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CLDN2 inhibits the metastasis 
of osteosarcoma cells via down-regulating 
the afadin/ERK signaling pathway
Xiaowei Zhang1,3, Haiming Wang2, Qian Li3 and Tao Li1,3*

Abstract 

Background: In an earlier study, we investigated the expression of tight junction protein claudins (CLDNs) in 
human osteosarcoma (OS) cells, and the CLDN2 was found to be down-regulated in primary tumor cells compared 
with normal osteoblast cells. Here, we sought to explore the effects of CLDN2 on the malignant phenotype of OS and 
the underlying molecular mechanisms.

Methods: The expression patterns of CLDN2 and afadin in OS tissues and histologically non-neoplastic bone tissues 
were explored via immunohistochemistry and western blotting. CLDN2 expression levels in an OS cell line stably 
expressing CLDN2 and an osteoblast cell line with a CLDN2 knockout were confirmed by western blotting and 
immunofluorescence staining. The malignant phenotype of OS cells and osteoblast cells in vitro was assessed using a 
cell counting kit-8 assay, transwell assay and wound-healing experiment. Western blotting was utilized to detect the 
activation state of Ras/Raf/MEK/ERK pathway. Moreover, an RNA interference method were used to silence afadin in 
CLDN2-expressing OS cells.

Results: Our research group found that CLDN2 and afadin was underexpressed in OS tissues, and the overexpression 
of CLDN2 significantly inhibited the migration abilities of OS cells. Genetic silencing of afadin in CLDN2-overexpress-
ing OS cells promoted U2OS cell motility and activation of the Ras/Raf/MEK/ERK pathway.

Conclusions: In this study, we confirmed that CLDN2 expression significantly inhibited the malignant phenotype of 
OS cells in vitro. Inhibition of the ERK pathway by afadin may be one of the mechanisms by which CLDN2 blocks the 
metastasis phenotype of OS cells.
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Background
The main reason for the poor prognosis of osteosar-
coma  (OS) is recurrence and metastasis, and the 5-year 
survival rate after recurrence and metastasis is less than 
30% [1, 2]. At present, the issue of controlling the early 
metastasis of OS has become a bottleneck in the treat-
ment of this disease [3]. Previous studies have shown 
that for various human malignancies, metastasis is 
accompanied by abnormalities in tight junction (TJ) 

structure and function [4, 5]. TJs are located at the very 
apex of cell junctions and both regulate cell adhesion 
and maintain cell polarity and permeability [6]. Recent 
research has shown that in addition to their functions 
in the maintenance of cell polarity and permeability, 
TJs are also reportedly involved in the transduction of 
intracellular/extracellular signals and the regulation of 
cell proliferation, differentiation, invasion and migra-
tion [7, 8]. Claudins (CLDNs) are the structural proteins 
that form TJs, and abnormalities in tight junction struc-
ture and function caused by a lack of CLDN expression 
on the cell membrane are required for tumor cell inva-
sion and metastasis [9, 10]. Moreover, a growing number 
of studies in recent years have revealed that tumor cells 
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frequently exhibit changes in the expression and locali-
zation of CLDNs [11]. For instance, it has been reported 
that CLDN1 is a metastasis suppressor for lung adeno-
carcinoma and that a lack of CLDN1 expression is associ-
ated with poor patient prognosis [12]. In addition, studies 
by Usami et  al. indicated that reduced CLDN7 expres-
sion in head and neck cancer cells promoted cell invasion 
and migration [13]. These studies indicate that specific 
expression patterns of CLDNs in tumors have the poten-
tial to be used as molecular markers of malignancies.

Accumulating evidence suggests that the carboxyl 
termini of CLDNs, which are located in the cytoplasm, 
participate in signal transduction through their PDZ 
(PSD-95/Dlg/ZO-1 homology domain)-binding domains, 
which bind to cytoplasmic PDZ motif-containing pro-
teins, including zonula occludens (ZOs) and afadin, 
among others [14–16]. The binding of CLDNs to these 
proteins constitutes a step in cellular signal transduction 
[17]. Of these binding partners, afadin is a core TJ pro-
tein that can bind to other TJ proteins in the cell mem-
brane under certain physiological conditions and play an 
important role in maintaining TJ functions [18]. Further-
more, recent studies have shown that afadin can compet-
itively inhibit the binding of rat sarcoma (Ras) protein to 
rapidly accelerated fibrosarcoma (Raf ) protein, inhibiting 
the activation of mitogen-activated protein kinase kinase 
1/2 (MEK1/2) and blocking activation of the extracel-
lular signal-regulated kinase (ERK) signal pathway [19]. 
However, no prior reports have described either the role 
of CLDN2 on the malignancy phenotype of OS cells or 
whether the impact of CLDN2 is related to the afadin/
ERK signaling pathway. In this study, we used molecu-
lar biological and other techniques to study the role and 
mechanisms of CLDN2 in OS cell metastasis and to iden-
tify novel targets for OS treatment and the control of 
early metastasis.

