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The role of cadherin-11 in microcystin-LR-induced
migration and invasion in colorectal carcinoma cells
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Abstract. The present study aimed to explore whether
microcystin-LR (MC-LR; a well-known cyanobacterial toxin
produced in eutrophic lakes or reservoirs) induced tumor
progression by activating cadherin-11(CDH11). A previous
tumor metastasis PCR array demonstrated that MC-LR
exposure resulted in a significant increase in the expression
of CDHI11. In the present study, to confirm the effect of the
MC-LR treatment on CDHI11 expression, HT-29 cell migra-
tion and invasion following MC-LR treatment were tested by
Transwell assays, and protein levels of CDH11 were tested by
immunofluorescence and western blot analysis. The results
demonstrated that MC-LR activated CDH11 expression in
addition to cell migration and invasion in HT-29 cells. To
further investigate the association between MC-LR-induced
CDHI11 upregulation, and higher motility and invasiveness in
HT-29 cells, knockdown of CDHI11 using small interfering
RNA (siRNA) in HT-29 cells was performed. Subsequent
Transwell assays confirmed that MC-LR-induced enhance-
ment of migration and invasion was significantly decreased
following CDH11 knockdown by CDHI11-siRNA in HT-29
cells. The results from the present study indicate that MC-LR
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may act as a CDHI1 activator to promote HT-29 cell migration
and invasion.

Introduction

Cyanobacteria frequently form water blooms in eutrophic
lakes or reservoirs. Microcystins, as important secondary
metabolites of cyanobacteria, include >90 known structural
variants (1), and have been demonstrated to contribute to
livestock poisoning and higher incidences of primary human
carcinoma, including liver carcinoma (2), colorectal carci-
noma (3) and oral cancer (4) via drinking water and food
chains. Among the variants of microcystins, microcystin-LR
(MC-LR) is the most poisonous and is a tumor initiator in
humans (5,6). Recently, efforts have been made to investigate
the molecular mechanisms underlying MC-LR-induced carci-
nogenesis (7,8). However, little is known about the association
between MC-LR exposure and tumor migration and invasion,
which is the primary cause of mortality or poor prognosis in
patients with cancer (9).

Cadherins are from a superfamily of >100 transmem-
brane glycoproteins that mediate intercellular adhesion by
calcium-dependent homophilic interactions (10). Cadherins
serve important roles in cell-cell junctions, tissue architecture
and cell polarity in addition to cell movement and prolif-
eration (11). It has previously been demonstrated that that
CDHI1/E-cadherin (12) and CDH13/H-cadherin (13) are func-
tional tumor suppressors, while little is known about whether
other cadherins exhibit cancer-associated activity. Cadherin-11
(CDHI1), also known as osteoblast cadherin, is broadly
expressed in human normal mesoderm-derived tissues (14).
Previous studies have reported that CDHI11 is associated with
tumorigenesis and tumor progression; its tumor-promoting
activity was reported in prostate cancer (15), breast cancer (16)
and glioblastoma (17).

Previous studies from our group revealed the active effect
of MC-LR on cancer cell migration and invasion (18-20) and
a previous tumor metastasis PCR array demonstrated that
MC-LR exposure significantly increased the expression of
eight genes, including CDH11 (20). In the present study, the
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data demonstrated that MC-LR enhances carcinoma cell
motility and invasiveness by regulating CDH11 expression in
human colorectal cancer HT-29 cells.

Materials and methods

Cell culture and exposure. HT-29 cells were obtained from
the American Type Culture Collection (Manassas, VA, USA)
and maintained in a monolayer culture in Dulbecco's modi-
fied Eagle's medium (DMEM; Hyclone; GE Healthcare Life
Sciences, Logan, UT, USA), containing 100 pg/ml strepto-
mycin, 100 xg/ml penicillin and 10% fetal bovine serum
(FBS; Hyclone; GE Healthcare Life Sciences). Cells were
cultured in a humidified atmosphere of 5% CO, at 37°C.HT-29
cell culture was performed according to the manufacturer's
protocol and as previously described by Miao et al (18).
MC-LR (Enzo Life Sciences, Inc., Farmingdale, NY, USA)
was dissolved in sterile water to make a 0.25 nM stock solu-
tion and then added in the medium to reach different doses
0, 1,5,12.5,25 and 50 nM).

