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A disintegrin and metalloprotease 12 contributes to colorectal
cancer metastasis by regulating epithelial-mesenchymal transition
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Abstract. A disintegrin and metalloprotease 12 (ADAM12)
and epithelial-mesenchymal transition (EMT) are linked in
the metastasis of various types of cancer. The present study
aimed to assess the ability of ADAMI2 to induce EMT and its
potential as a therapeutic target for colorectal cancer (CRC).
ADAMI2expressionin CRC cell lines, CRC tissues and amouse
model of peritoneal metastasis was assessed. The effect of
ADAMI2 on CRC EMT and metastasis was investigated using
ADAMI12-pcDNA6-myc and ADAMI12-pGFP-C-shLenti
constructs. ADAMI12 overexpression enhanced the prolif-
eration, migration, invasion and EMT of CRC cells. The
phosphorylation levels of factors associated with the PI3K/Akt
pathway were also increased by ADAMI12 overexpression.
The knockdown of ADAMI12 reversed these effects. ADAM12
expression and the loss of E-cadherin expression were signifi-
cantly associated with poorer survival compared with other
expression statuses of both proteins. In a mouse model of
peritoneal metastasis, overexpression of ADAMI2 induced
increased tumor weight and peritoneal carcinomatosis index
compared with that in the negative control group. Conversely,
knockdown of ADAMI12 reversed these effects. Furthermore,
E-cadherin expression was significantly decreased by overex-
pression of ADAMI12 compared with in the negative control
group. By contrast, E-cadherin expression was increased
by knockdown of ADAMI12 compared with in the negative
control group. ADAMI12 overexpression contributed to CRC
metastasis by regulating EMT. In addition, in the mouse model
of peritoneal metastasis, ADAMI12 knockdown exhibited
strong anti-metastatic action. Consequently, ADAMI12 may be
considered a therapeutic target for CRC metastasis.
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Introduction

Colorectal cancer (CRC) is the third most common cause
of cancer-related death worldwide (1). Notably, metastasis
is common in CRC, and is a major cause of morbidity and
mortality. The liver is the most frequent site of metastasis,
often occurring as a single metastatic site; however, ~20%
of patients with CRC exhibit peritoneal metastasis, often at
multiple metastatic sites (2-4). Compared with patients with
oligometastasis which is characterized by the localization of
the disease to a few sites with the option to use local abla-
tive therapy (5), patients with CRC and peritoneal metastasis
have a poorer overall survival (6-8). Therefore, preventing the
development of peritoneal metastasis could potentially improve
CRC survival and the chance of disease-free outcomes.

Peritoneal metastasis is a multi-step process involving
cellular proliferation, immune system evasion, detachment,
adhesion, invasion, translocation and colonization of the peri-
toneal cavity (9). Epithelial-mesenchymal transition (EMT) is
a process in which cells with an epithelial phenotype acquire
a mesenchymal-like phenotype. EMT is involved in cell
proliferation and invasion, and in the development of stem cell
properties and therapeutic resistance, thus aiding the spread of
cancer cells from their original site to distant organs (10-14).

A disintegrin and metalloproteases (ADAMs) are a family
of proteins that contain disintegrin and metalloproteinase
domains, and have adhesive and proteolytic functions (15).
ADAMs are involved in the control of a number of biological
processes, such as cell migration, adhesion, differentiation and
proliferation (16,17). In addition, dysregulated expression of
ADAMs has been reported to be a positive regulator of cancer
progression in various types of human cancer (18-22). ADAMs
act as ectodomain sheddases, and control the cleavage and
release of biologically active adhesion molecules, cytokines,
chemokines, growth factors and receptors from the membrane
surface (23,24).

ADAMI2 is a member of the ADAMs family that has been
implicated in various diseases, including rheumatoid arthritis,
asthma, Alzheimer's disease and cancer (25-27). ADAMI12
is overexpressed in various types of human cancer, including
breast, lung, stomach and liver cancer, and is associated with
tumor progression and poor prognoses (18-22). ADAMI12 over-
expression has been shown to enhance proliferation, inhibit
apoptosis, and to be significantly associated with metastases
and poor survival in patients with CRC (28-31). Furthermore,
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knockdown of ADAMI2 has been demonstrated to have potent
antitumor activity in an in vivo mouse xenograft model (28).

The aim of the present study was to evaluate the molecular
mechanism of ADAMI12-induced EMT and the clinical
application of ADAMI2 as a therapeutic target in treating
peritoneal metastases from CRC.

