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Abstract: Our previous research confirmed the repression of SMADs signaling pathway inhibits the invasion, migra-
tion, and EMT in breast cancer MCF-7 and SKBR-3 cell lines by DNMT1 up-regulating CLDN6, but the mechanism 
is unclear. Western blot was performed to detect the expression of SMAD2, SMAD3, P-SMAD2, and P-SMAD3. Then 
RT-PCR was carried out to examine the expression of tight junctions and cell adhesion molecule E-cadherin. Accord-
ing to the gene sequence of Claudin6, shRNA was linked with the green fluorescent protein-expressing eukaryotic 
expression vector pGC silencer TMΜ6/Neo/GFP, and it was transfected into breast cancer MCF-7 cells and SKBR-3 
cells. RT-PCR and western blot were applied to verify the Claudin6 gene-silencing effect. We observed cellular mor-
phology with inverted microscope, analyzed the capacity for clone formation, and detected transepithelial electrical 
resistance. The level of MMP2, and MMP9 in the cells treated with or without SB431542 and MCF-7-shGFP, MCF-
7-shClaudin-6, SKBR-3-shGFP, and SKBR-3-shClaudin-6 cells pretreated with SB431542 were examined by RT-PCR 
and western blot. The expressions of Claudin-6, occludin, and cell adhesion molecule E-cadherin were enhanced 
by SB431542. SB431542 transformed mesenchymal cell morphology into epithelial cell morphology, inhibited ca-
pacity for clone formation, increased transepithelial electrical resistance, and downregulated the expression of 
MMP2 and MMP9. Knock down of Claudin6 can abolish SB431542 effects. We conclude that Claudin6 mediates 
the effects of SB431542 on the biologic phenotypes of the breast cancer cells we studied. We speculate Claudin6-
mediated the SB431542 inhibition of invasion, migration, and EMT in breast cancer cells via MMP2/9.
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Introduction 

Cancer cells escape from the primary sites  
to distant sites by local infiltration or intravasa-
tion into the blood or lymphatic vessels. The 
transportation is required during the formation 
of metastases [1, 2]. This process facilitates 
changes in the morphology and movement of 
cancer cells and leads to changes in cell-cell 
adhesion molecules [1]. In epithelial tissues, 
the linker complex including adhesive junctions 
(AJs), tight junctions (TJs), desmosomes, and 
gap junctions is located between cells [3]. 
Epithelial cells are connected each other by 
adhesion molecules at the AJs that mediate 
stable cohesion between cells [4, 5]. These 
junctional complexes include E-Cadherin (CD- 
H1), which binds with β-catenin and α-catenin 

in the junctional complex [4-6]. The loss of cell-
cell adhesion and cell junctions mediated by 
CDH1 homophilic binding promotes cells to dis-
sociate from the primary tumor, invade neigh-
boring tissues, and migrate to remote sites [7]. 

Occludin, Claudins (CLDNs) and junctional 
adhesion molecules (JAMs) constitute TJs [8]. 
CLDNs are a pivotal component of TJs [9]. 
CLDNs family consists 27 members [10]. As 
major transmembrane proteins, CLDNs play 
key roles in the formation and maintenance of 
tight junctions [11]. It is generally acknowl-
edged that the disruption of tight junctions 
causes the loss of intercellular cohesion. It  
promotes the aggressiveness and lack of dif-
ferentiation of cancer cells, which leads to me- 
tastasis. Previous studies have demonstrated 
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that mRNA or membrane protein expression 
levels of CLDNs were strongly correlated with 
carcinogenesis in breast cancer [12-14].

Unlimited proliferation is a characteristic of 
cancer cell activity [12]. It is accompanied by 
morphologic manifestations both in vitro in  
cell culture and in vivo during tumor prolifera-
tion, invasion, and metastasis. During in vitro 
cell culture, the proliferation results in the for-
mation of cell clones. The biologic activity of 
cancer cells can be reflected by the clone for-
mation ability and morphologic features [16- 
18].

