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Abstract: Tight junctions (TJs) play an important role in maintaining cell polarity and regulating 

cell permeability. In recent years, many studies have shown that TJ proteins, especially claudin-7, 

are closely related to inflammation and the development of various malignant tumors. Claudin-7 

plays a significant role in maintaining the physiological functions and pathological conditions 

of the TJ barrier. The dysregulation of claudin-7 plays a tumor suppressor role or conversely 

has carcinogenic effects in different target tissues or cells, but the exact underlying mechanism 

is still unclear. In this review, we will summarize the expression pattern of claudin-7 in tumors, 

focusing on the expression and regulation of claudin-7 in colorectal cancer and discussing the 

correlation between claudin-7 and invasion, metastasis and epithelial–mesenchymal transition 

(EMT) in colorectal cancer. The construction of Cldn7−/− mice and conventional claudin-7 

knockout mouse models has helped determine the mechanisms by which claudin-7 promotes 

tumorigenesis. Elucidation of the expression and subcellular localization of claudin-7 under 

pathological conditions will help develop claudin-7 as a useful biomarker for detecting and diag-

nosing cancer, and thus may help combat the occurrence, development, and invasion of cancers.
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Introduction
The incidence of tumors is increasing worldwide. Colorectal cancer (CRC) is a 

common malignant gastrointestinal cancer. The morbidity and mortality are ranked 

third and fourth among malignant tumors, respectively.1,2 CRC is a serious threat 

to human health. With the improvement of economic conditions and human living 

standards, the incidence of CRC has increased, and its morbidity and mortality are 

gradually rising in China. The current incidence and mortality rates are ranked third 

and fifth in malignancies, respectively.1,3 Approximately, 700,000 patients die each 

year from CRC, which is related to poor prognosis, high recurrence rates, invasion, 

and metastasis of CRC.4

Increasing evidence has indicated that the abnormal structure and functional dis-

ruption of cell–cell tight junctions (TJs) is one of the important mechanisms by which 

malignant tumor cells can easily detach from primary cancer tissues and cause distant 

invasion and metastasis.5 Claudin proteins are the most crucial components of  TJs, and 

their core functions include regulating the intercellular ion and small molecule flux, 

maintaining the epithelial cell polarity,6,7 and participating in cell proliferation and dif-

ferentiation, gene transcription, and signal transduction processes.8–10 The expression 

profiles of claudins change significantly in many epithelial-derived tumors, and the 
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expression correlates with tumor prognosis and can serve as 

a biomarker of prognosis and potential therapeutic targets.5

In recent years, many studies of the expression and regula-

tory mechanism of claudin-7 in tumors have been reported. 

Claudin-7 is a member of claudin family and is an important 

molecule that constitutes cell–cell TJs. This protein plays 

important roles in maintaining cell polarity and barrier func-

tions. The abnormal expression of claudin-7 results in the 

destruction of  TJs, loss of the contact inhibition of cells, and 

abnormal proliferation and migration, and is closely related 

to the occurrence and development of various malignant 

tumors.11 This review will summarize the current knowledge 

regarding claudin-7 dysregulation in cancer and highlight the 

progress in claudin-7 research in CRC.

Introduction to tight junctions and 
claudin proteins physiology
TJs are apical intercellular junctions between epithelial cells 