Materials and methods

Cell culture and transfection. Human CRC cell lines were
provided by the American Type Culture Collection. DLDI1
(cat. no. CCL-221™) and SW480 (cat. no. CCL-228™) cell
lines were used in the present study. The cell lines were
maintained in high-glucose DMEM (cat. no. 11995065;
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10%
FBS (cat. no. 16000044; Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin/streptomycin (cat. no. 15140122;
Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO, incubator
(humidified atmosphere) at 37°C. Overexpression of ADAMI12
was performed by inserting the full-length ADAMI12 cDNA
(GenBank accession no. NM_021641.3) into the pcDNA6-myc
vector (Invitrogen; Thermo Fisher Scientific, Inc), which was
used for transient or long-term ADAMI12 overexpression.
Empty-pcDNA6-myc vector was used as a negative control
of ADAMI12 overexpression. Knockdown of ADAMI12 was
carried out using ADAMI12-pGFP-C-shLenti short hairpin
RNA constructs (cat. no. TL306850; Origene Technologies,
Inc.) and ADAMI12-small interfering (si)RNA duplex (5'-GAC
UACAACGGGAAAGCAA-3"; Bioneer). Scrambled siRNA
(AllStars Negative Control siRNA; cat. no. 1027281) and
scrambled shRNA control (cat. no. TR30021) were purchased
from Qiagen GmbH and Origene Technologies, Inc., respec-
tively. To induce transient expression of genes, DLDI and
SW480 cells were plated at a density of 1.5x10° cells/6well.
Transfection of cells with the pcDNA6-myc vectors
(500 ng/well) and siRNAs (100 pmol/well) was performed
using 5 ul Lipofectamine® 2000 and 5 pl Lipofectamine
RNAIMAX (cat. nos. 52887 and 56532; Invitrogen, Thermo
Fisher Scientific, Inc.), respectively. Briefly, the pcDNA6-myc
vectors and siRNAs were mixed with 5 ul Lipofectamine
2000 or 5 ul Lipofectamine RNAIMAX in 400 pl serum-free
media, respectively, and then the mixed solution was added
to the plated cells and incubated in a 5% CO,at 37°C. After
6 h, the medium was changed to fresh medium and transfected
cells were incubated for 24 or 48 h in a 5% CO, incubator at
37°C until in in vitro experiments were performed. To sustain
long-term gene expression, stable gene-transfected cells
were established. SW480 cells were plated at a density of
3x106 cells/well and the pcDNA6-myc vector (1,000 ng/well)
and pGFP-C-shLenti shRNA (200 pmol/well) were trans-
fected into the cells using 5 pl Lipofectamine 2000 in a 5%
CO, incubator at 37°C. The selection medium was changed
every 2-3 days until stable cell clones were formed. The next
day, the transfected cells were replaced with selection media
(containing 20 ug/ml blasticidin or 5 yg/ml puromycin) and
cultured in a 5% CO, incubator at 37°C for the selection of
stable cell clones. After 7-10 days, the stable cell clones formed
were subcultured. The cells stably expressing the genes were
kept n selection media (with 10 pg/ml blasticidin or 2 pug/ml
puromycin).

Cell proliferation assay. WST-1 reagent (cat. no. 11644807001;
Roche Diagnostics GmbH) was used to detect cell prolifera-
tion. Transfected cells were plated in 96-well culture plates at
a density of 3x10° cells/well. After 1,2, and 3 days, cells were
incubated with 10% WST-1 solution for 2 h at 37°C. The
absorbance was measured at 450 nm using an Infinite M200
spectrophotometer (Tecan Group, Ltd.). Three replicates of
each experiment were carried out.

Cell invasion assay. For the cell invasion assay, Transwell
chambers (pore size, 8 ym; cat. no. 3422; Corning, Inc.) were
used. The Transwell chambers were coated with 1% gelatin
overnight at 37°C in serum-free medium and were then dried at
room temperature on a clean bench. Transfected cells (2x10°)
were suspended in 100 ul serum-free medium containing
0.2% (w/v) bovine serum albumin (BSA; Sigma-Aldrich;
Merck KGaA) and seeded into the upper chambers, and 400 pl
0.2% (w/v) BSA solution supplemented with 20 pg/ml human
plasma fibronectin (cat. no. 341635; Calbiochem; Merck
KGaA) was added to the lower chambers. After cells were
incubated for 24 h in a 5% CO, incubator at 37°C, the cells
that invaded from the upper chamber to the bottom surface of
the lower chamber were fixed with 4% paraformaldehyde for
10 min at room temperature. The cells were then stained with
Hemacolor® Rapid staining solution (cat. no. 111955; Merck
KGaA) for 10 sec at room temperature. The stained cells on
the bottom surface of the lower chambers were counted using
a light microscope; five randomly selected fields were counted.

Cell migration assay. The migration of transfected cells was
assessed based on gap closure using Ibidi Culture Inserts
(cat. no. 81176; Ibidi GmbH). The transfected cells (5x10%)
were cultured in Ibidi Culture Inserts for 1 day in serum-free
medium containing 0.2% BSA at 37°C until 90-95% conflu-
ence was reached. The culture inserts were gently removed to
create a cell-free gap and images of gap closure were captured
under an inverted optic microscope after 24 and 48 h. Distance
of gap closure was measured using Multi-Gauge gel analysis
software (version 3.0; FUJIFILM Wako Pure Chemical
Corporation). The initial wound width of the insert gap was
normalized to 10 mm, and gap closure was calculated in
proportion to the initial wound width of 10 mm.

Invivo tumor model experiments. As non-obese diabetic/severe
combined immunodeficiency (NOD/SCID) mice deficient in
B, T and natural killer cells are considered an ideal model for
xenografts of human cells and tissues, 6-week-old NOD/SCID
male mice were purchased from Charles River Laboratories,
Inc. and were separated into four groups (n=6). The mice were
housed at 25°C and 50% humidity under a 12 h light/dark
cycle, with ad libitum access to food and water. For the in vivo
tumorigenesis study, stable SW480 cells transfected with
empty-pcDNA6-myc, ADAMI12-pcDNA6-myc, scrambled
pGFP-C-shLenti or ADAMI12-pGFP-C-shLenti were
implanted into the NOD/SCID mice. Stable cells (2x10%/mice)
were diluted in 100 2 PBS and were intraperitoneally injected
into the mice as described in previous studies (32,33). Each
mouse was monitored, and changes in body weight were
measured twice per week. After 28 days, the mice were place
in a closed chamber and 5% isoflurane was delivered at a
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rate of 5 1/min with O,. After the mice showed no movement
and breathing, cervical dislocation was performed to ensure
death. A midline laparotomy was performed for complete
exploration. Peritoneal tumors were isolated after laparotomy,
images were captured and the tumor nodules were weighed.
The size and number of tumor nodules were recorded after
the resection. In addition, the peritoneal carcinomatosis index
(PCI) was calculated for each mouse to assess the extent of
peritoneal carcinomatosis. The abdominal cavity was divided
into 13 standard regions, as described by Sugarbaker (34),
adapted for rodents by Klaver et al (35). According to the size
and number of tumor nodules, a score ranging from 0 to 3
was assigned, as follows: 0, no macroscopic tumors; 1, tumor
nodules sized <2 mm; 2, tumor nodules sized 2-5 mm or more
than five tumor nodules; 3, tumor nodules sized >5 mm or more
than 10 tumor nodules. With a maximum score of 39, the PCI
was assigned by adding the scores from each of the 13 regions.