Methods
Cell culture
The human embryonic kidney cells 293 (HEK293T) 
cells, the human OS cell lines, U2OS and Saos2, and 
human fetal-osteoblast cell line, hFOB.1.19 were used 
in this study were purchased from Shanghai Cell Bank 
of the Chinese Academy of Sciences. These cell lines 
were maintained in Dulbecco’s modified Eagle’s medium 
supplemented with 10% fetal bovine serum (FBS) in a 
humidified incubator containing 5%  CO2 at 37 °C.

Plasmid construction and transfection
The pNSE-IRES-EGFP1-C1/CLDN2 (NM_001171095) 
was constructed and amplified by KeyGEN BioTECH 
Company. Five micrograms of each plasmid were trans-
fected into cells using SuperFect Transfection Reagent 

(TaKaRa, Japan) in accordance with the protocol. G418 
(Sigma, St. Louis, Missouri, USA)-resistant clones were 
expanded in culture as a monoclonal population. Cells 
transfected with an empty vector pNSE-IRES2-EGFP1-
C1 (+) were used as a vector control.

Realtime reverse transcript‑polymerase chain reaction 
(RT‑PCR)
Total RNA was extracted using a Perfect Pure RNA 
Cultured Cell Kit (ThermoFisher Scientific, Waltham, 
MA) in line with the manufacturer’s protocol. Real-
time PCR reactions were carried out as previously 
pronounced [20]. Primers pairs of CLDNs and glyceral-
dehyde phosphate dehydrogenase (GAPDH) were as fol-
lows: CLDN1 forward (5′-GCC ACA GCA AGG TAT GGT 
AAC-3′)  and reverse (5′-AGT AGG GCA CCT CCC AGA 
AG-3′); CLDN2 forward (5′-TTC ATC GGC AAC AGC 
ATC G-3′)  and reverse (5′-GGT TAT AGA AGT CCC GGA 
TGA-3′); CLDN3 forward (5′-AGT GCA AGG TGT ACG 
ACT C-3′)  and reverse (5′-AGT CCC GGA TAA TGG TGT 
TG-3′); CLDN4 forward (5′-TTG TCA CCT CGC AGA 
CCA TC-3′)  and reverse (5′-GCA GCG AGT CGT ACA 
CCT TG-3′); CLDN5 forward (5′-AAC ATC GTG ACG 
GCG CAG ACCA-3′) and reverse (5′-TCA GAG CCA GCA 
CCG AGT CGT ACA -3′); CLDN6 forward (5′-GGC AAC 
AGC ATC GTC GTG G-3′) and reverse (5′-GAA GTC CTG 
GAT GAT AGA GTG GGC -3′); CLDN7 forward (5′-TTT 
TCA TCG TGG CAG GTC TT-3′)  and reverse (5′-GGC 
CAA ACT CAT ACT TAA TGT TGG -3′); CLDN8 forward 
(5′-TCT GCA GTA GGA  CAT AGA AAC CCC TAA-3′)  and 
reverse (5′-CGT TTA GGG GTT TCT ATG TCC TAC TGC-
3′); CLDN9 forward (5′-CTA GCA CTA GTT TCG AAA 
TGGCT TCG ACC GGC TTA G-3′)  and reverse (5′-TCT 
CGA GCT AGT CGA CTC ACA CGT AGT CCC  TCT TGT 
C-3′) and GAPDH forward (5′-AAC GTG TCA GTC GTG 
GAC CTG-3′) and reverse (5′-AGT GGG TGT CGC TGTF-
GAAGT-3′). The reverse transcript cDNA reaction prod-
ucts were subjected to quantitative real-time PCR using 
CTFX 96 Real-time system (Bio-Rad, Hercules, CA, 
USA) and SYBR green supermix (Bio-Rad, Hercules, CA, 
USA) according to the manufacturer’s protocol.

Materials
Rabbit polyclonal antibodies against CLDN2 (ab107059) 
and anti-human β-actin (ab8226) were purchased 
from Abcam (Massachusetts,  US). Rabbit anti-human 
phospho-ERK1/2 (#9251), rabbit anti-human ERK1/2 
(#4695), rabbit anti-human ras (#14429), rabbit anti-
human raf-1 (#2330), rabbit anti-human phospho-
MEK1/2 (#2338), rabbit anti-human MEK1/2(#8727) 
and rabbit anti-human afadin (#13531) were purchased 
from Cell Signaling Technology (Boston,  USA) and a 
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streptavidin-peroxidase immunohistochemistry reagent 
kit was purchased from Maixin Biology (Fujian, China).