and vascular endothelial cells. The stability of the TJs requires 

the coordinated activity of several different proteins, includ-

ing occludin, claudin, junctional adhesion molecule, and 

TJ-associated proteins (ZO-1, ZO-2, and ZO-3).8 The growth 

of epithelial cells is mediated by cell–cell communication, 

such as cell adhesion and TJs. The apical membrane forms 

a semipermeable barrier that allows only ions and solutes 

selectively through epithelial cells.12 The primary functions 

are regulating the cell permeability through its barrier func-

tion and maintaining the cell polarity by limiting the diffusion 

of lipids and proteins through its fence function.13–15 Nearly 

90% of malignant tumors originate from the epithelium.8 

The destruction of  TJ integrity between epithelial cells is an 

important step in tumor progression. This alteration weakens 

cell–cell adhesion and promotes the spread of growth fac-

tors and cytokines, leading to the loss of tumor cell polarity, 

uncontrolled growth, and eventually tumor invasion and 

metastasis.5,8,15,16

Claudins are the main components of TJs and regulate 

barrier properties by controlling the charge and molecular 

size selectivity. Claudins are a multigene family with a 

relative molecular mass of 22-27 kDa.16 There are currently 

27 identified claudin members, in humans and mice. The 

expression pattern of claudins shows high tissue and organ 

specificity.17,18 Claudin family members have similar chemical 

structures and are composed of four hydrophobic transmem-

brane domains and two extracellular loops, with the amino 

and carboxyl terminals located within the cells.19,20 The first 

extracellular loop contains two highly conserved cysteine 

residues that increase protein stability through disulfide bond 

formation and determine the transepithelial electrical resis-

tance of  TJs and selectivity of paracellular pathways.21 The 

other extracellular loop is short and forms a dimer between 

the conserved aromatic residues and the claudin proteins.22 

The carboxyl terminus constitutes the PDZ domain (PSD-95/

Dlg/ZO-1) and has potential phosphorylation sites, such as 

sites for serine, threonine, and tyrosine phosphorylation, and 

palmitoylation, which can affect the localization and function 

of claudin proteins in TJ complexes.23,24

Claudin family members form pores to control the extra-

cellular fluid and ions in epithelial cells; in addition to their 

role in barrier regulation, they also maintain epithelial cell 

homeostasis.25 The dysregulation of claudin proteins and 

disruption of epithelial barrier function have been observed 

in intestinal inflammation and tumors. Downregulation or 

absence of claudin proteins was identified as an important 

mechanism underlying loss of cell adhesion and metastasis, 

and resulted in structural destruction and impaired func-

tion of epithelial and endothelial cells.5,8 The expression of 

claudin-1, -2, and -18 in intestinal mucosal epithelium was 

increased in intestinal inflammatory diseases, with claudin-3, 

-4, -5, -7, -8, and -12 being downregulated.25 Claudin-1 is 

widely known for its barrier function in intestinal epithelial 

cells. Overexpression of claudin-1 in mouse intestinal epi-

thelial cells resulted in upregulation of matrix metallopro-

teinase 9 (MMP9) and extracellular signal-regulated kinase 

(ERK). Claudin-1 plays a key role in colonic epithelial cell 

homeostasis by regulating the Notch signaling pathway.26 

The expression of claudin-1 was significantly reduced in 

inflammatory bowel disease (IBD) patients and was asso-

ciated with the course of the disease.27 Claudin-2 and -15 

regulate the paracellular transport of Na+, Ca2+, and water 

in the intestine. Deletion of claudin-2 and -15 in mouse 

intestinal epithelial cells resulted in intestinal destruction 

because the transepithelial resistance and paracellular Na+ 

permeability were decreased. Specific overexpression of 

claudin-2 resulted in increased growth of colonic crypts and 

intestinal dilatation.28,29

In this study, the specific contribution of claudin-7 to 

maintenance of normal epithelial cell homeostasis and tumori-

genesis is being explored. Claudin-7 is necessary to maintain 

the mucosal epithelial integrity and the NaCl balance in distal 

nephrons. Overexpression of claudin-7 reduces the paracellular 

Cl− permeability and increases the paracellular Na+ conduc-

tance in renal LLC-PK1 cells, whereas claudin-7 knockdown 

increases Na+ permeability in MDCK cells.30 Cl− permeability 

was increased in the claudin-7 knockout mouse model, leading 

to severe loss of Na+, Cl−, and K+ as well as chronic  dehydration 
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and growth retardation. The paracellular flux (pFlux) of small 

organic solutes was enhanced by claudin-7 deficiency, but not 

for the larger organic solutes, resulting in increased infiltra-

tion of N-formyl-L-methionyl-L-leucyl-Lphenylalanine (438 

Da), a major bacterial product, and aggravated intestinal 

 inflammation.31–33 These studies suggest that claudin-7 is 

required for the maintenance of intestinal epithelial barrier 

function by modifying intestinal permeability and regulating 

isohydria in the kidney. Immunofluorescence analyses showed 

decreased staining and signaling of claudin-7 in ulcerative 

colitis (UC) patients. Downregulation of claudin-7 may lead 

to epithelial damage and TJ structural change, which disrupts 

the paracellular pathway selectivity and promotes UC progres-

sion.34 Claudin-7 expression is also associated with a variety of 

malignancies, but the exact mechanism is still unclear.

The localization and function of 
claudin-7
Claudin-7 is one of the most important members of the 

