
Int J Clin Exp Med 2016;9(2):2423-2429
www.ijcem.com /ISSN:1940-5901/IJCEM0013002

Original Article
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invasion of colon cancer SW480 cells via the  
inhibition of matrix metalloproteinase-9
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Abstract: This study is to investigate the effect of phenethyl isothiocyanate (PEITC) on the invasion and metastasis 
of colon cancer. SW480 cells were cultured with PEITC for 24 h. MTT assay was used to detect cell proliferation. 
Wound healing assay and transwell invasion assay were used to determine cell invasion and migration, respectively. 
Matrix metalloproteinase (MMP)-9 activity was determined using fluorescence resonance energy transfer. The qRT-
PCR was performed to measure MMP-9 mRNA expression. Western blotting was used to determine the expression 
of PI3K and PTEN, the phosphorylation of Akt and mTOR, and the nuclear translocation of nuclear factor-kappa B 
(NF-κB). NF-κB activity was tested using dual-luciferase reporter assay. Mouse model was constructed to investigate 
the effect of PEITC on xenograft tumor growth. SW480 cell invasion and migration were inhibited by PEITC within 
toxicity-free dose ranges, as demonstrated by scratch healing assay and transwell membrane assay. Molecular data 
showed that the effect of PEITC also inhibited the enzymatic activity and mRNA expression of MMP-9. In addition, 
PEITC inhibited the expression of PI3K, as well as the phosphorylation of Akt and mTOR, and up-regulated the ex-
pression of PTEN. PEITC-inhibited MMP-9 expression or activity appeared to occur via NF-κB as long as its nuclear 
translocation and transcriptional activity was suppressed by PEITC. Furthermore, PEITC inhibited xenograft tumor 
growth in mice. PEITC is a potential drug for the treatment of colon cancer metastasis. It exerts its effect by regulat-
ing PI3K/Akt and nuclear factor-kappa B pathways.
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Introduction

Colon cancer is the commonest malignant tu- 
mor in gastroenterological surgery, with an inci-
dence of over 1.2 million every year in the world 
[1, 2]. Similar to patients with other malignant 
tumors, more than 90% patients with colon 
cancer die of invasion and metastasis of can-
cer cells [3-5]. Like other malignant tumors, 
colon cancer cells also have invasion and me- 
tastasis. These processes include adherence 
of tumor cells with extracellular matrix (ECM), 
degradation of ECM by protease released by 
tumor cells, and migration of tumor cells under 
the guidance of chemokines [6]. In these pro-
cesses, ECM plays an important barrier role 
during invasion and metastasis. Therefore, any 

materials that may disturb the dynamic balance 
of ECM may be related to tumor invasion and 
metastasis. Matrix metalloproteinases (MMPs) 
are a kind of enzyme that degrades all compo-
nents of ECM [7]. Because MMPs play critical 
roles in the degradation of ECM, the proteolytic 
activities of MMPs are involved in the metasta-
sis process, including cell adhesion, migration, 
and invasion [8]. Among all MMPs, MMP-9 (also 
named gelatinase B) is of the most importan- 
ce [8-10]. Therefore, targeting of MMP-9 has 
important clinical significance in the treatment 
of colon cancer.

Currently, the treatment of colon cancer is still 
via radical surgery. However, patients who are 
admitted at hospital usually have middle or late 
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stage of colon cancer. In order to alleviate the 
prognosis of patients with gastric cancer and to 
reduce the recurrence after surgery, chemo-
therapy becomes very important. Chemotherapy 
has certain effect on late colon cancer, but is 
still disappointing in 5-year survival rate of can-
cer patients [1, 2, 6, 9, 10]. Therefore, search-
ing for auxiliary treatment drugs with high effi-
ciency and low toxicity becomes a research 
hotspot. Phenethyl isothiocyanate (PEITC), a ty- 
pe of isothiocyanates, widely exists in crucifers 
such as olives and cauliflowers. A study shows 
that PEITC arrests cells in G2/M phase by bind-
ing and stabilizing β-tubulin [11]. In addition, 
PEITC inhibits the activity of deacetylase [12]. 
In vivo and in vitro toxicity tests show that PEITC 
has no obvious adverse reactions on normal 
tissues and cells [13]. However, it is still not 
clear whether PEITC affects the metastasis and 
invasion of colon cancer cells. The present st- 
udy investigates the effect of PEITC on the 
metastasis and invasion of colon cancer SW- 
480 cells, as well as the underlying regulatory 
mechanism.

