modulating its interaction with ZO-1. 
It is worth mentioning that this study offers a glimpse into 
the molecular mechanisms of CLDN-ZO protein interac-
tions, shedding new light on the regulation of tight junc-
tions. However, it is essential to highlight that the findings 
are mainly based on structural analyses. As such, their 
physiological significance needs further validation through 
experiments.

MAGUK family proteins, particularly the GK domain 
of MAGI2, can bind to phosphorylated peptides in a phos-
phorylation-dependent manner (Liu et al. 2024b; Zhang et 
al. 2023). As a subfamily of the MAGUK family, the ZO 
protein family also possesses the characteristic GK domain. 
Based on this, it is hypothesized that multiple phosphoryla-
tion sites at the C-terminus of CLDN proteins may play a 
critical role in their binding to ZO proteins.

CLDN signaling networks in physiology and 
pathology

The integrity and functionality of tight junctions largely 
depend on the expression and function of tight junction 
proteins. As illustrated, CLDN proteins interact with other 
proteins through various signaling pathways, influencing 
multiple physiological functions of cells (Fig. 6). These sig-
naling pathways include cell polarity and proliferation, cell 
differentiation, cell survival, and intercellular permeability 
(Liu et al. 2021; Sugawara et al. 2025; Wang et al. 2024). 
For instance, CLDN proteins interact with ZO-1, ZO-2, and 
ZO-3 to affect cytoskeletal reorganization, thereby influ-
encing cell polarity and proliferation; they interact with 
E-cadherin and β-catenin to regulate cell differentiation; 
their interaction with Bcl-2 family members (e.g., Bcl-2, 
Bcl-xL) may modulate mitochondrial apoptotic pathways, 
while interactions with Occludin and JAM coordinate tight 
junction strand assembly to regulate permeability (Raya-
Sandino et al. 2023). Dysregulation of these interactions 
may contribute to the development of various diseases, such 

Fig. 5  Interactions with the ZO protein family and their relationship 
with phosphorylation. A Fitting diagram of CLDN1 (AF-O95832-F1) 
protein and ZO-1 (AF-Q07157-F1) protein in surface representation. B 
Fitting diagram of CLDN2 (AF-P57739-F1) protein and ZO-1 protein 
in surface representation. C Overall and locally magnified diagrams 
of CLDN1 (PDB: 4OEP) protein interacting with ligands. Ligands 
include: 12P-A-201, ACT-A-202, ACT-A-203. D Overall and locally 
magnified diagrams of CLDN2 (PDB: 4YYX) protein interacting with 
ligands. Ligands include: FMT-A-201, FMT-B-201. All ligand struc-
tures are sourced from the PLIP database. In figure A, B: The fitting 
diagrams are represented in ribbon form and reveal the detailed inter-
faces between the binding sites. Key amino acid sites are marked, with 
yellow dashed lines indicating hydrogen bond interactions. In figure 
C, D: Key amino acid sites involved in ligand interactions are marked, 
with yellow dashed lines indicating hydrogen bond interactions
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between CLDN1 and CLDN5 is relatively weak (Daugherty 
et al. 2007). Moreover, specific pairs such as CLDN16 and 
CLDN19 necessitate heteromerization for proper target-
ing to tight junctions (Hou et al. 2009; Piontek et al. 2011). 
These intramembrane interactions are functionally sig-
nificant, as their disruption can trigger occludin-dependent 
apoptosis (Beeman et al. 2012). Between adjacent cells, 
claudins engage in trans-interactions through their extra-
cellular domains (Hashimoto et al. 2023), with homotypic 
pairing (e.g., claudin-1/-1) being predominant but selective 

of characteristic freeze-fracture strands in claudin-1/-2-ex-
pressing fibroblasts (Furuse et al. 1998b). Within the same 
cell membrane, CLDN proteins engage in cis-interactions 
via their transmembrane domains and extracellular loops 
to form oligomers, a process confirmed by FRET stud-
ies that have revealed the existence of heteromeric com-
plexes among CLDN1, CLDN2, CLDN3, and CLDN5. 
The heterotypic binding of different CLDNs is selective; 
for instance, CLDN3 can form trans-cellular associations 
with CLDN1, CLDN2, and CLDN5, whereas the binding 

Fig. 6  Schematic representation of the role of CLDN proteins in tight 
junctions. The diagram shows the interaction network of CLDN pro-
teins with other proteins such as Occludin and JAM, and how these 
interactions affect cellular functions through different signaling mol-

ecules, including PAR3, PAR6, aPKC, and Rac1. The CLDN protein 
indicated in blue (Figure source: ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​k​​e​g​​​g​.​​j​​p​/​k​e​​​g​g​​/​k​e​​g​g​1​.​h​t​
m​l)
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Conclusion

