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Gene silencing of claudin-6 enhances cell proliferation and
migration accompanied with increased MMP-2
activity via p38 MAPK signaling pathway in
human breast epithelium cell line HBL-100
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Abstract. Disruption or loss of tight junction structure and
function is associated with tumor growth, invasion and metas-
tasis in tumors of human epithelial origin. Since claudin is the
most important backbone protein of tight junctions, the down-
regulation or loss of claudin expression is hypothesized to be
important for tumor development and metastasis. In the current
study, RNA interference (RNA1) was used to knock down the
expression of claudin-6 to investigate the effect of claudin-6
downregulation on the malignant phenotype in the human
breast epithelium cell line HBL-100. The junctional function
was investigated by measuring the transepithelial electrical
resistance across the confluent epithelial cell layer. Manual
cell counting and wound healing assays were performed to
examine cell proliferation and migration. Changes in matrix
metalloproteinase-2 (MMP-2) expression and activity were
examined by reverse transcription polymerase chain reac-
tion (RT-PCR) and gelatin zymography. The expression
of p38 mitogen-activated protein kinases (MAPKs) and
phosphorylated p38 MAPK were measured by western blot
analysis. Claudin-6 knockdown resulted in significantly lower
transepithelial electrical resistance (P<0.001), higher growth
rate (P<0.001) and migratory ability (P<0.001) accompanied
with an increased MMP-2 expression and activity (P<0.001).
Furthermore, a decreased expression of phosphorylated p38
MAPK (P<0.001) was detected in HBL-100 cells. These
observations support the hypothesis that a decreased expres-
sion of claudin-6 contributes to the malignant progression of
human breast cancer.
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Introduction

Tight junctions are intercellular structures, located at the top
of junctional complexes, which are critical in maintaining the
fence, barrier and signal transduction functions in epithelial
and endothelial cells (1-3). Tight junctions are composed of
three types of integral membrane proteins: occludins, claudins
and junction adhesion molecules and also contain peripheral
plasmosins, including ZO-1, -2 and -3 (4). Claudins, which
contain at least 27 members, have been shown to be the most
important backbone protein of tight junctions (5). Claudin-6
is a protein in the claudin family with a molecular weight of
~23 kDa and whose gene is located at chromosome 16p13.3.

There is increasing evidence indicating that tight junctions
are involved in cell migration, proliferation, differentiation
and apoptosis. Disruption or loss of tight junction structure
and function has been reported in tumors of human epithelial
origin and it has been shown that these changes are associated
with variations in tumor growth, invasion and metastasis (6-8).
Thus, the loss or downregulated expression of claudin and
other tight junction proteins is hypothesized to be important
steps for tumor development and metastasis (9).

Previously, claudin-6 was identified as a potential breast
cancer suppressor gene, which may contribute to a breast cancer
resistant phenotype observed in Copenhagen rats (10). In addi-
tion, overexpression of claudin-6 may abate the malignant
phenotype of the human breast cancer cell line MCF-7 (11),
indicating that claudin-6 may play a role in suppressing the
development of breast cancer.

In the current study, RNA interference (RNAi) was used to
knock down the expression of claudin-6 in the human breast
epithelium cell line HBL-100. By examining the junctional
function, proliferation and migration, the aim was to determine
whether the loss of claudin-6 may have any effects on HBL-100
cells. The results clearly showed that the downregulation of
claudin-6 in HBL-100 cells leads to a higher growth rate and
migratory ability, accompanied with an increased MMP-2
expression and activity, which may be mediated via the p38
MAPK pathway. These observations support the hypothesis
that a decreased expression of claudin-6 contributes to the
malignant progression of breast cancer.
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Materials and methods

Cell line. Human breast epithelial cell line HBL-100 was
obtained from the American Type Culture Collection and
maintained in DMEM medium (Gibco-BRL, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (Gibco) at
37°C in 5% CO,.