claudin family; it consists of 211 amino acid residues and 

is widely distributed in the head and neck, gastrointestinal 

tract, lung, breast, kidney, bladder, and skin.35 Claudin-7 is 

not only localized at apical intestinal epithelial cells but also 

has a strong basolateral and basement membrane distribu-

tion in the intestines. In contrast to other TJ proteins, which 

are usually located only on the top of intestinal epithelial 

cells, claudin-7 has unique cell distribution characteristics 

( Figure 1).31,36 At the same time, claudin-7 mRNA and protein 

are strongly expressed in the intestine.31 In the colon, clau-

din-7 expression gradually increases with the differentiation 

of epithelial cells into the luminal surface, which results in 

an expression gradient from the basal surface to the surface 

of the intestinal lumen.37

The barrier function of claudin-7 restricts the supply of 

nutrients and growth factors of cancer cells and plays a tumor 

suppressor role.38 Claudin-7 deletion leads to TJ loss, barrier 

function disruption, and destruction of the electrochemical 

gradient, which can result in the transfer of toxins and patho-

gens to the colon.33 The basolateral membrane expression of 

claudin-7 in intestinal epithelial cells maintains extracellular 

matrix interactions, homeostasis, and differentiation through 

signal transduction.31,39 Claudin-7 colocalizes with integrin 

α2 in normal intestinal epithelium, and deletion of claudin-7 

altered integrin α2 expression and localization and decreased 

Figure 1 The junctional complex in epithelial and endothelial cells. 
Notes: Tight junctions (blue) and adherens junctions (yellow) are apically located in polarized epithelial cells and endothelial cells. Claudin-7 (red) is not only localized at 
apical intestinal epithelial cells but also has a strong basolateral and basement membrane distribution in the intestines. Dysregulation of claudin-7 expression and subcellular 
localization can promote inflammation, EMT, and cancer progression.
Abbreviation: EMT, epithelial–mesenchymal transition.
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the claudin-7/integrin α2/claudin-1 protein complex forma-

tion. Polymerase chain reaction (PCR) revealed a significant 

upregulation of MMPs, which degrade the extracellular 

matrix, destroying intestinal epithelial tissue and causing 

intestinal inflammation similar to IBD symptoms.31 Claudin-7 

also colocalizes with integrin β1 to form a stable complex 

in lung cancer. With the inhibition of claudin-7, cell growth 

was significantly accelerated, the expression of integrin β1 

and phosphorylated focal adhesion kinase (FAK) was sig-

nificantly decreased, and extracellular matrix adhesion was 

weakened, which led to a weakened adhesion capacity of 

cancer cells, thereby accelerating invasion and metastasis.40

Specific function of claudin-7 in the 
intestine revealed by claudin-7 gene-
deficient mouse models
For analysis of the molecular biological effects of the clau-

din-7 in intestinal tumorigenesis and development, several 

claudin-7 knockout mouse models were successfully con-

structed. Ding et al31 generated systemic claudin-7 gene 

knockout in mice and found that the general morphology of 

Cldn7−/− mice was significantly impaired compared with that 

of the control group; the integrity of the intestinal epithelial 

tissue was severely disrupted; and an inflammatory response 

similar to that in IBD, including mucosal ulceration, epithelial 

cell sloughing, and inflammatory reactions, was observed, 

leading to extensive local hyperplasia. Real-time PCR and 

Western blot (WB) results showed that MMPs and inflamma-

tory cytokines were upregulated, leading to degradation of 

extracellular matrix components and stimulation of immune 

responses. Deletion of claudin-7 reduces the abnormal 

expression and position of integrin α2, which destroys the 

claudin-7/integrin α2/claudin-1 complex formation in the 

intestinal epithelium. Electron microscopy analysis showed 

obvious intercellular gaps between the intestinal cells and cell 

matrix, suggesting that claudin-7 plays an important role in 

maintaining the function and homeostasis of intestinal epi-

thelial cells and regulating cell–matrix interactions through 

non-TJ functions.

Tanaka et al33 constructed a conditional intestinal 

claudin-7 knockout mouse model using the Cre-LoxP sys-

tem. Hematoxylin-eosin (H&E) staining showed that the 

apoptotic rate of epithelial cells was significantly elevated, 

neutrophil infiltration increased, and the mRNA levels of 

proinflammatory cytokines were significantly increased in the 

ileum and colon of the knockout mice. Intestinal claudin-7 

knockout changed only the pFlux for small molecule solutes 

and did not completely destroy the TJ structure. Intestinal 

 microorganisms entered the intestinal epithelial cells through 

the transcellular pathway, promoted intestinal inflammation, 

and then led to the occurrence of tumors. This model shows 

that loss of claudin-7 can increase the absorption of intes-

tinal bacterial products and initiate colonic inflammation. 

Claudin-7 maintains the barrier function of the intestinal 

epithelium and regulates epithelial cell renewal.

Li et al41 successfully generated Cldn7 intestinal con-

ditional knockout mice with induction by tamoxifen to 

achieve temporally and spatially controllable induction. In 

Cldn7−/− mice, atypical hyperplasia and adenoma formation 

were successfully induced by intraperitoneal injection of the 

carcinogen azoxymethane. Claudin-7 knockout mice have 

severe intestinal inflammation, epithelial cell detachment, 

necrosis, intestinal shortening, congestion, and edema. The 

intestinal epithelial structure was destroyed, necrotic glan-

dular epithelial cells were found in the glandular cavity, and 

the basement membrane intercellular gap showed obvious 

loosening. H&E staining showed connective tissue hyper-

plasia and breaks in the intestinal muscle for the formation 

of tumors. The research indicated that claudin-7 plays a 

significant role in maintaining intestinal homeostasis and 

tumorigenesis, and it may be a new tumor suppressor marker.