Western blotting
The protein concentration of cell lysates was deter-
mined using a bicinchoninic acid (BCA) Protein Assay 
Kit (Pierce Chemical Co., Rockford, Illinois, USA). Then, 
30 µg of total protein was separated via 10% SDS-PAGE 
and transferred onto nitrocellulose membranes (Mil-
lipore, Temecula, California, USA). Next, the membrane 
was blocked and investigated with rabbit anti-human 
phospho-ERK1/2 antibody, rabbit anti-human ERK1/2 
antibody, rabbit anti-human p-MEK1/2 antibody, rab-
bit anti-human MEK1/2 antibody, rabbit anti-human 
CLDN2 antibody, mouse anti-human β-actin antibody, 
and rabbit anti-human afadin antibody at a 1:1000 dilu-
tion at 4 °C for 12 h. After three washes with phosphate-
buffered saline (PBS), the membrane was incubated with 
horseradish peroxidase (HRP)-conjugated secondary 
antibody (Santa Cruz Biotechnologies, California, USA) 
at a 1:1000 dilution at room temperature (RT) for 30 min. 
Immunoreactive bands were detected using ECL western 
blotting reagents (GE, Fairfield, Connecticut, USA) and 
analyzed with Image Lab 6.0.1 Software from Bio-Rad 
Laboratories.

Immunofluorescence method
Cells were washed thrice with phosphate-buffered saline 
(PBS), fixed with 4% paraformaldehyde for 10  min at 
RT, permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich; #9002-93-1) for 10  min at RT and blocked in 
2% bovine serum albumin (Bote Biotechnological Cor-
poration, Shandong, China) in PBS for 1 h at RT. Stain-
ing with primary antibodies was performed with rabbit 
anti-human CLDN2 and rabbit anti-human afadin anti-
bodies, which was diluted in blocking solution (1:1000 
dilution) for 30 min at RT. The cells were incubated with 
Alexa  Fluor®647-conjugated anti-rabbit IgG antibody 
(ab150093, Santa Cruz Biotechnologies, California, USA) 
at a 1:1000 dilution. Images were taken using an Olympus 
IX81 microscope with an MT20/20 illumination system.

Immunoprecipitation
Cells in the logarithmic growth phase were harvested and 
lysed in 600  μl of pre-chilled protein lysis buffer (4  °C) 
for 30 min. The lysate was centrifuged at 14,000 rpm at 
4  °C for 20  min, after which the protein concentration 
was determined with a Beyotime protein assay kit. The 
protein supernatant was divided into two volumes. One 
50-μl volume was mixed with 5× protein loading buffer, 
boiled in a water bath for 10 min, and then was stored at 
−  20  °C as the input control. The remaining volume of 
lysate was mixed with 30 µl of protein A/G agarose beads 

and 2 µg of a normal IgG antibody of the same species as 
the IgG used for immunoprecipitation. The mixture was 
rotated at 4 °C for 1 h and then centrifuged at 2500 rpm 
at 4 °C for 5 min, after which the supernatant was trans-
ferred to a new centrifuge tube. Next, 2 µg of the primary 
immunoprecipitation antibody (rabbit anti-human raf-1 
antibody) was added to the total protein, and the mixture 
was adjusted to a final volume of 600 μl with protein lysis 
buffer. The mixture was slowly mixed overnight at 4 °C on 
a shaker. Forty microliters of adequately mixed protein 
A/G agarose beads was added to the mixture, which was 
slowly rotated at 4 °C for 90 min and then centrifuged at 
3000 rpm at 4 °C for 10 min. Afterwards, the supernatant 
was removed, and the protein A/G agarose pellet was 
saved. Protein lysis buffer was used to wash the protein 
A/G agarose pellet five times, after which 25 μl of protein 
lysis buffer was added to resuspend the pellet followed by 
the addition of 5× loading buffer. The mixture was boiled 
for 5–10 min and used for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

Cell counting kit‑8 assay
A cell proliferation curve was determined by the colori-
metric water-soluble tetrazolium salt assay (Cell counting 
kit-8; Dojindo, Kumamoto, Japan) according to the man-
ufacturer’s protocol. The cells were seeded into 96-well 
plates in triplicate, and cell proliferation was recorded 
every 12 h for 4 days.

Colony formation assays
The experimental method was the same as describe pre-
viously [21].

Flow cytometry cell cycle analysis
The experimental method was the same as describe pre-
viously [21].