Cancer cells acquire invasive and migratory 
abilities by epithelial-to-mesenchymal transi-
tion (EMT). The capability facilitates tumor dis-
semination and metastasis [19]. Matrix metal-
loproteinases (MMPs) play a role in regulating 
EMT, invasion, and migration. Various MMPs 
play an important role in cancer progression 
and metastasis [20]. 

CLDNs can regulate a variety of cancers’ prolif-
eration, invasion, and metastasis. The CLDNs 
possess different functions in different kinds  
of tumors. They play a key role during tumori-
genesis [21]. Studies have shown that CLDN6 
can induce the apoptosis, and inhibit the in- 
vasion, and migration of breast cancer cells 
MCF-7 [22]. Our previous studies showed that 
Smads signaling pathway can regulate the 
Claudin6 expression by DNA methyltransfer-
ase1 (DNMT1), and can regulate the invasion, 
migration, and EMT in breast cancer cells, but 
the mechanism is not clear [23]. Here, we sh- 
ow that CLDN6 mediates the Smads signaling 
pathway inducing morphologic change, enhan- 
ces transepithelial resistance and inhibits cl- 
one formation in breast cancer. Knock down of 
CLDN6 can abolish downregulation of MMP2 
and MMP9 expression by SB431542.

Materials and methods

Cell culture and reagents

We acquired the human breast cancer cell  
lines MCF-7 and SKBR-3 from the Cell Bank  
of the Chinese Academy of Sciences (Shang- 
hai, China) and cultured the cells in DMEM 
(Gibco, Carlsbad, CA, USA) supplemented with 
10% fetal bovine serum (Hyclone, Logan, UT, 

USA) and 100 units/ml penicillin and strepto-
mycin (Invitrogen, Carlsbad, CA, USA). All the 
cell lines were cultured in a humidified incuba-
tor (5% CO2, 37°C). SB431542 was obtained 
from Sigma (St. Louis, MO, USA).

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted from cells using  
TRIzol (Invitrogen, USA) according to the manu-
facturer’s instructions. One microgram of total 
RNA was used for reverse transcription to syn-
thesize cDNA using the MMuLVreverse tran-
scriptase (TaKaRa, Japan) for 1 hour at 42°C, 
and 0.5 µg cDNA was used for PCR. ZO-2, ZO-1, 
Occludin, CLDN7, CLDN6, CDH1, MMP2 and 
MMP9 were amplified along with GAPDH as an 
endogenous control following the instructions 
of Premix LA Taq Kit (TaKaRa, Japan). The prim-
er sequences and the PCR reaction conditions 
are listed in Table 1. After electrophoresis, the 
gel was imaged and analyzed by an imaging 
system (Syngene, Cambridge, UK).

Western blotting analysis

Western blotting experiments were carried out 
as described previously [24]. Anti-SMAD2, 
SMAD3, P-SMAD2, and P-SMAD3 antibodies 
were from Cell Signaling Technology (Beverly, 
MA, USA); Anti-MMP2, MMP9, CLDN6 antibod-
ies were purchased from Abcam (Cambridge, 
UK). The anti-β-actin antibody was obtained 
from Santa Cruz (Santa Cruz, CA, USA). Primary 
and secondary antibodies were both diluted at 
1:1000. The blots were imaged and analyzed 
applying an ECL western blotting system (GE, 
Fairfield, CT, USA).

Cell clone formation assay

Tumor cells were digested using 0.25% tryp-
sin/0.02% EDTA solution at the logarithmic 
phase to make a single-cell suspension in cul-
ture medium. The cells were plated into six- 
well culture plates at 1,000 cells each well.  
The medium was changed every 3 days until 
cell clones could be observed by the unaided 
eye [25].

Transient transfection

Cells were transfected with short hairpin RNA 
(shRNA) by applying Lipofectamine 2000 (In- 
vitrogen), according to the specification. ShRNA 
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targeting of CLDN6 (50-GTGCAAGGTGTACGA- 
CTCA-30) and a negative control shRNA were 
both obtained from GeneChem Co. Ltd.