Protein isolation and western blotting. The transfected cells
or xenograft tumor tissue samples were rinsed with phos-
phate-buffered saline (PBS) and lysed in Pierce™ RIPA buffer
(cat. no. 89900; Thermo Fisher Scientific, Inc.) with Halt™
phosphatase and protease inhibitor cocktail (cat. no. 1862495
and 1862209; Thermo Fisher Scientific, Inc.). The quantifica-
tion of proteins in the cell lysate was performed using a BCA
protein assay (cat. no. 23228; Thermo Fisher Scientific, Inc.).
Equal amounts (20 ug/lane) of protein lysate were separated by
electrophoresis on 8-12% polyacrylamide gels and transferred
onto Immobilon®-P transfer membranes (cat. no. IPVH00010;
MilliporeSigma). The blot membranes were incubated with
5% BSA solution at room temperature for 1 h and immunob-
lotted with specific antibodies (1:1,000 dilution) overnight at
4°C. Antibodies against ADAMI2 (cat. no. ab28747), matrix
metalloproteinase (MMP)2 (cat. no. ab37150) and MMP9
(cat. no. ab58803) were purchased from Abcam. Antibodies
against E-cadherin (cat. no. #14472), Snail (cat. no. #3879),
vimentin (cat. no. #5741), claudin-1 (cat. no. #4933), inte-
grin a5 (cat. no. #4705), integrin Pl (cat. no. #9699),
integrin B3 (cat. no. #13166), phosphorylated (p)-AKT
(S473) (cat. no. #4060), p-phosphoinositide-dependent
protein kinase 1 (PDK1) (S241) (cat. no. #3438), p-glycogen
synthase kinase-3p (GSK-3p) (S9) (cat. no. #9323), total AKT
(cat. no. #4691), total PDKI1 (cat. no. #3062), total GSK-3f
(cat. no. #9832) and Myc-tag (cat. no. #2278) were obtained
from Cell Signaling Technology, Inc. Antibodies against
B-tubulin (cat. no. sc-9104) and GAPDH (cat. no. sc-25778)
were purchased from Santa Cruz Biotechnology, Inc. The
blot membranes were washed four times with Tris-buffered
saline-0.1% Tween-20 (TBS-T) and were then incubated with
a horseradish peroxidase-conjugated secondary antibody
(anti-rabbit, cat. no. #7074, anti-mouse, cat. no. #7076; Cell
Signaling, Technology, Inc.) at 1:2,000 dilution for 1 h at
room temperature. Amersham ECL Prime Western Blotting
Detection Reagent (cat no. RPN2232SK; Cytiva) was used for
blot development. Visualization of specific bands was obtained
using the LAS-400 luminescent image analyzer (FUJIFILM
Wako Pure Chemical Corporation). Semi-quantification of
specific bands was performed using Multi-Gauge gel analysis
software (version 3.0; FUJIFILM Wako Pure Chemical
Corporation).

Cell adhesion assay. For the cell adhesion assay, 96-well plates
were coated with the extracellular matrix (ECM) components
collagen I (cat. no. 354243; 40 ug/ml; Corning, Inc.) and fibro-
nectin (cat. no. 341635; 2 pug/ml; Calbiochem; Merck KGaA)
for 1 h at 37°C in a CO, incubator. The ECM-coated wells were
then treated with 0.5% BSA for 30 min at 37°C. Suspended
cells in culture media were counted and an equal volume of
3x10* cells was seeded into the coated wells. Subsequently, the
plate was incubated for 20 min at 37°C in a CO, incubator and
non-adherent cells were removed by washing with PBS. Cells
attached to the wells were incubated with 10% WST-1 solution
at 37°C for 1 h and the absorbance of the wells was measured
at 450 nm using an Infinite M200 spectrophotometer. Three
replicates of each experiment were carried out.

Patient and tissue samples. Tissue samples of primary tumor,
non-metastatic and metastatic lymph nodes were obtained
from 113 patients (67 men and 46 women) with pathologi-
cally confirmed CRC who had surgery at Chonnam National
University Hwasun Hospital (Jeonnam, South Korea) between
April and December 2010. The average age of the patients
was 70.5 years (range, 38-94 years). Patients who had chemo-
therapy or radiation therapy prior to surgery were excluded.
Through examination of the original pathology slides, tissue
blocks were chosen. The pathologic TNM stage of enrolled
patients was assessed using the standard TNM staging of the
American Joint Committee on Cancer criteria (36). Tissues
were fixed overnight at 4°C with 10% formalin buffer and
dehydrated with 70-100% alcohol at room temperature.
Dehydrated tissues were incubated in 100% xylene at 60°C for
30 min and embedded in paraffin. Tissue blocks that demon-
strated the intersection of the normal colon epithelium and the
tumor site were chosen. The present study was approved by
the Institutional Review Board (IRB) of Chonnam National
University Hwasun Hospital (IRB no. CNUHH-2017-164).
Written informed consent was obtained directly from the
patients or their caregivers.