Materials and methods

Cells

SW480 cell line was obtained from Cancer Re- 
search Institute, Central South University and 
cultured using RPMI-1640 medium supple-
mented with 10% fetal bovine serum under 
37°C and 5% CO2. The cells were cultured in the 
presence of dimethyl sulfoxide (control group) 
or 10, 30 and 50 μmol/L PEITC (purity ≥ 95%, 
LKT Laboratories Inc., St. Paul, MN, USA; exper-
imental groups) for 24 h.

Animals

Specific pathogen-free class BALB/c (nu/nu) 
male nude mice (6-8 weeks old; body weights 
16-18 g) were obtained from the Department of 
Animals, Nanhua University (Lot No. 201203- 
02). Log-phase SW480 cells (5×106) were in- 
jected subcutaneously into right axilla of each 
mouse, which was then fed in specific patho-
gen-free environment. Tumor diameter was me- 
asured every 2 or 3 days. When the diameter of 
tumors reached 0.5-0.6 cm, PEITC (0.5, 1 and 
5 μmol/g body weight) was administered by 
gastric lavage every 2 days for a total of 7 
times. The mice had free access to food and 
water. The body weight and tumor weight were 
measured 20 days after the last gastric lavage. 

All animal experiments were conducted ac- 
cording to the ethical guidelines of Southern 
Medical University.

Methylthiazolyldiphenyl-tetrazolium (MTT) as-
say

After incubation with DMSO or PEITC, 30 μL 
methylthiazolyldiphenyl-tetrazolium bromide (1 
g/L) was added onto SW480 cells for another 
incubation for 2 h. The supernatants were dis-
carded before addition of 200 μL DMSO with 
thorough mixing. The absorbance (A570) was 
measured using a microplate reader (Synergy 
HT, Biotek, Winooski, VT, USA) for the calcula-
tion of proliferation inhibition rate.

Fluorescence resonance energy transfer

After treatments, the supernatants were sub-
ject to determination of MMP-9 activity using 
SensoLyte® 490 MMP-9 Assay Kit (Ana Spec, 
Fremont, CA, USA). Fluorescence intensity was 
measured using a fluorescence reader (Synergy 
HT, Biotek, Winooski, VT, USA) with excitation 
and emission wavelengths being 340 nm and 
490 nm, respectively. The relative MMP-9 activ-
ity of experimental groups is calculated by com-
paring with control group.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA was extracted using Trizol reagent 
(Invitrogen, Thermo Fisher Scientific, Waltham, 
MA, USA). QRT-PCR was performed using One 
Step PrimeScript RT-PCR kit (Takara, Dalian, 
China). PCR amplification conditions were as 
follows: initial denaturation at 94°C for 30 s, 
annealing at 65°C (MMP-9) or 59°C (GAPDH) 
for 30 s, elongation at 72°C for 30 s, repeated 
for 40 (MMP-9) or 35 (GAPDH) cycles. The prim-
ers for MMP-9 were 5’-CGCTACCACCTCGAAC- 
TTTG-3’ and 5’-GCCATTCACGTCGTCCTTAT-3’ (pr- 
oduct: 196 bp). The primers for GAPDH were 
5’-TCACCATCTTCCAGGAGCGA-3’ and 5’-CACA- 
ATGCCGAAGTGGTCGT-3’ (product: 700 bp). The 
products were then subject to 2% agarose gel 
electrophoresis before analysis using Image J 
software (http://rsb.info.nih.gov/ij/).

Wound healing assay

The cells (5×106) were seeded onto 6-well pl- 
ates and cultured under 37°C for 6 h. When 
reaching confluence, the cell sheets were sc- 
ratched using a 200 µL pipette tip. Debris was 
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removed by extensive washing with phosphate-
buffered saline and the cells were further incu-
bated with medium containing PEITC for ano- 
ther 24 h. Then, the images of the cells were 
taken under a microscope for the calculation of 
migration rate. Migration rate was calculated 
by the function: migration rate = (original sc- 
ratch distance-present scratch distance)/ori- 
ginal scratch distance × 100%. The measure-
ments of scratch distance were performed in 
triplicate.