Transepithelial electrical resistance (TEER) 
measurement

The cells were cultured in Millicell chambers 
with 6-well culture plates at 5.0 × 105 cells  
per well; TEERs of cells were detected accord-
ing to the Millicell-ERS instructions when cells 
were cultured until a monolayer of cell fused. 
The resistance of Millicell chambers’ unseed- 
ed cells was detected as blank control (Rblank). 
The resistance of each group of cells is the dif-
ference between the average of the resistance 
of each group of cells and the Rblank multiplied 
by the diameter of the chamber. 

Statistical analysis

All analysis was performed using the SPSS  
version 22.0 for Windows (SPSS Inc., Chicago, 
IL, USA). Unpaired t-tests were performed to 
assess data for target mRNA and protein. The 
data are presented as means ± standard error 
from at least three independent experiments. P 
< 0.05 was considered significant.

Results

SMADs signaling pathway was inhibited by 
SB431542 in breast cancer cells

The breast cancer cells were incubated with 
SB431542, an inhibitor of SMADs signaling 
pathway, RT-PCR and western blot analysis 
showed that P-SMAD2 and P-SMAD3 expres-
sion was decreased in MCF-7 and SKBR-3 cells 
treated with SB431542 (Figure 1).

SMADs signaling pathway regulates the ex-
pression of tight junction protein and E-cad-
herin in breast cancer cells

We have already reported that inhibition of  
the SMADs signal pathway can reverse the  
EMT process which is one of the key steps in 
the tumor metastasis and inhibits the migra- 
tion and invasion of breast cancer cells. In 
order to study further the effects of CLDN6-
mediated inhibition of the SMADs signaling 
pathway on the occurrence and development  
of breast cancer, MCF-7 and SKBR-3 cells  
were treated with 10 µM SB431542 for 24  
h. RT-PCR demonstrated that inhibition of 
SMADs signaling pathway dysregulated the 
expression of tight junction protein CLDN6, 

Table 1. Primers and information for RT-PCR
Primer Name Primer Sequence Length (bp) Annealing Temp (°C) Cycles
GAPDH 5’-TGTTGCCATCAATGACCCCTT-3’ 178 56 25

5’-CTCCACGACGTACTCAGCG-3’
CLDN6 5’-TTCATCGGCAACAGCATCGT-3’ 345 58 35

5’-GGTTATAGAAGTCCCGGATGA-3’
CLDN4 5’-TGCACTCTGCGAACGTTAAG-3’ 141 56 35

5’-GCGATGGCCATTACCTGTAG-3’
CLDN7 5’-GGAGATCCCAGGTCACACAT-3’ 140 50 30

5’-CAGGGTCTGCCCTAGTCATC-3’
Occludin 5’-AAAATGTGTCTGCAGGCACACAGGACG-3’ 101 55 35

5’-AGGCTGCCTGAAGTCATCCACAGGC-3’
ZO-2 5’-GCCAAAACCCAGAACAAAGA-3’ 203 55 30

5’-AACACTGGCAAATATCACAGC-3’
ZO-1 5’-CACGATGCTCAGAGACGAAGG-3’ 156 55 30

5’-TTCTACATATGGAAGTTGGGGATC-3’
CDH1 5’-ATTCTGGGGATTCTTGGAGG-3’ 337 56 30

5’-GGTCAGTATCAGCCGCTTTC-3’
MMP2 5’-TCTCCGACATTGACCTTGGC-3’ 302 60 30

5’-CAGGGTGCTGGCTGAGTAGATC-3’
MMP9 5’-TTGACAGCGACAAGAAGTGG-3’ 180 58 30

5’-GCCATTCACGTTCGTCCTTAT-3’
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occludin, and E-cadherin in MCF-7 and SKBR-3 
cells (Figure 2). TEER is a generally acknowl-
edged quantitative technique to measure the 
intactness of tight junction dynamics in cell  
culture models of endothelial and epithelial 
monolayers [21]. The TEER was detected. The 
result showed that SB431542 increased the 
TEER in MCF-7 and SKBR-3 cells (Table 2; 
Figure 3A) Thus, our results suggested that 
SB431542 enhanced TEER by regulating the 
expression of tight junction protein and E-cad- 
herin in breast cancer cells. The changes in 
cell-cell connections are closely related to tu- 
mor formation and development. In order to 
confirm whether CLDN6 mediates the effect of 
SB431542 on TEER, CLDN6 in MCF-7 and SK- 
BR-3 cells treated with SB431542 as knocked 
down by shRNA. The result showed that the 