Immunohistochemistry (IHC). The paraffin-embedded tissues
were sectioned and the tissue sections (4 ym) was subjected to
IHC. Tissue sections were deparaffinized with 100% xylene
after fixing for 5 min at 37°C on glass slides. The sections
were then rehydrated with alcohol series (100-70%) and
antigen retrieval was performed in a steam cooker for 10 min
using citrate buffer (pH 6.0; Dako; Agilent Technologies, Inc.).
After endogenous peroxidase was blocked with Dako REAL
peroxidase-blocking solution (cat. no. S2023; Dako; Agilent
Technologies, Inc.) for 30 min at room temperature, the tissues
were treated with Protein Block Serum-Free solution (Dako;
Agilent Technologies, Inc.) for 30 min at room temperature to
block non-specific antigens. Subsequently, the tissue slides were
submerged with primary ADAMI2 (1:50; cat. no. ab28747,
Abcam), and E-cadherin (1:100; cat. no. #14472; Cell
Signaling Technology, Inc.) antibodies overnight at 4°C. The
next day, color development of the tissue slides was performed
using the Dako REAL Envision HRP/DAB detection system
(cat. no. K5007; Dako; Agilent Technologies, Inc.). Briefly,
the tissue slides were washed four times with TBS-T and
were incubated with the Envision HRP-conjugated secondary
antibody (anti-rabbit/mouse) for 1 h at room temperature.
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After washing, tissues were developed with enzyme DAB
solution for 10 min at room temperature and counterstained
for 10 sec with hematoxylin (Millipore Sigma). The immu-
nostaining of ADAMI12 and E-cadherin was evaluated using
a semi-quantitative scoring system that multiplied the degree
of immunostaining intensity by the distribution of positively
stained cells. The score of immunostaining intensity was clas-
sified as 0, negative; 1, weak; 2, moderate; and 3, strong. The
percentage distribution of positively stained cells was scored
as 1, 0-25%; 2, 26-50%;, 3, 51-75%;, and 4, >75%. The mean
final score of 113 patient samples served as the baseline for
classifying positive and negative expression groups. Patient
samples with a final score of 1-7 were regarded as negative and
8-12 were regarded as positive for ADAMI12 and E-cadherin
expression. Two independent observers assessed the staining
without information of the clinical outcome data. Sections
that were classified into different expression groups by two
evaluators were re-evaluated and carefully discussed for the
appropriate classification.

Statistical analysis. Statistical analyses were performed using
SPSS version 20.0 software (IBM Corporation) and GraphPad
Prism version 9.5.1 (GraphPad Software; Dotmatics). Statistical
analysis of patient categorical data was performed using the y*
test, Fisher's exact test or Wilcoxon signed rank test. Survival
curves were drawn using the Kaplan-Meier method and the
statistical significance of differences was examined by the
log-rank test. The in vitro experiments were performed in
triplicate and data are presented as the mean + standard devia-
tion. The data from mice experiments are expressed as median
and interquartile range. Differences between the multiple
samples were analyzed using a one-way ANOVA and Tukey
post hoc test, or Kruskal-Wallis and Dunn's post hoc test, as
appropriate. P<0.05 was considered to indicate a statistically
significant difference.

Results

ADAM 2 promotes CRC cell proliferation. The protein expres-
sion levels of ADAMI12 were detected in DLD1 and SW480
cells by western blotting. Endogenous ADAM]12 expression
was not detected in the human CRC cell lines DLD1 and
SW480. Therefore, the present study induced overexpression
and knockout of ADAMI12 to confirm its function in DLD1
and SW480 cells. The protein expression levels of ADAM12
were increased with the concentration of the transfected
ADAMI12-pcDNA6-myc construct and this expression was
knocked down by ADAMI12-specific siRNA (Fig. 1A). The
ADAMI12-pcDNA6-myc construct resulted in overexpres-
sion of ADAM12, whereas ADAMI12-siRNA resulted in the
knockdown of ADAMI2 expression in DLD1 and SW480
cells (Fig. 1B). To assess the effects of ADAMI2 expression on
cell proliferation, the WST-1 assay was performed on days 1,
2 and 3 post-transfection with the ADAMI12-pcDNA6-myc
construct or ADAMI12-siRNA. Overexpression of ADAMI12
via ADAMI12-pcDNA6-myc-transfection significantly
increased the proliferative ability of SW480 cells compared
with cells transfected with the empty-pcDNA6-myc (day 1,
P=0.003; day 2, P<0.001; day 3, P<0.001). Although it was
not statistically significant, overexpression of ADAMI2 via

ADAMI12-pcDNA6-my -transfection also increased the prolif-
erative ability of DLDI cells (day 1, P=0.578; day 2. P=0.080;
day 3, P=0.129). By contrast, ADAMI12-siRNA-transfected
SW480 cells exhibited significantly lower proliferation
compared with the scrambled siRNA-transfected cells (day 1,
P=0.031; day 2, P<0.001; day 3, P<0.001), and ADAM12-
siRNA-transfected DLDI cells exhibited significantly lower
proliferation only on day 2 (day 1, P=0.358; day 2, P=0.001;
day 3, P=0.118), (Fig. 1C).

ADAMI2 enhances the invasion and migration of human
CRC cells. The present study then assessed the effects of
ADAMI2 on cell invasion. The number of invasive cells was
significantly increased in DLD1 and SW480 cells overex-
pressing ADAMI12 via ADAMI12-pcDNA6-myc transfection
compared with that in empty-pcDNA6-myc-transfected cells
(P<0.001 and P=0.011, respectively). By contrast, the
number of invasive ADAMI12-siRNA-transfected DLDI was
significantly decreased compared with that in the scrambled
siRNA-transfected cells (P<0.001), whereas the number of
invasive ADAM]12-siRNA-transfected SW480 cells was not
significant (P=0.054; Fig. 2A). According to the cell migra-
tion assay, the artificial wound gap became narrower in the
ADAMI12-pcDNA6-myc-transfected cells compared with
that in the empty-pcDNA6-myc-transfected cells at 24 h in
DLDI1 cells and 48 h in SW480 cells, but this was not statis-
tically significant (P=0.232 and P=0.679, respectively). By
contrast, the artificial wound gap was significantly wider in
the ADAMI12-siRNA-transfected cells compared with that in
the scrambled siRNA-transfected cells at 24 h in DLDI cells
and 48 h in SW480 cells (P=0.015 and P=0.048, respectively;
Fig. 2B).

ADAMI?2 participates in the EMT process of human CRC
cells. To examine the relationship between EMT and
ADAMI2 expression in human CRC cells, cell adhesion
assays were performed. Cell adhesion capacity was assessed
post-transfection with ADAMI12-pcDNA6-myc constructs
or ADAMI12-siRNA using the ECM factors fibronectin and
collagen I. Adhesion capacity to fibronectin and collagen I was
significantly elevated in ADAM12-pcDNA6-myc-transfected
DLDI and SW480 cells compared with that in
empty-pcDNA6-myc-transfected cells (DLDI: both P<0.001;
SW480: P=0.038 and P=0.041, respectively; Fig. 3A). By
contrast, the adhesion to fibronectin and collagen I was
significantly diminished in the ADAMI12-siRNA-transfected
DLDI and SW480 cells compared with that in the scrambled
siRNA-transfected cells (DLDI1: P<0.001 and P=0.002;
SW480: P=0.008 and P<0.001).