The three mouse models were tested for the effects of 

claudin-7 knockdown on intestinal inflammation and tumors. 

The claudin-7 general knockout mouse model showed a 

deadly phenotype with a short survival time and could not 

be further used to define the role of claudin-7 in CRC occur-

rence and development. With improvements in technology, 

the construction of a knockout mouse model of inducible 

conditional claudin-7 in the intestine will make further 

research possible. Claudin-7 knockout mice exhibit severe 

intestinal inflammation, increased paracellular permeability, 

a dysfunctional intestinal barrier, and successful induction 

of intestinal tumors, indicating that claudin-7 has protective 

effects on intestinal epithelial cells, maintains intestinal 

homeostasis, and may play a role in tumor inhibition.

Claudin-7 and cancer: causal 
correlation
As a critical protein in epithelial cells, abnormal expression 

and distribution of claudin-7 have been reported in a variety 

of human malignancies, including lung, colon, ovarian, 

breast, gastric, esophageal, and prostate cancers and has 

been associated with cancer progression and metastasis.11 

As shown in Table 1, we summarized the expression pro-

file of claudin-7 in different cancers. The dysregulation of 

claudin-7 expression and localization have the potential to 
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alter homeostasis by impairing the integrity of the epithe-

lial barrier, disrupting the basic regulatory mechanisms of 

cells, such as proliferation, differentiation, and apoptosis. 

Ultimately, this dysfunction contributes to cell transforma-

tion and tumorigenesis.42 Accordingly, loss of claudin-7 is 

associated with loss of cell adhesion and tumor progression.38 

However, some studies have shown that increased expression 

of claudin-7 may promote tumor cell migration, invasion, and 

metastasis.43,44 These findings suggest that claudin-7 may have 

carcinogenic or tumor suppressive effects.

Claudin-7 downregulation is correlated with the biologi-

cal characteristics of tumor cells and the prognosis of some 

tumor patients. Lu et al used immunohistochemistry (IHC) 

to analyze the expression and location of claudin-7 in normal 

lung tissues and various types of lung cancer, and the results 

showed that claudin-7 is weak or absent in lung cancer.40 

Claudin-7 knockdown cells have high phosphorylation of 

ERK1/2; however, cell proliferation, invasive ability, and 

ERK1/2 phosphorylation were significantly reduced with the 

restoration of claudin-7.45 Claudin-7 inhibits the phosphoryla-

tion and nuclear localization of protein kinase B (PKB/Akt) 

and its association with 3-phosphoinositide-dependent pro-

tein kinase-1 (PDK1) under normal conditions. The deletion 

of claudin-7 eliminated the ability to inhibit the interaction 

between PDK1 and Akt and caused sustained phosphoryla-

tion of Akt, resulting in cell proliferation disorders of lung 

Table 1 Dysregulated claudin-7 expression in diverse cancers

Cancer type Methodology Expression change Reference

Lung cancer IHC, DICFM Downregulation 12,40,45,46
esophageal cancer iHC Downregulation 47–49
Oral squamous cell carcinoma iHC Downregulation 50
Breast cancer iHC Downregulation 51,52
endometrial cancer iHC Downregulation 53
Prostate cancer iHC Downregulation 54
Thyroid cancer iHC Downregulation 55
Pancreatic cancer iHC Downregulation 56
Colorectal cancer IHC, ELISA, WB Downregulation 73–82
Lung adenocarcinoma iHC Upregulation 43
esophageal adenocarcinoma IHC, microarray analysis Upregulation 57
Nasopharyngeal carcinoma IHC, WB Upregulation 58,59
Triple-negative breast cancer iHC Upregulation 44,60
Gastric cancer IHC, RT-qPCR Upregulation 61,62
Liver cancer iHC Upregulation 17,64,65
Thyroid carcinomas RT-qPCR, IHC Upregulation 66,67
Prostate cancer iHC Upregulation 68
Pancreatic cancer WB, IHC Upregulation 69
Cervical adenocarcinoma iHC Upregulation 70,71
Ovarian cancer RT-qPCR, IHC, WB Upregulation 72
Colorectal cancer IHC, WB, RT-qPCR Upregulation 83–85

Abbreviations: DICFM, digital image classification, fragmentation index, morphological analysis; ELISA, enzyme-linked immunosorbent assay; IHC, immunohistochemistry; 
RT-qPCR, reverse-transcription quantitative polymerase chain reaction; WB, Western blot.

squamous cell carcinoma.12 A new digital image classifica-

tion, fragmentation index, morphological analysis method for 

quantitative analysis of the expression pattern of claudin-7 

in lung cancer also showed that claudin-7 can be used as a 

biomarker for identifying lung cancer.46 Claudin-7 expres-

sion was significantly decreased in paracancerous tissues 

and corresponding metastatic lymph nodes in esophageal 

cancer. The expression was associated with invasion depth, 

lymphatic invasion, and lymph node metastasis, suggesting 

that claudin-7 may be a predictor of lymph node metastasis. 