Wound‑healing assay
Cells were cultured in a monolayer at 70% confluence 
on gridded plastic dishes. Monolayers were wounded 
by scratching with a 100-μl pipette tip and subsequently 
washed 3 times with phosphate buffer saline. Images of 
the wound site were taken using a light microscope (E100, 
Nikon  Instruments Inc, Japan) (magnification 200×) at 
the same location at 0, 12 h and 24 h, respectively.

Transwell chamber method
The cells were grown in a monolayer at 90% conver-
gence and were maintained in FBS-free medium for 12 h. 
Matrigel (BD Biosciences, cat. no. 356234) was added to 
the upper Boyden chamber (Millipore, Bedford, MA) in 
24-well plates and the plates were maintained in a cell 
incubator at 37 °C for 15 min. Then, medium containing 
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chemotactic factors, which had been collected from the 
cell culture, was added to the 24-well plate. The cells were 
supplemented with Matrigel and cultured in a cell incu-
bator at 37 °C for 6 h.

Short hairpin RNA (shRNA) method
Frozen glycerol bacterial stocks containing pGCSIL-
scramble, pGCSIL-CLDN2-RNAi and pGCSIL-afadin-
RNAi frozen glycerol bacterial stocks were purchased 
from Nanjing KeyGen Biotech Co, Ltd. HEK 293T 
cells (0.2 × 107) were seeded and maintained for 24  h 
to achieve 70–80% confluence in 6-well dishes (Costar, 
Cam- bridge, MA). The plasmids, including 10 μg pGC-
SIL-afadin-RNAi, pGCSIL-CLDN2-RNAi or pGCSIL-
scramble, 5  μg packaging vector pHelper 1.0 and 5  μg 
vesicular stomatitis virus glycoprotein (VSVG) expres-
sion plasmid vector, were supplemented with Opti-MEM 
and 1.0 ml. A total of 50 μl of Lipofectamine was added 
to 950  μl FBS-free medium. These two mixtures were 
mixed and added to the cells. Lentiviral particles were 
harvested 48 h after transfection, and the viral titer was 
determined by counting green fluorescent protein (GFP)-
expressing cells under fluorescence microscopy (Nikon 
Diaphot  300®) with filters 96 h after transfection.

Patients and tissue samples
Biopsies were gathered from 27 patients with a patholog-
ically confirmed diagnosis of OS who received treatment 
at the Qilu Hospital of Shandong University between 
June 2007 and May 2012. The patients were chosen based 
on the following criteria: no history of radiotherapy, no 
history of chemotherapy, and no prior malignant dis-
ease. The grade and classification of OS patients were 
referred to the American Joint Committee on Cancer 
(AJCC) tumor node metastasis (TNM) staging system. 
3 of the biopsies were taken  from  the tibia, 3 from the 
humerus, 16 from the femur, 2 from the fibula, and 1 
each from the forearm, the hand, and the pelvis. 21 of the 
cases also exhibited pulmonary metastasis. Bone tissue 
that was identified as histologically non-neoplastic was 
also obtained from 10 patients with osteoarthritis who 
were treated at the Qilu Hospital of Shandong University 
between October 2006 and September 2011. There were 
6 men and 4 women with an average age of 47 years.

Immunohistochemistry
Immunohistochemistry was used to detect the expres-
sion levels of CLDN2 and afadin in paraffin-embedded 
biopsy specimens from 27 patients who had a diagnosed 
primary OS and had not undergone chemotherapy or 
radiotherapy before biopsy. The experimental method 
was the same as described previously [21], and the anti-
bodies used were rabbit anti-human CLDN2 and afadin 

antibody. Negative control slides were incubated with 
isotype antibodies at same dilution with primary anti-
human CLDN2 and afadin antibody. The expression lev-
els of CLDN2 and afadin located at the cell membrane 
and cytoplasm were taken as positive. The staining and 
scoring of the CLDN2 and afadin protein expression lev-
els were classified semi-quantitatively based on the total 
combined scores of the percentage of positively stained 
tumor cells together with the staining intensity as pre-
viously described [22]. The final score of the protein 
expression was defined as ‘low’ if < 30% of tumor cells 
stained positive, and ‘high’ if > 30% of tumor cells stained 
positive. At least five different areas of the tumor were 
examined, and the mean of the results was used as the 
final expression score in each case.

Statistical methods
All of the experiments were repeated three times, and all 
of the data are based on the mean ± SD of at least three 
experimental results. The Chi-square test/Chi-square 
goodness of fit test was used to analyze the correla-
tions between CLDN2 and afadin expression and clini-
cal pathological indicators. The results were analyzed by 
Student’s t-test, and P < 0.05 was considered to be statisti-
cally significant.