To confirm the association between ADAM]12-induced
phenotypic changes and EMT in CRC cells, the expression
levels of the following EMT-related proteins were assessed:
E-cadherin, MMP2, MMP9, Snail, claudin-1 and vimentin.
The protein expression levels of vimentin, MMP2, MMP9,
claudin-1 and Snail were increased, and E-cadherin was
decreased in the ADAMI12-pcDNA6-myc-transfected cells
compared with those in the empty-pcDNA6-myc-transfected
cells. The protein expression levels of Snail (P=0.021)
and vimentin (P=0.014) were significantly increased in
ADAMI12-pcDNA6-myc-transfected DLDI1 cells and,
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Figure 1. Effects of ADAMI2 expression on the proliferation of human CRC cells. (A) Protein expression levels of ADAMI12 following transfection with
various concentrations of the ADAMI12 pcDNA6-myc construct. (B) Protein expression levels of ADAMI2 post-transfection in CRC cell lines. Western blot-
ting revealed that the ADAMI12 protein was overexpressed or knocked down using an AV construct or AS, respectively. (C) Effect of ADAM]I2 expression on
the proliferation of human CRC cells, as determined using a WST-1 assay. Data are presented as the mean + SD (n=3). "P<0.05. ADAM12, a disintegrin and
metalloprotease 12; CRC, colorectal cancer; EV, empty pcDNA6-myc vector; AV, ADAMI12-pcDNA6-myc construct; SS, scrambled siRNA; AS, ADAMI2

siRNA; siRNA, small interfering RNA.

the protein expression levels of MMP9 (P=0.033) and
vimentin (P=0.036) were significantly increased in
ADAMI12-pcDNA6-myc-transfected SW480 cells (Fig. 3B).
By contrast, the protein expression levels of vimentin, MMP2,
MMP9, claudin-1 and Snail were decreased, and E-cadherin
was enhanced in the ADAMI2-siRNA-transfected cells
compared with those in the scrambled siRNA-transfected
cells. Statistical significance was only shown for MMP9
protein expression in ADAMI12-siRNA-transfected SW480
cells (P=0.035; Fig. 3B).

The expression levels of basement membrane (BM) proteins
(integrin a5, integrin f1 and integrin 33) were also assessed.
The expression levels of integrin a5, integrin f1 and integrin

B3 were higher in the ADAMI2-pcDNA6-myc-transfected
DLD1 and SW480 cells compared with those in the
empty-pcDNA6-myc-transfected cells, but this was not
significant (Fig. 3C). Conversely, the expression levels
of integrin a5, integrin f1 and integrin B3 were lower in
the ADAM12 siRNA-transfected DLD1 and SW480 cells
compared with those in the scrambled siRNA-transfected
cells, Statistical significance was only shown for integrin a5
(P=0.045) and integrin p1 (P=0.007) protein expression in
ADAMI12-siRNA-transfected SW480 cells (Fig. 3C).

ADAM]I2 activates PI3K/PDKI1/AKT and PI3K/AKT/GSK-3
signaling pathways. The phosphorylation levels of PDKI1,
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Figure 2. Effects of ADAMI2 on the invasion and migration of human colorectal cancer cells. (A) Invasive cells transfected with the AV construct or AS
were counted. The number of invasive AS-transfected cells was significantly lower than that of SS-transfected DLD1 and SW480 cells. (B) Wound healing
assay was performed on cells transfected with the AV construct or AS, and relative healing distances are presented. The artificial wound gap in the plates of
the SS-transfected cells was significantly narrower than that in the AS-transfected cells at 24 h for DLDI1 cells and 48 h for SW480 cells. Gap distance was
normalized to 10 mm. Data are presented as the mean + SD (n=3). "P<0.05. ADAM12, a disintegrin and metalloprotease 12; EV, empty pcDNA6-myc vector;
AV, ADAMI12-pcDNA6-myc construct; SS, scrambled siRNA; AS, ADAMI12 siRNA; siRNA, small interfering RNA.

GSK-3p and AKT were measured by western blotting to
evaluate whether ADAM12 triggered intracellular signaling
pathways in the human CRC cells. The expression levels
of p-PDKI1, p-GSK-3f3 and p-AKT were higher in the
ADAMI12-pcDNA6-myc-transfected DLD1 and SW480 cells
compared with those in the empty-pcDNA6-myc-transfected
cells. Statistical significance was found for p-AKT (P=0.048)

and p-GSK-3p (P=0.022) in ADAMI12-pcDNA6-myc-
transfected DLDI cells, but no significant differences were
determined in SW480 cells (Fig. 4). By contrast, the expres-
sion levels of p-PDK1, p-GSK-3p and p-AKT were lower in
the ADAMI12 siRNA-transfected DLD1 and SW480 cells
than in the scrambled siRNA-transfected cells. Statistical
significance was only shown for p-GSK-3f protein expression
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Figure 3. Effects of ADAMI2 on the EMT process in human colorectal cancer cells. (A) Cell adhesion was measured after AV construct or AS transfection
using two cell adhesion substrates, fibronectin and collagen I. The adherent cells underwent the WST-1 assay and adhesion was quantified by measuring the
absorbance at 450 nm using a plate reader. (B) Representative western blot images and semi-quantification graphs of EMT-associated proteins including
MMP2, MMP?9, E-cadherin, Snail, vimentin and claudin-1 in AV-transfected or AS-transfected DLD1 or SW480 cells. (C) Representative western blot images
and semi-quantification graphs of basement membrane proteins, including integrin a5, integrin 1 and integrin 3 in AV-transfected or AS-transfected DLDI
or SW480 cells. Data are presented as the mean + SD (n=3). "P<0.05. ADAM12, a disintegrin and metalloprotease 12; EMT, epithelial-mesenchymal transition;
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Figure 4. Effects of ADAMI2 on oncogenic signaling pathways in the human colorectal cancer cells. Representative western blot images and semi-quantifi-
cation graphs for the phosphorylation levels of PDK1, GSK-3f and AKT in AV-transfected or AS-transfected DLD1 or SW480 cells. Data are presented as the
mean = SD (n=3). "P<0.05. ADAM12, a disintegrin and metalloprotease 12; PDK1, phosphoinositide-dependent protein kinase 1; GSK-3f, glycogen synthase
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RNA; p-, phosphorylated; T-, total.

in ADAMI12-siRNA-transfected DLD1 (P=0.039) and SW480
(P=0.015) cells (Fig. 4).