Transwell invasion assay

Matrigel was thawed at 4°C overnight and dilut-
ed with serum-free medium (dilution 1:1). The 
mixture (50 μL) was evenly smeared into the 
upper Transwell chamber (Corning, New York, 
NY, USA) and incubated at 37°C for 60 min. 
After solidification, 100 μL cell suspension (106 
cells/ml) from each group were seeded into the 
upper chamber containing 200 μL serum-free 
medium. In addition, 500 μL complete medium 
was added into the lower chamber. After 24 h, 
the chamber was removed. After being fixed 
with paraformaldehyde for 10 min, the mem-
brane was stained using 0.1% crystal violet for 
20 min. After the cells in the upper chamber 
were wiped off, the chamber was visualized 
under a microscope for imaging of several ran-
dom fields (200×). The number of transwell 
cells was calculated for the evaluation of cell 
invasion ability. Invasion inhibitory rate was cal-
culated using the function: invasion inhibitory 
rate = (the number of cells crossing the mem-
brane in control group-the number of cells 
crossing the membrane in treatment group)/
the number of cells crossing the membrane  
in control group × 100%. The number of cells 
crossing the membrane was counted in three 
individual wells.

Western blotting

The expression of phosphoinisitide-3-kinase 
(PI3K) and phosphatase and tensin homologue 
(PTEN), the phosphorylation of Akt and mam-
malian target of rapamycin (mTOR), and the 
nuclear translocation of nuclear factor-kappa B 
(NF-κB) were determined using Western blot-
ting assay. Cell total protein and nucleoprote- 
in were extracted using NE-PER Nuclear and 
Cytoplasmic Extraction kits (Thermo Scientific, 
Waltham, MA, USA). A total of 100 µg protein 
was separated using 8% sodium dodecyl sul-

fate polyacrylamide gel electrophoresis and 
transferred onto a polyvinylidene fluoride (Mi- 
llipore, Billerica, MA, USA) before blocking with 
Tris-buffered saline and Tween 20 containing 
5% skimmed milk for 1 h. Then, the membrane 
was incubated with primary antibodies (Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) at 
4°C overnight. After extensive washing, the me- 
mbrane was incubated with secondary antibod-
ies labeled with horseradish peroxidase (Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 
h. The immunoreactive bands were visualized 
by enhanced chemiluminescence (Amersham 
plc, Amersham, UK).

Dual-luciferase reporter assay

NF-κB luciferase reporter gene (SABioscicence, 
Qiagen, Venlo, the Netherlands) was transfect-
ed into SW480 cells using x-tremeGENE HP 
(Roche, Basel, Switzerland). After 18 h, cells 
were incubated with different concentrations of 
PEITC for another 24 h. Using Renilla fluores-
cence as internal reference, dual-luciferase 
reporter assay was performed by Dual-Luci- 
ferase Reporter Assay System (Promega, Ma- 
dison, WI, USA) according to the manufactur- 
er’s manual.

Statistical analysis

The results were analyzed using SPSS 17.0 
software (IBM, Armonk, NY, USA). The data 
were given in means ± standard deviation. St- 
atistical analysis was carried out using unpaired 
Student’s t-test. P value less than 0.05 was 
considered statistically significant.

Results

PEITC inhibits the migration and invasion of 
SW480 cells in a dose-dependent manner

To test SW480 cell migration and invasion, 
wound healing assay and transwell invasion 
assay were performed. The data showed that 
the migration rate of SW480 cells was signifi-
cantly reduced by PEITC, with higher concentra-
tions of PEITC resulting in lower migration rate 
(P < 0.05) (Table 1). In addition, the invasion 
inhibitory rate of SW480 cells was significantly 
enhanced by PEITC, with higher concentrations 
of PEITC leading to higher invasion inhibitory 
rate (P < 0.05) (Table 1). These results suggest 
that PEITC inhibits the migration and invasion 
of SW480 cells in a dose-dependent manner.
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Decreased numbers of migrating and invad-
ing cells were not a consequence of reduced 
proliferation

To exclude the possibility that decreased num-
bers of migrating and invading cells were a con-
sequence of reduced proliferation, we per-
formed viability assays using SW480 cells tr- 
eated with the same concentration that was 
used in the migration and invasion assays for 
24 h. The data showed no significant difference 
between the treated cells and control cells 
(Figure 1). The results suggest that decreased 
numbers of migrating and invading cells were 
not a consequence of reduced proliferation.

PEITC down-regulates MMP-9 in SW480 cells 
in a dose-dependent manner

To measure the effect of PEITC on MMP-9 in 
SW480 cells, qRT-PCR and MMP-9 activity test 
were carried out. The data showed that higher 
concentrations of PEITC resulted in lower levels 
of MMP-9 mRNA (Figure 2A). With the increase 
of PEITC concentrations, the relative enzymatic 
activity of MMP-9 was gradually inhibited (P < 
0.05) (Figure 2B). These results indicate that 

PEITC down-regulates MMP-9 in SW480 cells in 
a dose-dependent manner.