Results
Expressions of CLDNs family members in OS cell lines 
and osteoblasts
Real-time quantitative PCR and western blotting were 
used to detect the expression of CLDNs family mem-
bers in fetal-osteoblast cell line, hFOB.1.19 and OS cells 
U2OS, Saos2. The results showed that the mRNA and 
protein of CLDN1, CLDN3, CLDN4, CLDN5, CLDN6 
and CLDN7 were not expressed in osteoblast cell lines 
and OS cell lines. Meanwhile, the mRNA and protein of 
CLDN8 was expressed in osteoblasts and OS cell lines, 
but there was no significant difference between the 
mRNA and protein expression of CLDN8 in osteoblasts 
and OS cell lines. Furthermore, the mRNA and protein 
of CLDN2 is expressed in low expression in OS cell lines 
and is high expressed in osteoblasts (Fig. 1a–c). It is sug-
gested that the silence of CLDN2 expression may play a 
role in the occurrence of OS. Furthermore, the protein 
expression of afadin, a potential target gene of CLDN2, 
is also expressed in low expression in OS cell lines and is 
high expressed in osteoblasts.

Besides, CLDN2 expression was explored in 27 OS tis-
sues and 10 histologically non-neoplastic bone tissues. 
As shown in Fig. 1d, the expression of CLDN2 in histo-
logically non-neoplastic bone tissues and OS tissues is 
mainly located in the cytoplasm and membrane. High 
expression of CLDN2 was observed in 33.3% (9/27) of 
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OS tissues and in 80.0% (8/10) of histologically non-neo-
plastic bone tissues (Table  1). These data revealed that 
the expression of CLDN2 was decreased in OS tissues 
compared with histologically non-neoplastic bone tissues 
(P = 0.0001) (Table 1). The relationship between CLDN2 
and clinical pathological indicators was also analyzed, 
and it was found that the expression of CLDN2 was not 
associated with age (P = 0.871), gender (P = 1.000), stage 
(P = 0.726), or response to chemotherapy (P = 0.642) of 
OS patients. However, CLDN2 expression was associated 
with pulmonary metastasis (P = 0.001) (Table 1).

Stable transfection of OS cell line U2OS with CLDN2
In our presented work, CLDN2 was expressed at low 
level in Saos2 cells and undetectable in U2OS cells. 

Therefore, to examine the consequence of an increase 
in CLDN2 expression, we stably over-expressed CLDN2 
in U2OS cells. A pNSE-IRES-EGFP1-C1/CLDN2 plas-
mid was used to transfect U2OS cells. After G418 
screening, a mixer with ten monoclonal strains of 
U2OS cells transfected with a pNSE-IRES-EGFP1-
C1/CLDN2 plasmid was obtained, which was termed 
U2OS-CLDN2. Western blotting and immunofluores-
cence were used to detect the expressions and localiza-
tions of CLDN2 in U2OS cells. The results showed that 
the protein expression levels of CLDN2 in the clonal 
U2OS cells were significantly higher (P = 0.0014) than 
those in the empty vector groups (Fig.  2a, b). Besides, 
the expression of CLDN2 was primarily localized on 
cell membrane and cytoplasm (Fig.  2c). The results 
demonstrated that U2OS cell line that stably expressed 
CLDN2 were successfully established.

Fig. 1 Expressions of CLDNs family members in OS cell lines and osteoblast line. a Detection of the expression of CLDNs family members in OS 
cell lines and osteoblast line by Realtime-PCR. b Detection of CLDN2 expression in OS cell lines and osteoblast line by Western blotting. c The 
corresponding statistical analysis of protein expression. d The protein expression of CLDN2 in OS tissues and normal bone tissues. Normalized with 
β-actin, the *P < 0.05, **P < 0.01 compared with the hFOB.1.19 group
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The impact of CLDN2 on the proliferation rate 
and metastasis ability of OS cell
The growth curve of U2OS cells was drawn by CCK-8 
method. As it revealed in Fig. 2d, the data revealed that 
there was no significant difference in the proliferation 
rate between U2OS-CLDN2 cells and empty vector 
groups. We also determined the abilities of CLDN2-
expressing cells to form colonies, in both 2D monolayer 
culture (Fig.  2e). there was no significant difference in 
the number of colonies formed between U2OS-CLDN2 
cells and empty vector groups (P = 0.716). Moreover, we 
explored whether CLDN2 affect the cell cycle progres-
sion. The cell cycle distribution of U2OS cells was ana-
lyzed using flow cytometry. A representative histogram 
for each cell line is shown in Fig. 2f, g, and the percent-
age of cells with a S phase DNA content is plotted. The 

results revealed no differences in the percentage of 
U2OS cells in S phase (P = 0.647), between cells lines 
with and without CLDN2 expression, suggesting that 
CLDN2 has no effect on cell cycle progression.