ADAMI2 and E-cadherin expression is associated with
the metastasis of CRC. In order to validate the findings of
the CRC cell line studies, the protein expression levels of
ADAMI12 and E-cadherin were detected in the human CRC
tissues using IHC. From the same individuals, CRC tissue,
normal colonic mucosa, and metastatic or non-metastatic
lymph node tissues were obtained via surgical specimens and
endoscopic biopsies. ADAMI12 was weakly or not expressed
in the normal colorectal mucosa, whereas ADAMI12 was
predominantly expressed in the cytoplasm of CRC cells but
was not found in the tumor stroma (Fig. 5A). In the mucosa
of noncancerous areas, the epithelial cells showed high
membranous E-cadherin expression at cell-cell boundaries,
which is the normal localization of this intercellular adhesion
molecule, which served as an internal positive control. The
stroma and nuclei of normal epithelium mucosa did not exhibit
E-cadherin expression. Generally, a normal colon epithelium
displays strong E-cadherin expression. The CRC tissues were
positive for E-cadherin expression and it was predominantly

associated with cell-cell boundaries as in the normal epithe-
lium (Fig. 5B). The expression of ADAMI12 was significantly
increased in the metastatic lymph node tissues compared with
in the non-metastatic lymph node tissues (P=0.003; Fig. 5C).

Association between ADAMI2 or E-cadherin expression
and clinicopathological features. The association between
ADAMI2 or E-cadherin expression and the clinicopatholog-
ical features of patients are summarized in Table I. Advanced
cancer stage, lymph node metastasis, distant metastasis and
poor survival (P=0.016, P=0.048, P=0.022 and P<0.001,
respectively) were significantly associated with positive
ADAMI12 expression (Table I; Fig. 6A). Lack of E-cadherin
expression showed significant association with undifferenti-
ated tumors, perineural invasion, advanced cancer stage
and lymph node metastasis, but was not associated with
poor survival (P=0.026, P=0.002, P=0.007, P=0.018 and
P=0.180, respectively; Table I; Fig. 6B). ADAMI12 expression
was not associated with E-cadherin expression (P=0.835;
Table II). According to the combined analysis of ADAMI12
and E-cadherin expression, positive ADAMI12 and negative
E-cadherin expressions were significantly associated with
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Figure 5. Expression of ADAMI2 and E-cadherin in human CRC and lymph node tissues. Immunohistochemistry of human CRC tissues, paired N, ML or
NL from the same patients stained for ADAMI12 and E-cadherin. (A) Representative images of ADAMI12 expression (x200 magnification) in N and CRC
tissues. ADAM12 was predominantly expressed in the cytoplasm of CRC cells. (B) Representative images of E-cadherin expression (x200 magnification) in
N and CRC tissues. T-WD CRC shows preserved E-cadherin expression and T-PD CRC shows decreased E-cadherin expression. (C) Representative images
of ADAMI12 expression (x200 magnification) ML. ADAMI12 expression in ML was significantly stronger than that in NL. ‘P<0.05. ADAM12, a disintegrin
and metalloprotease 12; CRC, colorectal cancer; N, normal colorectal mucosa; T-WD, well-differentiated tumor; T-PD, poorly differentiated tumor; NL,

non-metastatic lymph node tissue; ML, metastatic lymph node tissue.

poorer survival than other expression statuses of both proteins
(P<0.001; Table III; Fig. 6C).

ADAM 12 enhances metastasis of human CRC cells in anin vivo
mouse xenograft model. To investigate the role of ADAMI12 in
tumor metastasis in vivo, human CRC SW480 cells transfected
with empty-pcDNA6-myc, ADAM12-pcDNA6-myc, scram-
bled pGFP-C-shLenti or ADAMI12-pGFP-C-shLenti were
injected into the NOD/SCID mice. After 28 days, the mice
injected with the ADAMI12-pcDNA6-myc-transfected cells
exhibited a significantly higher number of peritoneal nodules,

PCTI and tumor weight compared with those in the mice injected
with the empty-pcDNA6-myc-transfected cells (P=0.035,
P=0.007 and P=0.001, respectively; Fig. 7A-D). By contrast, the
mice injected with the ADAM12-pGFP-C-shLenti-transfected
cells showed significantly lower PCI and tumor weight
compared with those in the mice injected with the scrambled
pGFP-C-shLenti-transfected cells (P=0.034 and P=0.039,
respectively; Fig. 7A-D).

The present study also investigated whether ADAMI12
affected the EMT process in vivo via western blotting.
Since ADAMI12 overexpression was induced using a
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Table I. Association between ADAMI2 or E-cadherin expression and the clinicopathological parameters of patients with

colorectal cancer.