Claudin-7 hypermethylation occurred at the invasive front 

of esophageal squamous cell carcinoma and may lead to 

heterogeneous and reduced expression of claudin-7.47 Clau-

din-7 knockout in esophageal SCC cells resulted in decreased 

expression of E-cadherin and accelerated cell growth and 

invasion. The abnormal localization of claudin-7 promotes 

cell transformation and regulates E-cadherin expression 

during tumor progression.48,49 Loss of claudin-7 expression 

in oral squamous cell carcinoma was associated with high 

pathological grade, TNM staging, vascular invasion, and 

regional lymph node involvement.50 Claudin-7 expression 

was also significantly associated with histological grade 

and distant metastasis in breast cancer51,52 and endometrial 

cancer,53 and it had prognostic significance. Claudin-7 may 

be associated with a tubular arrangement of tumor epithelial 

cells. Claudin-7 deletion leads to tumors with decreased 
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 tubular arrangement. Claudin-7 also regulates cell prolif-

eration, resulting in higher histological grade tumors. Fur-

thermore, claudin-7 was downregulated in prostate cancer,54 

thyroid cancer,55 and pancreatic cancer.56 Its downregulation 

in tumors may be regulated through multiple mechanisms 

such as promoter methylation. Loss of  TJ proteins is an 

event well known to reduce cell adhesion, and the deletion 

of intercellular adhesion molecules has been associated 

with decreased cell cohesion, and cytoskeleton remodeling, 

which is conducive to tumor cell detachment and distant 

metastasis. Paracellular permeability disorders provide the 

nutrients and growth factors required for tumor cell growth, 

allowing tumor cells to survive in the course of long-lasting 

invasion and metastasis. Claudin-7 plays an important role 

in inhibiting cancer invasion and proliferation, and it may 

also be a potential molecular target for therapy.

Upregulation of claudin-7 was reported to promote the 

malignant phenotype of cancer. Claudin-7 expression in 

invasive adenocarcinoma was significantly higher than that 

in normal epithelial tissue and precancerous lesions. The 

upregulation of claudin-7 may contribute to tumor cell adhe-

sion and metastasis through non-TJ functions that involve 

interactions with the surrounding lung adenocarcinoma 

matrix.43 Microarray analysis showed that claudin-7 mRNA 

levels were increased in esophageal adenocarcinoma. Overex-

pression of claudin-7 may be an early event of carcinogenesis, 

which provides a target for the diagnosis and targeted treat-

ment of esophageal adenocarcinoma.57 Claudin-7 expres-

sion was markedly increased in undifferentiated and poorly 

differentiated nasopharyngeal carcinoma. Palmitoylated 

claudin-7 may support tumor cell metastasis by interacting 

with MMPs and CD147. However, knockdown of claudin-7 

inhibits tumor invasion and metastasis.58,59 IHC revealed high 

claudin-7 expression in triple-negative breast cancer, which 

correlated with low c-kit expression and a higher tumor grade 

and has been shown to be an independent predictor of low 

recurrence-free survival.44,60 The expression of claudin-7 in 

gastric cancer was also significantly upregulated and per-

sisted during tumor progression. The overall survival time 

of patients with high claudin-7 expression was decreased. 

In addition, the expression of claudin-7 in intestinal-type 

adenocarcinoma patients was significantly higher than that in 

patients with diffuse-type adenocarcinoma, and the high clau-

din-7 expression in intestinal adenocarcinoma cells may sup-

port the carcinogenic conversion of intestinal metaplasia to 

adenocarcinoma. Claudin-7 executes an oncogenic function, 

promoting cancer cell invasion, proliferation, and EMT.61–63 

Compared with normal controls, hepatocellular carcinoma 

and cirrhosis tissues showed dramatically increased claudin-7 

expression. Multivariate analysis showed that claudin-7 

was an independent negative prognostic factor.17,64,65 The 

complexes of claudin-7, EpCAM, and CD44 variants may 

be involved in the invasive phenotype of undifferentiated 

thyroid carcinoma,66 but some experiments have shown that 

claudin-7 expression is not significantly different between 

benign and malignant thyroid cancers and thus is not a sub-

typing marker.67 Claudin-7 expression in prostate cancer,68 

pancreatic cancer,69 cervical adenocarcinoma,70,71 and ovar-

ian cancer72 was similarly upregulated, and its high expres-

sion was significantly associated with poor prognosis. The 

mechanism underlying the difference in claudin-7 expression 

in different tissues is not yet clear, but may be related to the 

specific tissue and functional differences of claudin-7. Non-

palmitoylated claudin-7, as a TJ protein, is involved in the 

formation of intercellular TJs and inhibits tumor progression 

and metastasis through TJ function. However, palmitoylated 

claudin-7 inhibits the formation of TJs and promotes the 

degradation of the extracellular matrix through its non-TJ 

function or interaction with MMPs, thereby accelerating the 

movement of tumor cells and promoting tumor progression.