A wound-healing experiment was also used to detect 
the impact of CLDN2 on the migration ability of OS 
cells (Fig. 2h). The results showed that at 12 h and 24 h, 
the migration distances of U2OS-CLDN2 (P = 0.036; 
P = 0.0021) was significantly shorter than those of 
the empty vector groups. To determine the impact 
of CLDN2 on cell metastasis, the transwell chamber 
method was used to detect the invasive ability of OS 
cells. Six hours after the U2OS cells were seeded, those 
cells that invaded under the membrane of the chamber 
were observed (Fig.  2i). The results showed that the 
numbers of invasive U2OS-CLDN2 (P = 0.016) cells 
were significantly lower than those for the empty vec-
tor groups (Fig.  2j). This result suggests that CLDN2 
significantly inhibits the invasive ability of U2OS cells 
in vitro.

These results suggest that CLDN2 significantly inhib-
its the migration ability of OS cells in vitro.

The impact of CLDN2 on the ERK signaling pathway of OS 
cells
Western blotting was used to detect the activation state 
of the Ras/Raf/MEK/ERK pathway. As it showed in 
Fig. 3a, b, after the overexpression of CLDN2, the ratio 
of phosphorylation ERK1/ERK1 (P = 0.0026) and phos-
phorylation ERK2/ERK2 (P = 0.0015) were significantly 
decreased in U2OS cells. Besides, the phosphorylation 
levels of MEK1/2 (P = 0.0023; P = 0.0017), an upstream 
regulator of ERK1/2, were also significantly decreased 
in the U2OS cells that overexpressed CLDN2. In addi-
tion, upstream Ras activity in the U2OS (P = 0.024) 
cells were significantly decreased accompanied by the 
overexpression of CLDN2. However, the expression 
of afadin which is a potential target gene of CLDN2 
was significantly increased in U2OS-CLDN2 group 
(P = 0.0012). These data suggest that CLDN2 signifi-
cantly inhibits the activation of the Ras/Raf/MEK/ERK 
signaling pathway.

Table 1 Expression of  CLDN2 and  clinicopathological 
characteristics in OS patients

NA not available

* Statistical significance was found with the Chi-square test/Chi-square 
goodness-of-fit test

Item N CLDN2 (high) CLDN2‑
negative (low)

P

Tumor tissue 27 9 18 < 0.001*

Normal 10 8 2

Age (years)

 ≤ 19 15 5 10 0.871

 > 19 12 4 7

Gender

 Male 16 5 11 1.000

 Female 11 4 7

Stage

 IA–IIA 10 3 7 0.726

 IIB–III 17 6 11

Response to chemotherapy

 Poor 9 2 7 0.642

 Good 7 2 5

 NA (n = 8) 11

Pulmonary metastasis

 + 21 6 15 < 0.001*

 − 6 3 3

Fig. 2 The impact of CLDN2 on the proliferation and metastasis ability of U2OS cells in vitro. a Detection of CLDN2 expression in the U2OS 
cells by Western blotting. b The corresponding statistical analysis of protein expression. c Detection of CLDN2 expression in the U2OS cells by 
immunofluorescence. d The growth curve of the U2OS cells was drawn by the CCK-8 method. e The abilities of U2OS cells to form colonies were 
detect by colony formation assay. f The cell cycle distribution of U2OS cells was analyzed using flow cytometry. g The percentage of cells with S 
phase DNA content from U2OS cells. h The transwell chamber method was utilized to detect the invasive ability of the U2OS cell line in vitro. i The 
wound healing assay was utilized to detect the migration ability of the U2OS cell line in vitro. *P < 0.05, **P < 0.01, compared with the control group 
compared with the vector group

(See figure on next page.)
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The impact of CLDN2 knockdown on the metastasis 
of fetal‑osteoblast cell line
To determine the impact of CLDN2 on invasion and 
migration ability of osteoblast cell, we transfected fetal-
osteoblast cell line, hFOB.1.19 with a pGCSIL-scramble 
plasmid and a pGCSIL-CLDN2-RNAi plasmid. The 
western blotting was used to analyze the expression of 
CLDN2 and changes in the activation state of Ras/Raf/
MEK/ERK pathway in these cells, as it showed in Fig. 4a, 
b, the ratio of phosphorylation ERK1/2 (P = 0.0013; 
P = 0.0027) and phosphorylation MEK1/2 (P = 0.0026; 
P = 0.0003) were significantly increased in the hFOB.1.19 
cells that silence CLDN2. In addition, upstream Ras activ-
ity in the hFOB.1.19 (P = 0.017) cells were significantly 
increased accompanied by the silence of CLDN2. How-
ever, the expression of afadin was significantly decreased 
in the hFOB.1.19 cells that silence CLDN2 (P = 0.0042).