ADAMI12 E-cadherin
Total Negative Positive Negative Positive
Parameters (n=113) (n=63) (n=50) P-value (n=60) (n=53) P-value
Age, years 0.962 0.864
<70.5 50 28 22 27 23
=70.5 63 35 28 33 30
Sex 0.160 0.871
Male 67 41 26 36 31
Female 46 22 24 24 22
Tumor size, cm 0.973 0.731
<45 68 38 30 37 31
>4.5 45 25 20 23 22
Histological type 0.849 0.026
Differentiated 101 56 45 50 51
Undifferentiated 12 7 5 10 2
Lymphovascular invasion 0.730 0.167
Negative 92 52 40 46 46
Positive 21 11 10 14 7
Perineural invasion 0.093 0.002
Negative 75 46 29 32 43
Positive 38 17 21 28 10
Stage 0.016 0.007
va 55 37 18 22 33
/v 58 26 32 38 20
Depth of invasion 0.315 0.834
T1/T2 26 18 8 12 14
T3/T4 87 45 42 48 39
Lymph node metastasis 0.048 0.018
NO 57 37 20 24 33
N1-3 56 26 30 36 20
Distant metastasis 0.022 0.167
MO 92 56 36 46 46
M1 21 7 14 14 7

ADAM12, a disintegrin and metalloprotease 12.

Table II. Association between ADAMI12 and E-cadherin
expression in human colorectal cancer.

E-cadherin expression

ADAMI12 Positive Negative

expression (n=53) (n=60) P-value
Positive (n=50) 24 26 0.835
Negative (n=63) 29 34

ADAMI12, a disintegrin and metalloprotease 12.

Myc-tagged ADAMI12 vector, the Myc-tag antibody was
used to confirm that the mouse tumor tissue was stable
SW480 cell-derived tumor tissue. The mice injected with
the ADAMI12-pcDNA6-myc-transfected cells exhibited
significantly increased ADAMI12 expression and decreased
E-cadherin expression compared with that in the mice injected
with the empty-pcDNA6-myc-transfected cells (P=0.043 and
P=0.005, respectively; Fig. 8). Conversely, the mice injected
with the ADAMI12-pGFP-C-shLenti-transfected cells
exhibited significantly decreased ADAMI12 expression and
increased E-cadherin expression compared with that in the
mice injected with the scrambled pGFP-C-shLenti-transfected
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Figure 6. Kaplan-Meier survival curves of patients with CRC. Kaplan-Meier survival curves showing the association between overall survival and positive or
negative expression of (A) ADAMI12, (B) E-cadherin and (C) both proteins. ADAMI2, a disintegrin and metalloprotease 12.

cells (P=0.004 and P=0.040, respectively; Fig. 8). These data
suggested that ADAMI12 may promote the EMT process

and has a potential implication for the peritoneal metastasis
of CRC.

Discussion

CRC metastases occur via direct extension, vascular/lymphatic
spread, portal venous spread and peritoneal dissemination.
Metastases significantly affect the mortality rate and pose a
significant challenge for cancer therapies (2-4,6-8).

ADAMI2 expression and EMT are associated with cancer
metastasis and poor prognoses in various types of cancer,
including CRC (10-14,18-22,28-31). ADAMI12 has been
reported to induce EMT, which can lead to tumor formation and
metastasis in various types of cancer, including gastric cancer,
pituitary adenoma and breast cancer, indicating its oncogenic
role in carcinogenesis (37-43). However, the relationship between
ADAMI12 and EMT in CRC metastasis remains unclear.

In the present study, ADAMI12 overexpression was
associated with enhanced proliferation, migration, invasion
and adhesion of CRC cells. Cancer metastasis is a complex
process, including the detachment of metastatic cells from the
primary tumor, the spread of cells to distant organs or tissues
via blood and lymphatic vasculature, and the settlement and
colonization of cells at distant organs or tissues via migra-
tion, invasion and adhesion processes (44). These metastatic
processes are interconnected and are affected by a number
of genetic and epigenetic alterations of proto-oncogenes and
tumor suppressor genes. The results of this study suggested
that ADAMI12 may contribute to CRC metastasis via the
induction of oncogenic phenotypes.

The EMT process is aberrantly reactivated in cancer,
causing epithelial cells to lose their junctions and polarity, and
gain mesenchymal properties and invasive abilities (10-14).
Additionally, cancer metastasis is significantly influenced by
the tumor microenvironment, including the ECM, chemo-
kines, growth factors and MMPs (45). The ECM serves as a
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Table III. Association between survival and ADAM12 or E-cadherin expression in human colorectal cancer.

Survival, months

Total
Parameters (n=113) Mean = SD Range P-value
ADAM12 expression <0.001
Negative 63 85.61+£3.14 2.3-95.7
Positive 50 64.31+4.82 42929
E-cadherin expression 0.180
Negative 60 73.63+4.12 2.3-94.7
Positive 53 79.74+4.17 6.1-95.7
ADAM12/E-cadherin expression <0.001
Negative/Negative 34 86.57+3.85 2.3-94.7
Negative/Positive 29 83.43+5.02 14.4-95.7
Positive/Negative 26 54.09+6.19 4.2-879
Positive/Positive 24 73.29+6.57 6.1-929
ADAM12, a disintegrin and metalloprotease 12.
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Figure 7. Effects of ADAMI2 on the metastasis of human CRC cells in the mouse model of peritoneal metastasis. The same number of EV-, AV construct-,
Ssh- or Ash-transfected SW480 cells were injected intraperitoneally into non-obese diabetic/severe combined immunodeficiency mice (n=6/group).
(A) Representative images of peritoneal nodules in the mice injected with EV-, AV-, Ssh- and Ash-transfected cells. After 28 days, the (B) number of peritoneal
nodules, (C) PCI and (D) tumor weight in the mice injected with the AV-transfected cells were higher than in the mice injected with the EV-transfected cells.
By contrast, the number of peritoneal nodules, PCI and tumor weight in the mice injected with the Ash-transfected cells were lower than in the mice injected
with the Ssh-transfected cells. Data are presented as the median + interquartile range. ‘P<0.05. ADAM12, a disintegrin and metalloprotease 12; EV, empty
pcDNA6-myc vector; AV, ADAMI12-pcDNA6-myc construct; Ssh, scrambled pGFP-C-shLenti vector; Ash, ADAM12-pGFP-C-shLenti construct; PCI,

peritoneal carcinomatosis index.