TEER was decreased (Table 3; Figure 3B). RT- 
PCR and western blot analysis demonstrated 
that CLDN6 was significantly downregulated in 
the cells that had knocked down CLDN6, com-
pared to the control group (Figure 3C). The- 
refore, we conclude that CLDN6 mediates the 
SB431542 effect on TEER in MCF-7 and SKBR-
3 cells.

CLDN6 effects on breast cancer cellular mor-
phology

MCF-7 and SKBR-3 cells were treated with 10 
µM SB431542 for 24 h, and the cell morpholo-
gy was observed. SB431542 caused a pro-
found effect on the morphology of MCF-7 and 
SKBR-3 cells. MCF-7 cell morphology changed 
from long spindle shape to short spindle sha- 

Figure 1. SB431542 inhibits SMADs signaling in MCF-7 and SKBR-3 cells. SB431542 downregulated P-SMAD2 
and P-SMAD3 expression. MCF-7 and SKBR-3 cells were incubated with SB431542 for 24 h at 10 μM. Results of 
densitometry analysis of relative expression levels of P-SMAD2 and P-SMAD3 after normalization to SMAD2 and 
SMAD3 are presented (*P < 0.05 and **P < 0.01 are considered significant and highly significant, respectively). 
Bars represent mean ± SE (n = 3).
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pe. SKBR-3 cells acquired a cobble-shaped  
epithelial phenotype as opposed to a polygon. 
MCF-7 and SKBR-3 cells treated with SB43- 
1542 were used to knock down CLDN6 through 
shRNA. The change in morphology caused by 
SB431542 was reversed (Figure 3D, 3E). There- 
fore, we conclude that knocking down CLDN6 
blocks the effect of SB431542 on the mor- 
phology of MCF-7 and SKBR-3 cells.

CLDN6 effects on breast cancer cell clone 
formation

MCF-7 and SKBR-3 cells were treated with 10 
µM SB431542 for one week. We observed the 
cell clone formation. SB431542 inhibited the 
cell clone formation (P < 0.05) (Figure 3F). 
Knocking down CLDN6 showed that the cell 
clone formation was increased significantly 
(Figure 3G).

CLDN6 effects on the expression of MMP2 
and MMP9

In our previous experiment, it was confirmed 
CLDN6-mediated repression of SMADs signal-
ing pathway inhibited the invasion, migration 
and EMT. CLDN6-mediated inhibition of Smad 
signaling pathway changed the breast cancer 

Figure 2. SMADs signaling regulates expression of tight junction protein and E-cadherin. Real-time polymerase 
chain reaction (RT-PCR) analysis of tight junction protein (ZO-2, ZO-1, occludin, CLDN7, and CLDN6) and E-cadherin; 
and densitometric analysis of relative gene expression levels after normalization to loading control GAPDH are pre-
sented. The lane “M” stands for marker; (*P < 0.05 and **P < 0.01 are considered significant and highly significant, 
respectively). Bars represent mean ± SE (n = 3).

Table 2. Effect of SB431542 on TEER in MCF-7 
and SKBR-3 cells

Experimental Group
TEER (ohm·cm2)