The transwell chamber assay and wound-healing assay 
were used to analyze the effect of CLDN2 on the invasive 
and migration ability of the examined cells. The results 
showed that the migration distances of HFOB.1.19 cells 
in the CLDN2-RNAi group were significantly longer than 
those of the scramble group at 12 h and 24 h (P = 0.0008; 
P = 0.0001) (Fig. 4c). The numbers of invasive HFOB.1.19 
cells in the CLDN2-RNAi group (P = 0.004) were signifi-
cantly increased following CLDN2 silencing (Fig. 4d, e).

Impact of silencing of afadin on Ras/Raf/MEK/ERK pathway 
activation
To determine whether CLDN2 affects the ERK signal-
ing pathway by regulating afadin expression, a pGCSIL-
scramble plasmid and a pGCSIL-afadin-RNAi plasmid 
were used to transfect CLDN2-expressing U2OS cells. 
Western blotting was used to analyze the effects of silenc-
ing afadin in these cells, and the results showed that com-
pared with the control group, the expression of afadin 
was significantly reduced in afadin-RNAi group (Fig. 5a). 
Western blotting was used to examine changes in the 
activation state of ERK pathway. After afadin silenc-
ing, the phosphorylation levels of MEK1/2 (P = 0.0021; 
P = 0.0001) and ERK1/2 (P = 0.0023; P = 0.0011) were 
significantly increased in CLDN2-expressing U2OS cells 
(Fig.  5a, b). Besides, the loss of afadin have no notably 
impact on the CLDN2 expression (P = 0.796).

Futhermore, a transwell chamber assay and a wound-
healing were used to analyze the effect of afadin on the 
metastasis ability of the examined cells. The results 
showed the migration distances of CLDN2-expressing 
cells at 12 h and 24 h were significantly increased follow-
ing afadin silencing (P = 0.0021; P = 0.0013) (Fig.  5c). In 
addition, the numbers of invasive cells in the CLDN2-
expressing cells were significantly increased following 
afadin silencing (Fig. 5d, e).

Fig. 3 The impact of CLDN2 on the Ras/Raf/MEK/ERK signaling pathway of U2OS cells. a Western blotting was used to detect the activation of 
the Ras/Raf/MEK/ERK signaling pathway in U2OS cells. b The corresponding statistical analysis of the activation of the Ras/Raf/MEK/ERK signaling 
pathway. *P < 0.05, **P < 0.01 compared with the control group, compared with the vector group
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Expressions of afadin in human OS
The expression of afadin was explored in the 27 speci-
mens containing OS tissues and 10 specimens con-
taining non-neoplastic bone tissue. The expressions of 
afadin located at cell membrane and cytoplasm were 
taken as positive. As shown in Fig.  5f, the expressions 
of afadin in OS tissues were remarkably lower than in 
non-neoplastic bone tissues (P = 0.0005).

The relationship among afadin expression and clinical 
pathological indicators was analyzed, and it was found 
that the expression of afadin was not associated with 
the age (P = 0.341), gender (P = 1.000), clinical staging 
(P = 0.584) or response to chemotherapy (P = 0.127) 
but associated with pulmonary metastasis (P = 0.0003) 

in OS patients (Table  2). Besides, Chi-square/Chi-
square goodness of fit test showed that afadin was posi-
tively correlated with CLDN2 expression (φ = 0.793, 
P = 0.011) (Table 3).

Discussion
Recent research has revealed that the expression of tight 
junction protein CLDNs is frequently altered in various 
cancers [23]. CLDN2 is one of the 27 members of the 
CLDN protein family, and the current understanding 
of the biological functions of CLDN2 is primarily lim-
ited to barrier protection, and cell connections [24]. Our 
research group found that CLDN2 was underexpressed 
in OS tissues, and we hypothesized that this decrease in 