The dual relationship between 
claudin-7 and colorectal cancer
Studies in which the expression and function of claudin-7 

in CRC have been analyzed are listed in Table 2. Claudin-7 

expression in CRC also has a dual role. IHC showed signifi-

cantly lower claudin-7 staining intensity in CRC tissue than 

adjacent non-tumor tissue,73–78 and abnormal cytoplasmic 

localization was observed.73 There was an important asso-

ciation between claudin-7 expression and lymphovascular 

invasion, neurotropic invasion, lymphocyte status, and tumor 

grade.74–76,79 A decrease in claudin-7 mRNA levels is an 

early event in the development of CRC that may contribute 

to the damage of the epithelial barrier in adenomas.78 The 

immunoreactivity of claudin-7 gradually declines with the 

progression of CRC stage and claudin-7 indirectly regulates 

cell adhesion and promotes cancer progression.80 Serum 

claudin-7 expression in patients with CRC was significantly 

reduced, as shown by enzyme-linked immunosorbent assay 

(ELISA), and correlated with high T stage and high carci-

noembryonic antigen levels.81 Using IHC and WB analyses, 

Bhat et al found that claudin-7 was downregulated in CRC, 

and the low claudin-7 expression promotes EMT and tumor 

progression.82 The above-mentioned evidence indicates that 

claudin-7 may play a potential tumor suppressor role in the 

occurrence and development of CRC, and it can be used as 
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a biomarker for predicting the development, proliferation, 

and prognosis of tumors.

However, claudin-7 also has a protumorigenic role. Kuhn 

et al83 and Darido et al84 found that claudin-7 is expressed 

in the entire colon crypt, but its staining intensity and 

properties are different from basal to surface epithelium. 

Claudin-7 expression is weak in normal colon crypts but is 

strongly overexpressed and shows a change in localization 

in the CRC samples. A complex is formed by four mol-

ecules (claudin-7, EpCAM, CO-029, and CD44v6) in the 

glycolipid-rich microdomain of the basolateral membrane, 

and it is upregulated in patients with CRC and liver metasta-

ses. The coexpression of these four molecules was positively 

correlated with clinical diversity, apoptosis resistance, and 

disease-free survival. It can inhibit cell apoptosis, increase 

cell invasiveness, and promote tumor progression.83 The 

β-catenin/Tcf activity and cell proliferation were enhanced 

after overexpression of claudin-7 using stable transfection, 

which promoted tumor cell polarization and tumor formation 

in xenograft mice.84 Knockdown of claudin-7 expression in 

the CRC cells HT29 and SW948 reduced cell proliferation, 

sphere formation, and migration and enhanced cell cycle 

progression, significantly reducing drug resistance and 

tumor formation.85 These studies demonstrate that claudin-7 

overexpression may promote the initiation and progression 

of CRC tumors.

Claudin-7, colorectal cancer 
metastasis, and EMT
Invasion and metastasis are the key factors affecting the 

prognosis of colon cancer patients and are the major causes 

of cancer-related death in CRC patients.86 The main cause of 

CRC-induced death is metastasis to the peritoneum, lymph 

nodes, and liver.87,88 Increasing evidence suggests that clau-

dins are not only a prognostic indicator of primary tumors 

but also functional effectors of metastasis.38 Invasion and 

metastasis of tumors may interact with the EMT process to 

obtain cancer stem cells.89,90 EMT is crucial for embryonic 

development, tissue remodeling, wound repair, and stem cell 

differentiation; it is a very significant pathophysiological 

process.91,92 However, abnormal activation may be driving the 

spread of cancer cells.93 EMT is closely related to invasion 

and metastasis of tumor cells and cancer cells escape from 

host immunity. Cancer cells conduct cell–cell signal trans-

duction through EMT, resulting in decreased intercellular 

adhesion and polarity and increased migration and move-

ment, which finally lead to cancer metastasis.11,94,95 There is 

strong evidence that tumor cell motility is associated with 

EMT, and effective suppression of EMT can inhibit CRC 

metastasis and improve the survival rate of CRC patients.96 

Some investigations have demonstrated that EMT plays a 

critical role in CRC progression and invasion.97–99

Table 2 Claudin-7 expression and function in colorectal cancer

Reference Decreased expression with colorectal cancer progression Reference Increased expression with colorectal 
cancer progression