PEITC inhibits the PI3K/AKT pathway in 
SW480 cells

To investigate the role of PEITC in PI3K/AKT 
pathways in SW480 cells, Western blotting 
assay was used. The data showed that the lev-
els of PI3K (P85) were reduced after PEITC 
treatment (Figure 3A). In addition, treatment 
with PEITC decreased the levels of phosphory-
lated Akt (p-Akt) and phosphorylated mTOR 
(p-mTOR), but had no effect on Akt and mTOR 
(Figure 3B and 3C). In addition, PEITC treat-
ment up-regulated the expression of PTEN in 
SW480 cells (Figure 3D). These results suggest 
that PEITC inhibits the PI3K/AKT pathway in 
SW480 cells.

PEITC inhibits the NF-κB pathway in SW480 
cells

To test the effect of PEITC on NF-κB pathway in 
SW480 cells, we performed Western blotting 
and dual-luciferase reporter assay. Western 
blotting data showed that translocation of P65 
subunit of NF-κB was inhibited by PEITC (Figure 
4A). In addition, PEITC (10, 30 and 50 μmol/L) 
inhibited the activity of NF-κB transcription, 
with PEITC (50 μmol/L) having the strongest 
inhibitory effect (42% reduction; P < 0.05) (Fi- 
gure 4B). These results indicate that PEITC 
inhibits the NF-κB pathway in SW480 cells.

Table 1. Effect of PEITC on SW480 cell migra-
tion and invasion

Groups Migration rate 
(%)

Invasion inhibi-
tory rate (%)

Control 78.08 ± 3.14 8.13 ± 0.48
PEITC (10 μmol/L) 64.27 ± 5.14* 27.61 ± 1.01*
PEITC (30 μmol/L) 51.57 ± 4.39* 38.28 ± 0.69*
PEITC (50 μmol/L) 43.81 ± 3.61* 51.47 ± 1.37*
Note: Data were expressed as means ± standard devia-
tion (n = 3). *P < 0.05 compared with control.

Figure 1. Effects of PEITC on SW480 cell viability and 
growth. SW480 cells were treated with various con-
centrations (10-50 μM) of PEITC for 24 h. Cell viability 
was analyzed by MTT assay. The results represented 
the average of three independent experiments ± S.D.

Figure 2. Effect of PEITC on mRNA expression and 
enzymatic activity of MMP-9. A. MMP-9 mRNA was 
determined by qRT-PCR; B. Relative enzymatic activ-
ity of MMP-9. a. Control; b. 10 μmol/L PEITC; c. 30 
μmol/L PEITC; d. 50 μmol/L PEITC. *P < 0.05 com-
pared with control.
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PEITC inhibits xenograft tumor growth in vivo 
in a dose-dependent manner

To study the effect of PEITC on tumor growth, 
we constructed xenograft tumors in BALB/c 
nude mice. The data showed that PEITC signifi-
cantly inhibited tumor weight, with higher doses 
of PEITC corresponding to higher inhibition rate 

(Table 2). The results suggest that PEITC inhib-
its xenograft tumor growth in vivo in a dose-
dependent manner.

Discussion

During the invasion of tumor cells, degradation 
of ECM by proteolytic enzymes such as MMP-9 
is the key to tumor cell invasion and metasta-
sis. Studies show that PEITC inhibits the metas-
tasis of prostate cancer, breast cancer and 
lung cancer [14, 15]. However, the effect of 
PEITC on colon cancer is not totally clear yet. 
The present study demonstrates that PEITC 
within toxicity-free concentration ranges signifi-
cantly inhibits the invasion and migration of 
SW480 cells within, reduces cells that adhere 
to matrix membrane, and significantly inhibits 
gelatinase activity and MMP-9 expression, fi- 
nally inhibiting tumor growth. These observa-
tions demonstrate that PEITC exerts its anti-
invasion effect by inhibiting the expression and 
activity of MMP-9.