Short hairpin RNA (shRNA) transfection. Four shRNAs were
designed, based on the claudin-6 mRNA sequence NM_021195
and were constructed into the vector pGCsilencer™ U6/Neo/
GFP (GeneChem, Shanghai, China). The shRNAs were trans-
fected into cells using SuperFect® transfection reagent (Qiagen,
Germantown, MD, USA). Transfected cells were treated with
400 pg/ml G418 (Sigma-Aldrich, St. Louis, MO, USA) for
10 days. Populations of knockdown cells were pooled following
10 days G418 selection. A negative control cell line was gener-
ated by transfecting cells with the vector constructed by
targeting a sequence that did not yield any appreciable knock-
down of the protein production. shRNA sequences were as
follows: i) caGTCAAGCTATGGAACTAATTTCAAGAG
AATTAGTTCCATCATAGCTTGACtg; ii) aaCTGAGCC
AAGGTGTTGACTTTCAAGAGAAGTCAACACCTTGGC
TCAGtt; iii) gcCAGATGCAGTGCAAGGTGTTTCAAGAG
AACACCTTGCAACTGCATCTGgc and iv) caGTG
CAAGGTGTACGACTCATTCAAGAGATGAGTCGTACAC
CTTGCACtg.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted using TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA) and reverse-transcribed
with M-MLYV reverse transcriptase (Takara Bio Inc., Shiga,
Japan). PCR was performed to analyze claudin-6 mRNA
expression (Applied Biosystems, Carlsbad, CA, USA).
Forward and reverse primers of claudin-6 used were: 5'-CAC
TGCCACTTCTGGATGG-3' and 5'-CAGTGCAGCTCCTT
CAACCT-3.

Measurement of transepithelial electrical resistance (TER).
Monolayers of cells were grown in filters (Millicell culture
plate inserts; Millipore, Billerica, MA, USA). The TER was
measured when the cells had grown to full confluency, using
a voltmeter (Millicell-ERS). TER (Q x cm?) = (total resis-
tance - blank resistance) (Q) x area (cm?). Three replicates
each of three independent experiments were performed.

Cell proliferation analysis. To measure cell proliferation, cells
were seeded at a low density (2x10%/well) in 24-well plates
and cultured as described earlier. The number of cells was
counted every 24 h in the following 6 days. A growth curve
was constructed according to the data. Three replicates each of
three independent experiments were performed.

Wound-healing assay. Cells were grown to confluency and
wounded by dragging a 10-ul pipette tip through the mono-
layer. The cells were washed to remove cellular debris and
allowed to migrate for 48 h. Images were captured by micros-
copy (Olympus, Tokyo, Japan) at 0, 24 and 48 h time-points
following wounding. The widths of the wounded areas
were measured at 0 h (W,) and 48 h (W,4) time-points. The
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relative migration distance (% of recovery) was calculated as
(W, - W,)/W, x 100%. Five replicates each of three indepen-
dent experiments were performed.

Western blot analysis. Cells were harvested and lysed in
ice-cold lysis buffer containing 50 mmol/l Tris (pH 7.4),
150 mmol/l NaCl, 1 mmol/l NaHCO;, 1% Triton X-100,
20 mmol/l1 EDTA, 1 mmol/l NaF, 1 ug/ml leupeptine and
10 mmol/l phenylmethyl sulfonylfluoride. The protein concen-
tration was determined by BCA protein assay kit (Pierce
Biotechnology, Inc., Rockford, IL, USA). Twenty micrograms
of each sample were applied to 10% SDS-polyacrylamide gel.
Proteins were transferred onto a nitrocellulose membrane
(Millipore) and incubated with each primary antibody, diluted
at 1:1,000 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) overnight at 4°C, followed by incubation for 1 h at
room temperature with a horseradish peroxidase-conjugated
secondary antibody diluted 1:1,000. The blots were then
stained using an ECL western blotting system (GE, Fairfield,
CT, USA).

Gelatin zymography. The gelatinolytic activity of MMP-2 in
the conditioned medium was determined using zymography.
Cells were cultured in serum-free DMEM for 24 h and the
supernatants were collected following centrifugation at
500 x g for 10 min. Equal amounts of total protein were loaded
onto a zymogram gel composed of 10% polyacrylamide with
1 mg/ml gelatin. Samples were electrophoresed at a constant
voltage of 130 V for 2 h. The gel was washed for 40 min in
2.5% Triton X-100 to renature the proteins and incubated for
40 h in 50 mmol/l Tris-HCI (pH 7.6) containing 5 mmol/l
CaCl, at 37°C. Following staining with 1% Coomassie blue
and destaining, the proteolytic activity was detected as clear
bands on blue background gel. Three independent experiments
were performed.