Fig. 4 RNAi was utilized to silence CLDN2 expression in osteoblast line. a Western blotting was utilized to examine the effects of silencing CLDN2 
and the activation of the Ras/Raf/MEK/ERK signaling pathway in the osteoblast line. b The corresponding statistical analysis of the activation of 
the Ras/Raf/MEK/ERK signaling pathway. c The wound healing assay was utilized to detect the migration ability of the osteoblast line in vitro. d 
The transwell chamber method was utilized to detect the impact of CLDN2 silencing on the invasive ability of cells in vitro. e The corresponding 
statistical analysis of invaded cells. **P < 0.01 compared with the scramble group
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gene expression may play a role in the metastasis pheno-
type of OS. To verify this hypothesis, we created an OS 
cell line stably expressing CLDN2 and an osteoblast cell 
line with a CLDN2 knockout. It is indicated that overex-
pression of CLDN2 significantly inhibited the metastasis 
and migration abilities of OS cells. Similar to our study, 
recent studies demonstrated that the CLDNs was fre-
quently down-regulated in various cancers, for instance, 
the expression of CLDN1 was down-regulated in pan-
creatic cancer cells and that re-expression of CLDN1 
reduced the invasive ability of these cells [23, 25]. By 

contrast, others have reported that the expression of cer-
tain CLDNs in tumors is associated with strong invasion 
and metastasis abilities [10, 26]. Thus, the various CLDNs 
may have different impacts on the biological behavior of 
a certain tumor [27–29]. One potential reason for this 
difference is that CLDNs may have specific functions in 
different cells and rely on different interacting molecules 
[30, 31]. For instance, CLDN1 was reported to induce cell 
migration and invasion through activation of the c-Abl-
ERK signaling pathway in human liver cells [32].  Paral-
lelly, it is revealed that CLDN18 coupled with EGFR/ERK 

Fig. 5 Impact of afadin silencing on the metastasis phenotype of U2OS cells. a Western blotting was used to examine the effects of silencing 
afadin and the activation of the Ras/Raf/MEK/ERK signaling pathway in the U2OS cell line. b The corresponding statistical analysis of the activation 
of the Ras/Raf/MEK/ERK signaling pathway. c The wound healing assay was utilized to detect the migration ability of the U2OS cell line in vitro. d 
The transwell chamber method was utilized to detect the impact of afadin silencing on the invasive ability of cells in vitro. e The corresponding 
statistical analysis of invaded cells. f Membrane expressions of afadin in OS tissues and normal bone tissues. **P < 0.01 compared with the scramble 
group
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signaling contributes to the malignant potential of bile 
duct cancer [33]. However, there have been few reports 
on the roles of CLDNs in OS, and the specific molecular 
mechanisms remain to be clarified.

Latest studies have shown that the cytoplasmic C-ter-
minus of CLDNs contains a PDZ-binding sequence, 
which binds other tight junction proteins on the cyto-
plasmic side of cell membranes [34]. These intracellular 
proteins participate in cellular signal transduction and 
thereby regulate a series of cell behaviors [35]. In present 
study, afadin, which contains a PDZ domain ligand [36–
39], was identified as a potential target gene of CLDN2 
protein.

Our data showed that afadin silencing results in a reac-
tivation of the ERK signaling pathway and promotes 
the metastasis phenotype in OS cells stably express-
ing CLDN2. Moreover, our data suggested that the 

expression levels of both CLDN2 and afadin are found 
to be associated with pulmonary metastasis in OS tis-
sues, suggesting that reduced CLDN2 and afadin expres-
sion is likely to participate in the pulmonary metastasis 
of OS. Hence, the expression levels of afadin and CLDN2 
have the potential to be useful as molecular markers for 
the diagnosis of OS as well as for the determination of 
prognosis.

Conclusions
In the present study, we confirmed that CLDN2 signifi-
cantly inhibits the migration ability of U2OS cells. We 
also performed an initial exploration of the molecular 
mechanism of this effect, finding that CLDN2 affected 
the Ras/Raf/MEK/ERK signaling pathway via afadin and 
ultimately decreased the migration ability of OS cells.
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Table 2 Expression of  afadin and  clinicopathological 
characteristics in OS patients

NA not available

* Statistical significance was found with the Chi-square test/Chi-square 
goodness-of-fit test

Item N Afadin (high) Afadin (low) P

Tumor tissue 27 11 16 < 0.001*

Normal 10 8 2

Age (years)

 ≤ 19 15 6 9 0.341

 > 19 12 5 7

Gender

 Male 16 6 10 1.000

 Female 11 5 6

Stage

 IA–IIA 10 4 6 0.584

 IIB–III 17 7 10

Response to chemotherapy

 Poor 9 3 6 0.127

 Good 7 1 6

 NA (n = 8) 11

Pulmonary metastasis

 + 21 7 14 < 0.001*

 − 6 4 2

Table 3 Correlation between  the  expression of  afadin 
and CLDN2 in OS tissues

* φ Phi coefficient

Item CLDN2 (high) CLDN2 (low) P

n 9 18

Afadin (high) 6 5 < 0.01*

Afadin (low) 3 13
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