MCF-7 SKBR-3
DMSO 105 ± 7 114.3 ± 11.5
SB431542 155.3 ± 12.5** 180.3 ± 17.5**
**p<0.01 is considered highly significant.
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Figure 3. CLDN6 is required for the breast cancer cell TEER, morphology, and clone formation. A, B. CLDN6-mediated inactivation of SMADs signaling pathway regu-
lated TEER (*P < 0.05 and **P < 0.01 are considered significant and highly significant, respectively). bars represent mean ± SE (n = 3). C. RT-PCR and immunoblot 
expression analyses of CLDN6 in MCF-7-shGFP, MCF-7-shCLDN6, SKBR-3-shGFP, and SKBR-3-shCLDN6 cells pretreated by SB431542, and densitometric analysis 
of relative expression levels after normalization to loading control GAPDH or β-actin are presented. The lane “M” stands for marker (*P < 0.05 and **P < 0.01 
are significant and highly significant, respectively). Bars represent mean ± SE (n = 3). D, E. CLDN6-mediated inactivation of SMADs signaling pathway affected cell 
morphology (Bar, 100 μm). F, G. CLDN6 was required to inhibit cell clone formation (*P < 0.05 and **P < 0.01 are significant and highly significant, respectively). 
Bars represent mean ± SE (n = 3).
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cell morphology, increased transepithelial re- 
sistance, and reduced clone formation which 
played a crucial role during the EMT, invasion, 
and migration progression in our current study. 
It is unclear that the molecular mechanism of 
CLDN6-mediated inhibition of SMADs signal 
pathway represses the invasion, migration, and 
EMT. To address this problem, MMP2 and 
MMP9 were detected by RT-PCR and Western 
blot. MMP2 and MMP9 were down-regulated 
following SB431542 treatment. CLDN6 was 
knocked down after the cells were treated with 
SB431542. The down-regulation of MMP2 and 
MMP9 expression by SB431542 was blocked 
in MCF-7 cells (Figure 4A, 4B). We got similar 
results in SKBR-3 cells (results not shown).

Discussion

Breast cancer is one of the most common 
tumors. It is derived from the ductal epithe- 
lium of the breast [27-29]. The metastasis and 
recurrence of breast cancer is the main cause 
of death [30]. The metastases require the  
cancer cells to break away from the original 
site. They infiltrate the surrounding tissue, 
invade into the vasculature, extravasate to  
distal sites, and grow [1, 2]. The process ac- 
companies morphologic change, movement of 
carcinoma cells, and repression of cell-cell ad- 
hesion molecule expression [1]. In an earlier 
study, we reported that CLDN6 can reverse 
EMT which is a step in tumor metastasis, and 
inhibit breast cancer cell migration and inva-
sion by mediating the inhibition of the SMADs 
signaling pathway [23], In the current resear- 
ch, we aimed to further explore the effects of 
CLDN6 mediating the inhibition of SMADs sig-
naling pathway on the development of the 
MCF-7 and SKBR-3 breast cancer cells. 

RT-PCR was performed. The result manifested 
that inhibition of SMADs signaling pathway up- 
regulated some of the expression of occludin 
and CLDN6 tight junction proteins and E-cad- 

herin in MCF-7 and SKBR-3 cells. TEER is a 
quantitative technique to detect the integrity  
of tight junction dynamics in cell culture mo- 
dels of endothelial and epithelial monolayers 
[26]. The TEER was detected. The results sh- 
owed that SB431542 increased the TEER in 
MCF-7 and SKBR-3 cells. Thus, our results sug-
gested that SB431542 enhanced TEER by reg-
ulating the expression of tight junction protein 
and E-cadherin in breast cancer cells. Similar to 
our results, Krizbai [31] also found that SB- 
431542 enhanced TEER, indicating disruption 
in rat brain endothelial cell monolayer integri- 
ty. The changes in cell-cell connections were 
closely related to tumor formation and develop-
ment. CLDNs play crucial roles in the formati- 
on and maintenance of tight junctions [11]. It  
is generally accepted that the disruption of 
tight junctions leads to the loss of intercellular 
cohesion, which causes the invasiveness and 
de-differentiation of cancer cells and facilitat- 
es metastasis. Earlier studies have suggested 
that mRNA or membrane protein expression 
levels of CLDNs were strongly correlated with 
carcinogenesis in BC [12-14].

In order to confirm that CLDN6 mediates the 
SB431542 regulation of the TEER in MCF-7  
and SKBR-3 cells, the cells were treated with 
SB431542. CLDN6 in the cells was knocked 
down. The result showed that the TEER was 
decreased. Therefore, we can conclude that 
CLDN6 mediates the SB431542 effect on 
TEER in MCF-7 and SKBR-3 cells.