Statistical analysis. Statistical analysis was performed using
the SPSS software package (version 13.0.0; SPSS, Inc., Chicago,
IL, USA). The Student's unpaired t-test was performed to
determine statistically significant differences. P<0.05 was
considered to indicate a statistically significant difference.

Results

Claudin-6 expression in the HBL-100 cell line is knocked down
by shRNA. Claudin-6 expression was examined by RT-PCR
in the breast cancer cell lines MDA-MB-231 and MCF-7 and
in the normal human breast epithelial cell line HBL-100.
Claudin-6 mRNA expression was detected only in HBL-100
but not in the other two breast cancer cell lines (Fig. 1A).

To investigate whether claudin-6 plays any role in
suppressing the development of breast cancer, SiIRNA was
used to knock down claudin-6 expression in the HBL-100 cell
line. The expression of claudin-6 mRNA was reduced by 50%
in sShRNA-4-expressing cells, which was the most significantly
decreased of the four shRNA sequences. Claudin-6 expression
remained unchanged in the cells expressing control shRNA
(Fig. 1B). The decreased expression of claudin-6 protein in
shRNA-4-expressing cells was confirmed by western blot
analysis using anti-claudin-6 antibody (Fig. 1C).
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Figure 1. Claudin-6 expression was knocked down by shRNA in the HBL-100 cell line. (A) mRNA expression of claudin-6 in MDA-MB-231, MCF-7 and
HBL-100 cell lines was detected by RT-PCR, using a-tubulin levels as a loading control. The data shown are representative of three separate experiments.
(B) Expression of claudin-6 mRNA in four shRNA-expressing cells was determined by RT-PCR, compared with HBL-100 cells and negative control shRNA
cells, using B-actin levels as a loading control. The brilliance of each band was used to calculate the relative expression following normalization to the respec-
tive B-actin density. The data shown are representative of three separate experiments. (C) The reduced expression of claudin-6 protein in sShRNA-4-expressing
cells was determined by western blot analysis, compared with the HBL-100 and negative control shRNA cells, using (3-actin levels as the loading control. The
density of each band was used to calculate the relative expression following normalization to the respective (3-actin density. The data shown are representative
of three separate experiments. shRNA, short hairpin RNA; RT-PCR, reverse transcription-polymerase chain reaction.

TER is decreased in claudin-6 knockdown cells. Claudin
expression is known to be important for tight junction
formation. TER across confluent epithelial cell layers is a
measurement of tight junction function. When cells reached
confluency, we measured TER to evaluate whether knockdown
of claudin-6 in HBL-100 cells may result in any changes in
the function of tight junctions. Compared with control cells,
the TER of claudin-6 knockdown cells was decreased and the
differences were found to be statistically significant (P<0.001;
Fig. 2A). The results indicate that the function of tight junction
is changed by knockdown of claudin-6 in HBL-100 cells.

Claudin-6 knockdown cells have a higher proliferation rate
and migratory ability. To determine the effect of claudin-6
knockdown on the proliferation of HBL-100 cells, growth
curves were constructed over a period of 6 days by manual cell
counting. The proliferation rate of claudin-6 knockdown cells
was significantly higher than that in the control cells (P<0.001;
Fig. 2B). The cell migratory ability was compared between the
claudin-6 knockdown cells and control cells, using a wound
healing assay. Following 24 and 48 h wound generation in
the monolayers of cells, the wound of the control cells was
wider than that of the claudin-6 knockdown cells. Claudin-6
interference resulted in a 100% increase in the migration rate
(P<0.001; Fig. 2C).

Claudin-6 knockdown cells have higher expression and
activity of MMP-2. As expression of MMP-2 is associated
with cell migration, changes in MMP-2 expression and activity
were examined by RT-PCR and gelatin zymography assay to
investigate associations with the migratory phenotype. The
MMP-2 mRNA expression of the claudin-6 knockdown cells
was 2.6-fold higher than that of the control cells (P<0.001;
Fig. 3A). While the zymography assay result revealed that
the MMP-2 activity of claudin-6 knockdown cells was 3-fold
higher than that of the control cells (P<0.001; Fig. 3B). The
increase in MMP-2 activity caused by claudin-6 knockdown
was associated with the results of cell migration, indicating
that claudin-6 knockdown may increase the cell migration
ability through activation of MMP-2.