Cellular immunofluorescence. After 48 h treatment with
MC-LR of 25 nM, cells grown on coverslips were washed
with PBS, fixed by immersion at room temperature with
4% polyformaldehyde for 15 min and permeabilized with
0.1% Triton-X-100 in PBS at 4°C for 15 min. Slides were then
washed with PBS and blocked with blocking buffer consisting
of 4% bovine serum albumin (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) in PBS for 30 min at room temperature.
The cells were then incubated with a mouse anti-human
CDHI11 monoclonal antibody (cat. no. MAB1790; 1 ug/ml,
R&D Systems, Inc., Minneapolis, MN, USA) in blocking
buffer overnight at 4°C, followed by incubation with a goat
anti-mouse phycoerythrin-labeled antibody (cat. no. sc-3738;
dilution, 1:100; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) in blocking buffer at room temperature for 2 h. Then
cells on coverslips were captured and analyzed by fluorescence
microscopy (magnification, x400; Axio Observer Al; Carl
Zeiss AG, Oberkochen, Germany). Cellular immunofluores-
cence was performed according to the manufacturer's protocol
and as previously described by Zhang et al (20).

Knockdown of CDH11 using small interfering RNA in HT-29
cells. The CDHI11 and negative control small interfering
RNAs (siRNAs) were purchased from Invitrogen (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). The sequences
of each siRNA were as follows: CDHI11 number 1, 5'-AGG
AAGUAGGAAGAGUGAAAGCUAA-3"; CDHI11 number 2,
5'-CAACAUCACUGUCUUUGCAGCAGAA-3"; and
CDHII number 3, 5'-CAUCGUCAUUCUCCUGGUCAU
UGUA-3' (21), these three siRNA sequences were mixed at
a ratio of 1:1:1 prior to the experiment. A random sequence
control was used as the negative control (forward, 5'-UUC
UCCGAACGUGUCACGUTT-3' and reverse, 5'-ACG
UGACACGUUCGGAGAATT-3"). Cells were plated at a
density of 8x10* cells/well in six-well plates. Following
pre-incubation of the siRNA with Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) in serum-free
Opti-MEM medium (Invitrogen; Thermo Fisher Scientific,
Inc.) for 20 min, cells were transfected with CDHI11 or
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negative control siRNA oligo duplexes for 6 h, then cells
were switched into fresh medium and incubated at 37°C in
a humidified atmosphere of 5% CO,. Following 24 h, cells
were collected and used for migration or invasion assays,
and 48 h later for western blot analysis. All transfections
were performed according to the manufacturer's protocol
and as previously described (18).