Uncontrolled proliferation is a hallmark of can-
cer cells [15]. It accompanies morphologic 
manifestations in cells cultured in vitro and  
during tumor proliferation, invasion and metas-
tasis in vivo. In cells cultured in vitro, cell prolif-
eration results in the formation of cell clones. 
The biologic behavior of cancer cells can be 
reflected by the clone formation rate and mor-
phologic characteristics [16-18]. CLDNs can re- 
gulate proliferation, invasion, and metastasis  
in a variety of cancer types [32-35]. In the cur-
rent study, SB431542 inhibited the cell clone 
formation. Knocking down CLDN6 obstructed 
the inhibitory effects of SB431542 on clone 
formation.

In the present research, SB431542 resulted  
in a profound effect on the morphology of 
MCF-7 and SKBR-3 cells. MCF-7 cell morpholo-
gy changed from a long spindle shape to short 
spindle shape. SKBR-3 cells acquired a cobble-

Table 3. CLDN6 mediates the effect of 
SB431542 on TEER in MCF-7 and SKBR-3 cells

Experimental Group
TEER (ohm·cm2)

MCF-7 SKBR-3
SB431542 + shGFP 153.3 ± 12.5 176 ± 15
SB431542 + shCLDN6 102.3 ± 7* 116 ± 13**
*p<0.05, **p<0.01 are considered significant and highly 
significant, respectively.
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shaped epithelial phenotype as opposed to a 
polygon. After knocking down CLDN6, the ch- 
anges in morphology caused by SB431542 
were abrogated. Therefore, we conclude that 
CLDN6 mediates the function of SB431542  
on the clone formation and morphology of 
MCF-7 and SKBR-3 cells. 

The CLDNs have different functions in different 
tumors. They play a key role during tumorigen-
esis [19]. Studies have shown that claudin6 
can inhibit the apoptosis, invasion, and migra-

tion of breast cancer cells MCF-7 [22]. Our pre-
vious studies showed that Smads signaling 
pathway can regulate the CLDN6 expression by 
DNMT1, and can regulate the invasion, migra-
tion and EMT in breast cancer cells, but the 
mechanism is not clear [23]. Here, we show 
that Cloudin 6 mediates the inhibition of Sma- 
ds signaling pathway regulating the breast can-
cer cell morphology, increasing transepithelial 
resistance, and lessening clone formation, 
which are closely involved in EMT [36, 37]. The 
levels of MMP2 and MMP9 in cells were down-

Figure 4. CLDN6-mediated Smads signaling pathway regulates the expression of MMP2 and MMP9. (A) RT-PCR and 
(B) immunoblot expression analyses of MMP2 and MMP9 in MCF-7 cells treated with or without SB431542, MCF-
7-shGFP, and MCF-7-shCLDN6 pretreated with SB431542, and densitometric analysis of relative expression levels 
after normalization to loading control GAPDH or β-actin are presented (*P < 0.05 and **P < 0.01 are significant and 
highly significant, respectively). Bars represent mean ± SE (n = 3).
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regulated following SB431542 treatment. CL- 
DN6 was knocked down after the cells treat- 
ed with SB431542, and the down-regulation of 
MMP2 and MMP9 was blocked. We speculate 
that Claudin6-mediated effects of SB431542 
inhibit the invasion, migration, and EMT in 
breast cancer cells through MMP2 and MMP9. 
We will further investigate the molecular mech-
anisms by which SB431542/CLDN6 regulate 
the expression of MMPs to inhibit EMT, migra-
tion, and invasion in breast cancer.

Despite recent prevention, diagnosis, and ther-
apy advances, lomany patients still die due to 
metastasis and recurrence. Evidence reveals 
that the EMT process plays an essential role in 
metastasis and recurrence of cancer [38]. It 
reveals the mechanism responsible for EMT. 
Genes, especially CLDN6 and signaling associ-
ated with EMT should be given high priority  
in order to decrease cancer morbidity and 
mortality.  
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