The diverse biological functions of CLDN proteins are 
governed by the organization of specific sequence motifs, 
each encoding distinct functional properties. By summariz-
ing the literature and data, we focus on these unique and 
functional motifs. Throughout the evolutionary history of 
CLDN proteins, their extracellular loop structures have 
retained conserved sites that confer intercellular adhesion, 
barrier functions, and the regulation of ion channel func-
tions (Krause et al. 2008; Powell 1981). The CLDN protein 
regulates the function of ion channels based on the distribu-
tion of acidic and basic amino acids (Furuse and Biol 1999; 
Shin et al. 2022; Suzuki et al. 2014). When interacting with 
ZO proteins to maintain their function, the phosphorylated 
C-terminus may play a crucial role by exerting its effects 
through intermolecular interactions mediated by key amino 
acids. Recent research has found that CLDN proteins play 
a crucial role in various physiological and pathological 
processes by participating in key signaling pathways such 
as the establishment of cell polarity, cytoskeletal reorga-
nization, and regulation of cell survival (Ling et al. 2024; 
Murakami-Nishimagi et al. 2023; Pan et al. 2024).

There remain several significant scientific issues in this 
field that require resolution: firstly, the functional domains 
of CLDN proteins and their dynamic regulatory mecha-
nisms need to be more precisely defined; secondly, the 
collaborative regulatory relationship between protein inter-
action networks and post-translational modifications, such 
as phosphorylation, remains to be elucidated (Basith et al. 
2022; Pham et al. 2024); lastly, CLDN proteins may initiate 
different signaling cascades in specific physiological states 
by conformationally dependent exposure of their functional 
domains. Targeted intervention strategies based on the 
CLDN signaling network still needs further optimization. 
The resolution of these issues will promote a deeper under-
standing of the functions of CLDN proteins and provide 
new ideas for the treatment of related diseases.
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heterotypic combinations (e.g., claudin-1/-3 or renal clau-
din-16/-19) contributing to tissue-specific functions such as 
magnesium reabsorption—mutations in which cause famil-
ial hypomagnesemia (FHHNC) (Van Itallie and Anderson 
2013). The assembly process begins with ER quality control 
but culminates in the Golgi apparatus, with cholesterol-rich 
membrane microdomains (e.g., those containing CD81) 
facilitating final multimerization (Koval 2013). This sophis-
ticated polymerization mechanism underlies the dual func-
tions of tight junctions: maintaining structural adhesion and 
regulating paracellular permeability.

However, the current overemphasis on monomeric 
CLDN protein studies limits our comprehensive under-
standing of their functional mechanisms, as these studies fail 
to reflect the true physiological context of CLDN polymer 
networks within intact tight junctions. Monomeric studies 
cannot replicate the cooperative barrier functions of clau-
din polymers in native tight junction environments (e.g., 
the synergistic permeability selectivity of claudin-2/15), 
the assembly of scaffold-dependent signaling platforms 
(e.g., ZO-1-mediated signalosome formation), or mechani-
cally sensitive conformational changes. More critically, 
monomeric studies often overlook compensatory regulatory 
mechanisms among claudin subtypes, potentially leading 
to misinterpretations of disease pathogenesis. For example, 
while CLDN18.2 monomers exhibit weak signaling activity 
in vitro, in gastric cancer tissues, CLDN18.2 forms hetero-
polymers with HER2, significantly activating PI3K/AKT 
and S100A4-dependent metastatic pathways to promote 
tumor progression (Liu et al. 2024a). This mechanism is 
only demonstrable in TJ-like environments, whereas mono-
meric studies cannot reveal such interactions (Table 1).

Table  1  Comparison of monomer analysis and polymer/TJ environ-
ment analysis in studying tight junction properties
Property Monomer analysis Polymer/TJ environ-

ment analysis
Barrier 
function

Cannot simulate pore or 
seal selectivity

Reflects true permeabil-
ity (e.g., Claudin-2/15 
synergy)

Signal 
recruitment

Only detects direct bind-
ing (e.g., PDZ)

Reveals scaffold-depen-
dent signaling platforms

Confor-
mational 
dynamics

Static structure (X-ray/
NMR)

Force-sensitive/chemi-
cally induced allostery

Pathological 
relevance

May miss compensa-
tory mechanisms (e.g., 
Claudin upregulation)

More closely mimics 
disease models (e.g., 
organoids/live imaging)
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