73 Hypomethylation of claudin-7 and dystopic cytoplasmic location lead to 
cancer progression

83 Increased expression is inversely 
correlated with disease-free survival and 
higher degree of apoptosis resistance

74 Suppression of claudin-7 expression related to the depth of tumor 
invasion, histological grade, lymphovascular invasion, positive regional 
lymph nodes, perineural invasion, and lymphocytic response

84 Claudin-7 overexpression promotes a loss 
of tumor cell polarization and contributes 
to proliferation and tumorigenesis

76 Decreased expression correlated with cancer progression, no 
associations with clinicopathological parameter

85 High expression of claudin-7 is related to 
migration and invasion potential

77 Hypermethylation at the claudin-7 promoter leads to a reduction in 
claudin-7 expression that is correlated with the incidence of vessel 
infiltration and clinicopathologic stage

78 A decreased claudin-7 mRNA level is an early event in colorectal 
carcinogenesis

79 The CLDN7 rs4562 genotype is related to tumor differentiation and 
lymph node involvement in colon carcinoma

80 Low expression of claudin-7 is correlated with poor prognosis

81 Decreased claudin-7 expression is correlated with high T stage and high 
CEA levels

82 Low claudin-7 expression promotes EMT and tumor progression

Abbreviations: CEA, carcinoembryonic antigen; EMT, epithelial–mesenchymal transition.
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There is little research on claudin-7 and EMT in CRC. 

Bhat et al82 found that low claudin-7 expression induced 

EMT and enhanced tumor growth and invasiveness in nude 

mice through a mouse model of CRC. This research dem-

onstrated that claudin-7 is a tumor suppressor involved in 

CRC EMT. Increased claudin-7 expression in low-claudin-7 

SW620 colon cancer cells induced epithelial differentia-

tion and reduced the ability of tumor formation, whereas 

knockdown of claudin-7 in the HT-29 or DLD-1 cell lines 

induced EMT and increased tumorigenicity, tumor growth, 

and invasiveness in nude mice. However, in a contrasting 

report, high claudin-7 expression was found to promote 

EMT. Claudin-7 recruits EpCAM to the glycolipid-enriched 

membrane fragment (GEM) and changes its conformation 

after cleavage by EpEx. Presenilin 2 binds to and releases the 

transcription factor EpIC. Palmitoylation of cld7 enhances 

the efficacy of EpIC and increases the expression of EMT-

related transcription factors and mesenchymal proteins, 

such as FGF, TGFβ, and N-cadherin.85,100 HT29-cld7kd and 

SW948-cld7kd cells affect the recruitment of EpCAM and 

display decreased intercellular connections, growth, and 

holoclone and sphere formation, resulting in the delayed 

tumor growth and decreased migration. Flow analysis and 

WB showed that N-cadherin, vimentin, and the transcription 

factor Snail were downregulated after claudin-7 knockdown, 

and E-cadherin was significantly upregulated. These findings 

indicated that low claudin-7 expression induced mesenchy-

mal–epithelial transition (MET), and the cell migration and 

invasion potential was severely affected. Claudin-7 knock-

down reduced drug resistance, promoted caspase activation, 

and decreased the activation of the anti-apoptotic PI3K/Akt 

pathway, indicating that claudin-7 may play a carcinogenic 

role. Decreasing the expression of claudin-7 in CRC may 

reduce invasion and metastasis and may be helpful for the 

diagnosis and treatment of CRC.85

Regardless of whether claudin-7 promotes EMT or 

conversely promotes MET, there is an interaction between 

claudin-7 and EMT in CRC, and it is crucial to confirm the 

exact mechanism.

The regulation of claudin-7 
expression in cancer
The differential expression of claudin-7 in CRC is regulated 

by multiple mechanisms. The precise molecular mecha-

nisms involved in the progression of cancer are still largely 

unknown, and recent studies have shown that transcrip-

tion factors, cytokines, growth factors, post-translational 

modifications, and epigenetic mechanisms affect claudin-7 

expression.11 Snail, a transcriptional repressor that promotes 

the progression of EMT and cancer, inhibits promoter activ-

ity by binding directly to the E-box of promoter regions 

and inhibiting the expression of claudin-7.101 Kohno et al102 

found that claudin-7 expression is positively regulated by 

embryonic liver fodrin 3 (ELF3), and ELF3 belongs to the 

E26 transformation-specific sequence (ETS) transcription 

factor family. Luciferase reporter assays showed that the 

binding site of the ETS family is in the claudin-7 gene pro-

moter region (~150 bps). Claudin-7 mRNA expression can 

be downregulated by inhibiting ELF3 expression by siRNA, 

and claudin-7 mRNA expression can be induced by the intro-

duction of ELF3 in a cell line lacking claudin-7 expression. 