Claudin-6 knockdown cells have lower phosphorylated p38
MAPK expression. It has been reported that the p38 MAPK
signaling pathway was involved in cell proliferation and MMP
activation in other cell lines (12-14). To test whether claudin-6
knockdown had any effect on the p38 MAPK pathway, the
level of p38 MAPK and phosphorylated p38 MAPK protein
expression was investigated by western blot analysis. Results
showed a 41% decrease in phosphorylated p38 MAPK expres-
sion of claudin-6 knockdown cells (P<0.001), while the p38
MAPK expression remained unchanged (Fig. 4). The present
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Figure 2. Effect of claudin-6 knockdown on TER, cell proliferation and migration. (A) The TER of claudin-6 knockdown cells was significantly lower than that
of cells in the control group. TER was measured by Millicell-ERS volt-Q meter. Data are presented as mean + SEM (n=3) and the data shown are representa-
tive of three separate experiments. "P<0.001 vs. negative control ShRNA group. (B) The proliferation of claudin-6 knockdown cells was significantly higher
compared with the control cells. A growth curve was constructed from data obtained by manual cell counting over 6 days. Data are presented as mean + SEM
(n=3) and the data shown are representative of three separate experiments. "P<0.001 vs. negative control sShRNA group. (C) Wound healing assay showed cell
migration of claudin-6 knockdown cells was higher compared with the control group. The width of the wounded area at 0 h (W) and 48 h (W) were measured.
The relative migration distance (% of recovery) was calculated as (W, - W,,)/W, x 100%. Data are presented as mean + SEM (n=5) and the data shown are rep-
resentative of three separate experiments. ‘P<0.001 vs. negative control ShRNA group. TER, transepithelial electrical resistance; sShRNA, short hairpin RNA.
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Figure 3. Effect of claudin-6 knockdown on MMP-2 expression and activity. (A) The upregulated expression of MMP-2 was observed by RT-PCR in claudin-6
knockdown cells, compared with the HBL-100 and negative control shRNA cells. GAPDH levels were used as a loading control. The density of each band was
used to calculate the relative expression following normalization to the respective GAPDH density. The data shown are representative of three separate experi-
ments. ‘P<0.001 vs. negative control ShRNA group. (B) The MMP-2 activity of claudin-6 knockdown cells was significantly higher compared with the control
cells, as detected by a gelatin zymography assay. The density of each band was used to calculate the relative expression levels. The data shown are representative
of three separate experiments. "P<0.001 vs. negative control shRNA group. MMP-2, matrix metalloproteinase-2; RT-PCR, reverse transcription-polymerase
chain reaction; shRNA, short hairpin RNA.
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Figure 4. Effect of claudin-6 knockdown on the p38 MAPK pathway. Expression of p38 and p-p38 protein was determined by western blot analysis, the p-p38
expression in claudin-6 knockdown cell decreased while the p38 expression was unchanged, compared with the HBL-100 and negative control shRNA cells,
B-actin levels were used as a loading control. The density of each band was used to calculate the relative expression following normalization to respective
[-actin densities. The data shown are representative of three separate experiments. "P<0.001 vs. negative control shRNA group. MAPK, mitogen-activated

protein kinase; p-p38, phosphorylated p38; shRNA, short hairpin RNA.

results confirmed the correlation between claudin-6 expres-
sion and p38 MAPK pathway activation.

Discussion

One of the first steps in cancer metastasis is loss of cell-to-cell
adhesion (15,16). Claudins are known to be important for
tight junction formation and the changes in their expression
or localization often leads to the disruption or deregulation of
the tight junction structure and function, which play a critical
role in cancer progression, invasion and metastasis. TER
across the confluent epithelial cell layer is a measurement of
tight junction function. Overexpression of various claudins,
including claudin-1 and -4, leads to increased TER (17,18),
while the downregulation of various types of claudins may
lead to decreased TER and altered tight junction structures,
including claudin-3,-4 (19), -5 (20) and -7 (21). Overexpression
of claudin-6 was observed to lead to an increased TER in
the MCF-7 breast cancer cell line (11). Consistent with this
previous observation, the current study found that the TER of
claudin-6 knockdown cells was lower than the control cells,
indicating that the organization or function of tight junction is
disrupted by the downregulation of claudin-6 in the HBL-100
cell line.