Western blotting. To investigate CDHI11 expression, a stan-
dard western blotting analysis was conducted. Following 48 h
culture with MC-LR,or being transfected with CDH11 or nega-
tive control siRNA oligoduplexes, the cells were lysed with
RIPA cell lysis buffer 1 (Beyotime Institute of Biotechnology,
Haimen, China) containing 1 mM phenylmethylsulfonyl
fluoride. The total cellular protein (30 ug/lane) was then
boiled for 5 min in SDS-sample buffer (Beyotime Institute
of Biotechnology) before being subjected to SDS-PAGE (8%)
and transferred onto polyvinylidene difluoride membranes
(EMD Millipore, Billerica, MA, USA). Membranes were
then blocked for 2 h with nonfat dry milk in sterile water
at room temperature and then incubated overnight at 4°C
with a mouse anti-human CDHI11 monoclonal antibody (cat.
no. 32-1700; 2 ug/ml; Invitrogen; Thermo Fisher Scientific,
Inc.). Following four washes in TBS-Tween, membranes were
incubated with a horse anti-mouse secondary antibody (cat.
no. 7076; dilution, 1:1,000; Cell Signaling Technology, Inc.,
Danvers, MA, USA) for 2 h. The blots were visualized by
Enhanced Chemiluminescence (Thermo Fisher Scientific,
Inc.) and imaged using aTanon-5200 imaging system
machine (Tanon Science and Technology, Co., Ltd., Nanjing,
China) and the membrane was probed with an anti-GAPDH
antibody (cat. no. 5174; dilution 1:2,000; Cell Signaling
Technology, Inc.) to confirm equal loading. The specific
western blot assay method was performed according to the
manufacturer's protocol and as described by Miao er al (18),
andthe quantitative analysis was performed usingGel Image
System version 4.00 (Tanon Science and Technology, Co.,
Ltd., Shanghai, China).

Migration and invasion assay. Transwell assays were
conducted to investigate the motility and invasiveness of
HT-29 cells. Cell migration assays were performed in 24-well
Transwell chambers with 8.0-ym pore size transwell inserts
(Costar; Corning Incorporated, Corning, NY, USA,). Cell
invasion assays were investigated using an 8.0-um filter coated
with 30 ul of 0.5% Matrigel (Sigma-Aldrich; Merck KGaA).
Transwell assays were performed according to the manu-
facturer's protocol and as previous described (18). Briefly,
4x10* cells treated with MC-LR or transfected with siRNA
were added to the upper chamber of DMEM, and DMEM with
10% FBS was added to the lower chamber. Following incuba-
tion for 48 or 72 h (migration assay) and 72 or 96 h (invasion
assay) at 37°C in a humidified atmosphere of 5% CO,, cells on
the upper surface were removed completely by gentle wiping
with a cotton swab. Cells that penetrated through pores and
adhered to the underside of the filters were then fixed with 4%
paraformaldehyde and stained with 0.02% crystal violet solu-
tion containing 20% ethanol. Then cells were observed and
counted under light microscopy (magnification, x100) (CKX41
microscope; Olympus Corporation, Tokyo, Japan). For each
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Figure 1. MC-LR induces the migration and invasion of HT-29 cells. Cell motility and invasiveness were examined by (A) cell migration assays (48 h) and
(B) cell invasion assays (72 h). Magnification, x100. Bars represent mean + standard deviation of numbers of translocated cells from three independent experi-
ments. ‘P<0.05 and “P<0.01 vs. the control (without MC-LR treatment). MC-LR, microcystin-LR.

replicate (n=3), cells in three randomly selected fields per well
were counted and averaged. Data are expressed as a ratio to
the control (no MC-LR treatment but negative control siRNA
treatment). Tumor cell motility and invasiveness was defined
as the mean number of the treated cells.

Statistical analysis. All statistical analyses were carried out by
two-tailed Student's t-test or a one-way analysis of variance.
Data are presented as the mean + standard deviation from
three different experiments. P<0.05 was considered to indicate
a statistically significant difference. Computer-based calcula-
tions were conducted using Microsoft Excel 2007 (Microsoft
Corporation, Redmond, WA, USA).

Results

Activation of cell migration and invasion in
microcystin-LR-treated HT-29 cells. To investigate the
motility and invasiveness of the HT-29 cells following MC-LR
treatment, Transwell chamber assays were performed. In the
present study, MC-LR at 25 nM promoted migration and inva-
sion of HT-29 cells and significantly increased the number of
translocated cells compared with the control group (Fig. 1).
MC-LR treatment resulted in a 1.4-fold increase in cell
migration (P<0.01; Fig. 1A), suggesting that MC-LR induces
migration of HT-29 cells. The results from the invasion assay
in HT-29 cells demonstrated that MC-LR exposure led to a
1.5-fold increase in cell number compared with the control
group (P<0.05; Fig. 1B).