Hepatocyte nuclear factor-4α (HNF-4α) is localized in the 

nucleus and is involved in the regulation of intestinal epi-

thelial barrier function in mice.103 Studies have shown that 

HNF-4α expression is related to claudin-7 in differentiated 

intestinal epithelial cells. HNF-4α regulates the endogenous 

claudin-7 promoter and directly upregulates claudin-7 protein 

expression. Claudin-7 expression was reduced in intestinal 

epithelial cells when HNF-4α was knocked out.39

Epigenetic mechanisms include DNA methylation, histone 

modifications, or microRNAs, which are the major regula-

tory mechanisms regulating claudin protein and tumors.11 

Promoter methylation induces gene transcription silencing 

by preventing transcription factor binding to target sites.104 

Bhat et al82 and Nakayama et al77 found that claudin-7 was 

significantly downregulated in CRC tissues, and apparent 

hypermethylation of promoter CpG islands appeared in CRC 

cell lines with low claudin-7 expression. Claudin-7 mRNA 

and protein expression increased after applying the methyla-

tion inhibitor 5-aza-2′-deoxycytidine (5-Aza-dC); however, 

the claudin-7 expression was significantly decreased by DNA 

methyltransferases 3a (DNMT3a), which further suggested 

that hypermethylation inhibited claudin-7 expression in CRC. 

Hahn-Strömberg et al73 used bisulfite pyrosequencing to ana-

lyze DNA methylation of claudin-1, -4, and -7 in tumors and 

the adjacent non-neoplastic mucosa and found that claudin-1 

was significantly hypomethylated in the tumor tissues, while 

claudin-7 methylation levels showed no significant difference 

between tumors and paracancerous tissues. Claudin gene 

hypomethylation seems to be related to the abnormal com-

partmentalization of TJ proteins. The aforementioned stud-

ies showed that abnormal methylation of the claudin-7 gene 

reduced the expression of claudin-7 and plays an important 

role in the occurrence and development of tumors.

In CRC, claudin-7 phosphorylation enhances paracel-

lular permeability of epithelial cells, increases the entry of 
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growth factors and nutrients into tumor cells, and results 

in abnormal localization of claudin-7. Palmitoylation of 

claudin-7 can affect the localization of claudin-7; interfere 

with the formation of cell–cell adhesion in TJs; promote the 

recruitment of integrins and EpCAM to the GEM; interact 

with cytoskeletal connexin, MMP14, CD147, and TACE; 

participate in drug resistance; and activate the PI3K/Akt 

anti-apoptotic pathway, further promoting tumor invasion and 

metastasis.69,105 APC mutation induces claudin-1 expression 

in colonic epithelial cells, while claudin-1 inhibits the expres-

sion of claudin-7. The loss of claudin-7 in turn destroys the 

association between claudin-1, claudin-7, and β-catenin.106 In 

addition, claudin-7 knockout mice show that the interaction 

of EpCAM with claudin is important in the gut.31,33 EpCAM 

regulates the constituents and function of TJs by regulating 

the intracellular localization and degradation of claudin-7.107 

EpCAM recruits claudin-7 into TJs, and EpCAM knockout 

mice show downregulated claudin-7 expression and disrup-

tion of TJs.108,109 Matriptase-mediated cleavage of EpCAM 

in intestinal epithelial cells resulted in decreased stability 

of claudin-7, dysregulated homeostasis of intestinal epi-

thelial cells, and inhibition of EpCAM cleavage, leading to 

increased expression of claudin-7.110 In contrast, claudin-7 

recruits EpCAM into GEM and promotes the expression of 

EMT-related transcription factors.85 The Wnt/Tcf-4 pathway 

negatively regulates the expression of claudin-7, Tcf-4 can 

repress claudin-7 expression and maintain the low claudin-7 

level in colonic crypts, and the transcription factor Sox-9 

was identified as the basic conditioning mediator. However, 

this regulation is lost in CRC, which may be due to the 

decreased activity of Sox-9, and claudin-7 overexpression 

promotes tumor cell polarization and contributes to tumor 

development.84

Claudin-7 expression is involved in many processes, and it 

is an important target for inhibition of tumor proliferation and 

invasion, and to study the mechanism of regulatory factors.

Conclusion
Claudin-7 not only plays an important role in normal tissues 

but also has been fully confirmed to have a crucial role in 

cancer development and metastasis. Claudin-7 expression is 

reduced or increased in a tissue-specific manner and is related 

to TJ damage, the degree of malignancy, local recurrence, and 

distant metastasis. Defining the specific function of claudin-7 

in the formation of tumors has become a major research 

focus in the field of cell biology. Although current research 

on claudin-7 is still ongoing, its functional characteristics, 

regulatory mechanisms, interactions with other claudin pro-

tein members, and specific mechanisms in promoting tumor 

invasion and metastasis remain unclear. Further research of 

claudin-7 may suggest new ideas for early diagnosis, treat-

ment, and prognosis of tumors.
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