In the current study, significantly higher rates of prolife-
ration in claudin-6 knockdown cells, compared with control
cells were observed. In addition, the downregulated expression
of claudin-6 was found to lead to an increased migratory ability
in HBL-100 cells with a higher mRNA expression and activity
of MMP-2, suggesting that the cells gained a relatively, more
malignant phenotype following claudin-6 knockdown medi-
ated via the activation of MMP-2. Furthermore, a decreased
expression of phosphorylated p38 MAPK in claudin-6 knock-
down cells was also found in the current study, indicating that
p38 MAPK may be one of the signaling pathways involved in
altering the phenotype of the cells following claudin-6 knock-
down. To the best of our knowledge, this is the first report in
which silencing of the claudin-6 gene enhanced cell prolifera-
tion and migration, accompanied with MMP-2 activation via
the p38 MAPK pathway in HBL-100 cells.

Cell proliferation and migration are essential for cancer
progression, invasion and metastasis. Evidence has shown the
effect of claudin on cell proliferation; findings of a previous

study showed that the overexpression of claudin-6 resulted in
a lower proliferation rate of MCF-7 cells (11) and it has been
reported by Li et al (22) that the overexpression of miR-7 and
miR-218 was accompanied by reactivation of claudin-6 gene,
leading to the inhibition of the cell cycle and clone formation
of breast cancer cells, which markedly supports the results of
the current hypothesis. Sun er al (23) have also reported that the
downregulated expression of claudin-3 reduces cell prolifera-
tion. The mechanism by which claudins affect proliferation is
complex and involves a number of signaling pathways, including
p38 MAPK.

It has been reported that the p38 MAPK signaling pathway
negatively regulates cell proliferation in other cell lines. The
mechanism by which p38 MAPK regulates cell prolifera-
tion remains unclear, however there are a number of studies
suggesting the involvement of the JNK/c-Jun pathway (24,25),
EGFR (26) and p53 (27). p38 also is involved in p21 upregu-
lation, subsequently resulting in cell growth inhibition (28).
Increased proliferation of hepatocytes has been observed
during liver regeneration in mice lacking p38 a in the liver (12).

As well as the changed proliferation ability, higher migra-
tion ability in claudin-6 knockdown cells was observed. Cell
migration requires MMPs, serine proteases and a number
of other proteases. Numerous types of claudin have been
shown to change cancer metastasis by the regulation of MMP
activity. For example, overexpression of claudin-4 increased
MMP-2 and -9 activity in Caco-2 cells (29) and knockdown
of claudin-2 increased cell migration and MMP-9 activity in
MDCK cells (30). These studies suggest the potential involve-
ment of claudins in cancer metastasis via MMP activation.
Consistent with the current observations, Osanai et al (31)
demonstrated that knockdown of claudin-6 resulted in
increased MMP activity in MCF-7 cells. Although claudins
have been shown to activate MMPs (8,32), the mechanism
of the enhancement of MMP-2 activity by claudin-6 knock-
down is not yet understood. In the current study, a decreased
expression of phosphorylated p38 MAPK following claudin-6
knockdown was observed. p38 MAPK has been shown to
be involved in MMP-2 and -9 regulation. Green et al have
reported that inhibition of the p38 MAPK pathway resulted in a
228% increase in MMP-2 secretion (13) and Kim et al demon-
strated that TGF-f} induced the upregulation of MMP-2 and -9
through p38 MAPK signaling in the human breast epithelial
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cell line MCF10A (14), providing increasing evidence of the
correlation between MMP-2 activation and the p38 MAPK
pathway. Since there is little understanding of the mechanism
by which p38 MAPK pathway is involved in MMP-2 activity,
the potential transcription factors involved in it are now under
investigation. However, further studies are required to address
the exact mechanism by which claudin-6 function is regulated
through the p38 MAPK signaling pathway to alter the pheno-
type of cells.

In conclusion, the current study has demonstrated that
downregulation of claudin-6 expression leads to a relatively
malignant phenotype mediated through p38 MAPK signaling
pathway in the human breast epithelium cell line HBL-100,
further supporting the hypothesis that claudin-6 is likely to be
a suppressor in a number of types of cancer. Decreased expres-
sion of claudin-6 may contribute to the malignant progression
of breast cancer.
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