Upregulation of CDHII in microcystin-LR-treated HT-29
cells. To confirm the effect of MC-LR treatment on CDHI11

expression, the protein levels of CDHI11 in HT-29cancer cells
treated with different concentrations of MC-LR were inves-
tigated. MC-LR treatment resulted in a significant increase
in CDHI11 expression in HT-29cancer cells as measured by
cellular immune fluorescence. Compared with the control, cell
treatment with 25 nM of MC-LR produced a 1.9-fold raise in
fluorescence intensity of CDH11 (P<0.01; Fig. 2A). Similar
to the results of immunofluorescence assays, western blot
analysis demonstrated a marked increase in protein levels with
MC-LR treatment, particularly at 12.5, 25, 50 nM compared
with GAPDH expression (Fig. 2B). The results from cellular
immunofluorescence and western blotting revealed that the
protein level of CDHI11 is upregulated by MC-LR in HT-29
cells, which may mediate the effects of MC-LR on cell migra-
tion and invasion.

Inhibition of migration and invasion following knockdown of
CDHI11inHT-29cells. Tofurtherevaluate theassociation between
MC-LR-induced CDHI11 overexpression, and tumor migra-
tion and invasion, an RNA interference assay was performed.
Western blot analysis demonstrated that CDH11-siRNA mark-
edly reduced the expression of CDH11 in HT-29 cells (Fig. 3A).
Following treatment with CDHI11-siRNA, cells exposed to
MC-LR (25 nM; Group C) exhibited significantly decreased
motility (0.52-fold; P<0.05) and invasiveness (0.42-fold; P<0.01)
compared with the control group (Group A, negative control
siRNA), whereas treatment with MC-LR in the presence of the
negative control siRNA (Group B) significantly increased cell
migration (0.43-fold; P<0.05) and invasion (0.73-fold; P<0.01)
compared with the control group (Group A), and in the presence
of MC-LR, the knockdown of CDHI11 reduced cell migration
and invasion ability by approximately0.67-fold (Fig. 3B and C).
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Figure 2. MC-LR induces the expression of CDH11 in HT-29 cells. Expression of CDH11 in HT-29 cells was detected by (A) cellular immunofluorescence and
(B) western blotting analysis of CDHI11 following treatment by MC-LR at different doses (0, 1, 5, 12.5, 25 and 50 nM) with GAPDH expression acting as the
loading control. The fluorescence intensity of CDH11 of each immunofluorescence sample was calculated and analyzed. Magnification, x400. Bars represent

mean = standard deviation of fluorescence intensity from three independent experiments. “P<0.01 vs. the negative control. MC-LR, microcystin-LR; CDHI11,
cadherin-11.
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Figure 3. MC-LR-induced migration and invasion is antagonized by CDH11-siRNA in HT-29 cells. (A) HT-29 cells were transfected with CDH11 or negative
control siRNA for 48 h, and CDH11 protein levels were evaluated using western blotting analysis. GAPDH was probed as an internal control. (B) Cell migra-
tion assay (72 h) and (C) cell invasion assay (96 h) was performed to assess the motility and invasiveness of HT-29 cells following treatment with: Group A,
negative control siRNA; Group B, negative control siRNA and MC-LR (25 nM); and Group C, CDH11 siRNA and MC-LR (25 nM). Magnification, x400.
Bars represent mean + standard deviation of numbers of translocated cells from three independent experiments. “P<0.05 and “P<0.01 vs. Group A. MC-LR,
microcystin-LR; CDH11, cadherin-11; siRNA, small interfering RNA.