crucial barrier against the potentially pathogenic migration
of cells, and is crucial for maintaining tissue function and
integrity (46). However, altered expression of ECM macro-
molecules in the tumor microenvironment can affect cancer
cell proliferation and survival, adhesion and migration (47).
In addition, the BM is a specialized sheet-like ECM structure

located under the endothelial and epithelial tissues, which is
composed of proteins including collagen, laminin and inte-
grin (11,48,49). The breakdown of normal ECM and BM is
an essential part of carcinogenesis and metastasis, acting as a
key driver for cancer progression (11,50). MMPs are known to
cleave components of the BM and participate in EMT-related
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Figure 8. Effects of ADAMI2 on the epithelial-mesenchymal transition process in a mouse model of peritoneal metastasis. The same number of EV AV
construct-, Ssh- or Ash-transfected SW480 cells were injected intraperitoneally into non-obese diabetic/severe combined immunodeficiency mice (n=6/group).
The mice injected with the AV-transfected cells showed a significant increase in ADAMI12 expression and a decrease in E-cadherin expression compared
with in the mice injected with the EV-transfected cells. In addition, the mice injected with the Ash-transfected cells had a significant decrease in ADAMI12
expression and an increase in E-cadherin expression compared with in the mice injected with the Ssh-transfected cells. Data are presented as the mean = SD
(n=3). "P<0.05. ADAMI2, a disintegrin and metalloprotease 12; EV, empty pcDNA6-myc vector; AV, ADAM12-pcDNA6-myc construct; Ssh, Scrambled

pGFP-C-shLenti vector; Ash, ADAMI12-pGFP-C-shLenti construct.

processes (11,49). In the present study, there was an increase
in the expression levels of mesenchymal markers, such as
vimentin, MMP2, MMP?9, claudin-1 and Snail, and a decrease
in the expression levels of the epithelial marker E-cadherin
in CRC cells overexpressing ADAMI12. These results are in
concordance with the protein expression levels revealed to be
associated with EMT in previous studies (10,13,14). In addition,
the present study revealed that the expression levels of BM
proteins, such as integrin a5 and integrin 1, were increased
in the CRC cells overexpressing ADAMI2. It has been proven
in preclinical trials that inhibiting the ligand of these integ-
rins using antagonists, such as arginylglycylaspartic acid, can
result in tumor inhibition (11). The results of the present study
indicated that ADAMI12 may participate in the EMT process,
and could be a potential target for cancer metastasis prevention
and inhibition.

The present study investigated how ADAMI12 stimu-
lated several intracellular signaling pathways that regulate
EMT, in order to clarify the mechanisms that may lead to
an ADAMI12 overexpression-induced increase in EMT.
ADAMI12 overexpression led to increased phosphoryla-
tion levels of PDK1, GSK-3f3 and AKT. Activation of the
PI3K/AKT signaling pathway is closely linked to cancer
invasion, migration and EMT, indicating that it has a role in
the aggressiveness of malignancies and is a well-known driver
of tumorigenesis (51,52). PDK1 is one of the key components

of the PI3K/AKT signaling pathway. The activation of PIK
sends a signal to PDK1, which leads to activation of the AKT
signaling pathway (53,54). GSK-3p act as the central hub that
orchestrates signals from the PI3K/AKT signaling pathway to
initiate regulatory effects on cancer initiation, EMT and resis-
tance to therapies. PI3K/AKT/GSK-3f signaling is critical for
tumor metastasis via modulating the EMT induction in multiple
types of cancer (55,56). The results of the present study indi-
cated that ADAMI12 may be associated with the EMT process
of human CRC cells by activating the PI3K/PDK1/AKT and
PI3K/AKT/GSK-3p signaling pathways.

Previous studies have reported that upregulation of
ADAMI2 is associated with poor survival (29,30), whereas
reduced expression of E-cadherin has been revealed to be
associated with poor prognosis in patients with CRC (13).
In the present study, upregulated ADAMI12 expression was
observed in the CRC and metastatic lymph node tissues
compared with in normal mucosa and non-metastatic lymph
node tissues. Increased ADAMI2 expression was signifi-
cantly associated with advanced cancer stage, lymph node
metastasis, distant metastasis and poor survival. Reduced
E-cadherin expression was significantly associated with
undifferentiated tumors, perineural invasion, advanced cancer
stage and lymph node metastasis, but was not associated
with poor survival. In addition, both increased ADAMI12 and
reduced E-cadherin expression were significantly associated



14 OH et al: EXPRESSION OF ADAMI12 IN COLORECTAL CANCER METASTASIS

with poorer survival compared with other expression levels
of both proteins.

Finally, based on the results of in vitro and human
clinical data, the present study investigated the molecular
mechanism of EMT mediated by ADAMI2 in the metas-
tasis of human CRC in an in vivo mouse tumor model. The
number of peritoneal nodules, tumor weight and PCI in the
mice injected with the ADAMI12-pcDNA6-myc-transfected
cells were significantly higher than those in the mice
injected with the empty-pcDNA6-myc-transfected cells.
By contrast, tumor weight and PCI in the mice injected
with the ADAMI12-pGFP-C-shLenti-transfected cells were
significantly lower than those in the mice injected with the
scrambled pGFP-C-shLenti-transfected cells. Subsequently,
the present study investigated whether ADAMI2 affected the
EMT process in the in vivo tumor model via western blotting.
The mice injected with ADAMI12-pcDNA6-myc-transfected
cells showed significantly decreased E-cadherin expres-
sion compared with that in the mice injected with the
empty-pcDNA6-myc-transfected cells. The mice injected
with the ADAMI12-pGFP-C-shLenti-transfected cells showed
increased E-cadherin expression compared with that in the
mice injected with the scrambled pGFP-C-shLenti-transfected
cells.

In conclusion, ADAMI12 overexpression contributed to
CRC metastasis by regulating EMT. Furthermore, ADAMI12
knockdown exhibited potent anti-metastatic activity in a
mouse model of peritoneal metastasis showing the possibility
of ADAMI2 as a therapeutic target in the treatment and
prevention of CRC metastasis.
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