PI3K is a kind of lipid kinase that regulates mul-
tiple physiological processes by activating Akt 
(protein kinase B). It locates in cytoplasm by 
inducing P21WAF1, and exerts its anti-apoptotic 
effect by deactivating proapoptotic factors BAD 
and caspase-9. In addition, activated Akt pro-
motes cancer cell invasion and migration by 
inducing the expression of MMPs [16]. mTOR is 
one of the downstream target molecules that 
are regulated by Akt. It leads to ECM recon-
struction by inducing the secretion of MMP-2 
and MMP-9, resulting in tumor cell metastasis 

Figure 3. Effect of PEITC on PI3K/AKT pathways in SW480 cells. (A) P85, (B) Phosphorylated Akt (p-Akt) and total 
Akt, (C) Phosphorylated mTOR (p-mTOR) and total mTOR, and (D) PTEN expressions were measured with Western 
blotting. A total of 100 µg protein was separated using 8% sodium dodecyl sulfate polyacrylamide gel electropho-
resis and transferred onto a polyvinylidene fluoride (Millipore, Billerica, MA, USA) before blocking with Tris-buffered 
saline and Tween 20 containing 5% skimmed milk for 1 h. Then, the membrane was incubated with primary antibod-
ies (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4°C overnight. After extensive washing, the membrane was 
incubated with secondary antibodies labeled with horseradish peroxidase (Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) for 1 h. The immunoreactive bands were visualized by enhanced chemiluminescence (Amersham plc, 
Amersham, UK).

Figure 4. Effect of PEITC on NF-κB pathway in SW480 
cells. A. Western blotting analysis of P65 nuclear 
translocation; B. Luciferase activity of NF-κB. Lucifer-
ase reporter gene (SABioscicence, Qiagen, Venlo, the 
Netherlands) was transfected into SW480 cells using 
x-treme GENE HP (Roche, Basel, Switzerland). After 
18 h, cells were incubated with different concentra-
tions of PEITC for another 24 h. Using Renilla fluores-
cence as internal reference, dual-luciferase reporter 
assay was performed by Dual-Luciferase Reporter 
Assay System (Promega, Madison, WI, USA). NF-κB, 
nuclear factor-kappa B. a. Control; b. 10 μmol/L 
PEITC; c. 30 μmol/L PEITC; d. 50 μmol/L PEITC. *P < 
0.05 compared with control.
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[17]. PTEN is a lipid phosphatase that has dual 
specificity. It inhibits Akt activity by negatively 
regulating PI3K/AKT pathway. A study shows 
that MMP-9 mRNA levels is positively correlat-
ed to PI3K/AKT/mTOR pathway, but is negative-
ly correlated with PTEN [18]. The present study 
also demonstrated that PEITC increased the 
expression of PTEN and inhibited PI3K (P85) 
pathway and the phosphorylation of Akt and 
mTOR. Because of its anti-function on PI3K/
Akt/AP-1, PEITC might, in turn, have a signifi-
cant impact on the mechanism to inhibit MMP-
mediated cellular events in SW480 cells.

NF-κB is an important target molecule down-
stream of Akt that participates in the regulation 
of MMP-9 expression. It is closely related to 
inflammation, tumor cell proliferation, invasion 
and migration [19]. In addition, NF-κB is con-
stantly active multiple types of tumor cells, and 
induces the expression of several anti-apoptot-
ic proteins that leads to chemoradiotherapy tol-
erance [20]. Therefore, inhibition of NF-κB ac- 
tivity can promote therapeutic effects of anti-
cancer drugs. The present study showed that 
PEITC effectively inhibited the transcriptional 
activity of NF-κB and its nuclear translocation. 
Since a binding site for NF-κB exists in the pro-
moter region of MMP-9 [21], the inhibitory ef- 
fect of PEITC on NF-κB activity might be the rea-
son for the down-regulation of MMP-9 expres-
sion. However, further investigation is required 
to confirm the effects of PEITC on other factors 
that are important for the transcriptional acti-
vation of NF-κB, including IκBα ubiquitination 
and p65 serine 536 residue phosphorylation.

In conclusion, the present study demonstrates 
that PEITC inhibits SW480 cell invasion and 
tumor growth, possibly through the inhibition of 
the expression and activity of MMP-9, which 
are achieved by up-regulating PTEN expression 
and inhibiting PI3K/Akt pathway and NF-κB 
activity. Therefore, PEITC might become a po- 

slug also mediates MMP-9 expression in oral 
cancer [22]. However, the interaction between 
slug and MMP-9 in PEITC-mediated inhibition of 
the invasive ability of SW480 cells should be 
further investigated. With clarification of signal 
transduction mediators and transcriptional fac-
tors involved in the anti-invasive process of 
PEITC on human colon cancer cell lines, it might 
be possible to develop specific mediators to 
inhibit undesired cell invasion.
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