These data revealed that MC-LR-induced migration and inva-  Discussion

sion decreases following CDH11 knockdown, suggesting that

CDHI1 serves an important role in MC-LR-induced migration =~ Colorectal carcinoma is one of the most frequent forms
and invasion of HT-29 cells. of cancer in humans and is among the leading causes of
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cancer-associated mortality, which is primarily caused by
cancer cell metastasis (9). Previous studies have demon-
strated that MC-LR serves a role as a tumor initiator (2-4,6);
however, the molecular mechanisms underlying this effect
remain unclear. A previous study by our group demonstrated
that MC-LR promotes migration and invasion of a number of
colorectal cell lines, including HT-29 cells (18). A previous
tumor metastasis PCR array demonstrated that the expres-
sion of CDH1l1geneincreased significantly following MC-LR
exposure (20). The results from the present study suggested
that MC-LR upregulates CDH11, and enhances migration
and invasion, as migration and invasion induced by MC-LR
was suppressed by silencing of CDH11 in HT-29 cells. These
results suggest that CDHI1 is a tumor promoter that serves an
important role in MC-LR-induced migration and invasion.

A previous study reported MC-LR induces reorganization
or collapse of the cytoskeleton (22), which may be responsible
for increased migration and invasion induced by MC-LR.
CDHI11 contains a cytoplasmic tail that binds to p120 catenin
and p-catenin like other cadherin family members (23). p120
catenin mediates small GTPases, including Rho and Rac (24),
and attaches cadherin to microtubules (25), while 3-catenin
interacts with a-catenin, which regulates the actin cytoskel-
eton (24). In addition, Li er al (26) has also reported that CDH11
recruits Rac-specific GEFTrio to the plasma membrane, which
elevates Rac activity and promotes the formation of membrane
ruffles (27) in breast tumorigenesis (26,28). Therefore, CDH11
may serve a role in cytoskeleton reorganization and cell
motility induced by MC-LR. Another study demonstrated
that human angiomotin (Amot)-p80 is a distinct component
of the CDHI11 protein complex and deletion of the Amot
binding motif in the CDH11 cytoplasmic domain significantly
reduces migration of human prostate cancer cells (29),
which is in line with the results of the present study, which
demonstrated that knockdown of CDHI11 leads to inhibition
of cell migration. In addition, it was reported that CDH11
engagement increases the expression of matrix metallopro-
teinases (MMPs) through a mitogen-activated protein kinase
(MAPK) and nuclear factor-kB (NF-kB)-dependent signaling
pathway in rheumatoid arthritis synovial fibroblasts (30).
MMP overexpression promotes cell invasion through degrada-
tion of the basement membrane (31); this may be responsible
for the reduction of cell invasion and inhibition following
CDHI11 knockdown. A previous study reported that MC-LR
exposure increases MMP-2/-9 expression and promotes
melanoma cell invasion by activating phosphatidylinositol
3-kinase/RAC-alpha serine/threonine-protein kinase (19) and
NF-«B signaling (20). MMPs may serve an important role
in MC-LR and CDHll1-induced cell invasion. MC-LR may
upregulate CDH11 through a MC-LR-NF-«B signaling axis,
which requires further study. In addition, it has been reported
that tumor necrosis factor-o (TNF-a) induces CDHI11 expres-
sion in vascular smooth muscle cell and inhibition of CDH11
attenuates smooth muscle cell migration (32). TNF-a is a
inflammation and tumor promoter (33) that may be induced
by activation of the NF-«xB signaling pathway (34). A previous
study revealed that MC-LR induced TNF-a expression in
the cells of target tissues and that TNF-a is an endogenous
tumor promoter (35). Therefore, TNF-a may serve a role in
MC-LR-induced CDHI11 upregulation.

1421

The present study suggests that silencing of CDHI11
expression may be a potential novel and promising thera-
peutic strategy for treating and improving the survival rate of
patients with colorectal cancer induced by MC-LR or other
CDHI11-dependent malignancies. Future work may include
prolonged exposure of sublethal concentrations of MC-LR in
nude mice models, and the elucidation of possible molecular
mechanisms mediating MC-LR-induced CDHI1 activation
and CDHI11-promoted migration and invasion.
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